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Instruments for X-ray and 𝛾-ray Astrophysics

• X and 𝛾-ray detectors: CCD, proportional and 
Geiger counters, scintillators, photomultipliers 

• X and 𝛾-ray telescopes:
• Grazing incidence mirrors

• Temporal and spatial modulators, coded masks

• Compton telescopes

• Background discrimination: event grades, anti-
coincidence shields, pulse shape discrimination



XX--ray  Absorption in the Atmosphereray  Absorption in the Atmosphere

!! Photoelectric absorption, Compton effect, pair productionPhotoelectric absorption, Compton effect, pair production
!! Height for 50% of attenuation changes with EHeight for 50% of attenuation changes with E
!! 10 cm of air stops 90% of 3 keV photons10 cm of air stops 90% of 3 keV photons
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𝛾-ray line sources
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𝛾- ray interaction processes
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High Energy astrophysics 
started late in the history of 
modern astronomy, compared 
to other wavelength ranges.

History of High Energy astrophysics
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Spectral signature of high-energy 
photons
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Spectral signatures of 𝛾-ray detectors: ideal and real 
detectors
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Pioneering Rocket ObservationsPioneering Rocket Observations
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XX--ray Detectionray Detection
!! First detectors were proportional countersFirst detectors were proportional counters
!! Based of photoionization of a Nobel gas (e.g. Ar)Based of photoionization of a Nobel gas (e.g. Ar)
!! Gain of 10Gain of 103 3 –– 101055

!! Single photon event are detected (need to be!)Single photon event are detected (need to be!)
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Gas filled detectors

Gas filled detectors work 
through photoionization of 
filling gas. Ionization 
potential is 10~30 eV 
(compared to 1~5 eV of 
solid state devices).

Depending on the applied 
voltage they work in 
different regimes (linear, 
saturated) and take 
different names 
(proportional counters, 
Geiger counters).
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The First XThe First X--ray Astronomy Satellitesray Astronomy Satellites

#1:    Uhuru 1970 (NASA)
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Proportional CounterProportional Counter
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Proportional CountersProportional Counters
!! Need transparent windowNeed transparent window
!! Need absorptive gasNeed absorptive gas
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Solid state detectors
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Einstein ObservatoryEinstein Observatory
!! New types of detectorsNew types of detectors

–– Solid State Spectrometer (CCD principle)Solid State Spectrometer (CCD principle)
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Solid state detectors: CCDs

They work as seen for optical astronomy (cf. lecture of 
Prof.Brescia) but with some differences:

• CCD work in single photon detection mode, through 
fast reading of pixel array (e.g. every 3.2s in Chandra);
• Cosmic rays are removed based on the ‘grade’ of each 
event, I.e. the configuration of activated pixels;
• Electrons deposited in pixels are proportional to the 
energy of the incident photon, allowing to measure the 
energy even though with low (R~10-50) resolution;

CCD in X-ray band thus give 4-dimensional arrays 
containing X,Y (or Ra,Dec), energy and time.
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Pattern selection
Grade selections allows to optimize the Signal to Noise 
ratio of an observations retaining only “significant” events: 
direct removal of cosmic rays and lateral photons.
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Effective area
CCD rely on photoelectric absorption of incident X-ray photons. Thus 
the probability of detecting a photon is approximately given by: 
σ∝e-(det)·(1-e-𝝉(mirr)). The resulting efficiency, expressed in terms of 
effective area, shows the edges tipical of photoelectric absorption.

In designing a
telescope you often
want to place
absorption edges of
the detector within
your energy range to
increase the
detection efficiency,
while avoiding those
of the mirrors. This is
done through a proper
choice of the building
materials.
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Scintillators and Photomultipliers
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Imaging techniques
High energy photons cannot be focused as their low 
energy counterparts due to their large penetrating 
power. Different approaches are thus needed: Grazing-
incidence mirrors, Modulators, Compton telescopes
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XX--ray Source Locationray Source Location

!! Crude collimation by means of mechanical obstructions Crude collimation by means of mechanical obstructions 
(slats or “egg crate” collimators)(slats or “egg crate” collimators)
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XX--ray Source Locationray Source Location
!! NonNon--imaging proportional counter only gave crude source imaging proportional counter only gave crude source 

postionspostions
!! Source confusion issuesSource confusion issues
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Modulators
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XX--ray Source Locationray Source Location
!! Improvements from using Improvements from using modulation modulation collimatorscollimators
!! Rotate the satellite and periodically occult the XRotate the satellite and periodically occult the X--ray sourceray source
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XX--ray Source Locationray Source Location

!! Scanning Modulation CollimatorScanning Modulation Collimator
!! Rotating Modulation CollimatorRotating Modulation Collimator
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The First XThe First X--ray Astronomy Satellitesray Astronomy Satellites

!! A number of smaller XA number of smaller X--ray satellite missions (Ariel, ray satellite missions (Ariel, 
SAS, OAO)SAS, OAO)

!! All using PCs, some with modulation collimatorsAll using PCs, some with modulation collimators
!! Culminating eventually in the NASA Culminating eventually in the NASA High Energy High Energy 

Astronomy Observatory Astronomy Observatory missions:missions:
–– HEAOHEAO--1  (scanning collimation; first hard X1  (scanning collimation; first hard X--ray allray all--–– HEAOHEAO--1  (scanning collimation; first hard X1  (scanning collimation; first hard X--ray allray all--

sky surveysky survey
–– HEAOHEAO--2 (renamed 2 (renamed EinsteinEinstein Observatory; Observatory; first first 

imaging Ximaging X--ray telescope)ray telescope)
–– HEAOHEAO--3 (cosmic rays)3 (cosmic rays)
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The First XThe First X--ray Astronomy Satellitesray Astronomy Satellites

!! A number of smaller XA number of smaller X--ray satellite missions (Ariel, ray satellite missions (Ariel, 
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HEAOHEAO--11
!! Scanning Modulation Collimator (A3)Scanning Modulation Collimator (A3)
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HEAOHEAO--11
!! Scanning Modulation Collimator (A3)Scanning Modulation Collimator (A3)
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HEAOHEAO--11
!! Produced a regular grid of possible nonProduced a regular grid of possible non--unique error boxesunique error boxes
!! ~1 x 2 arcmin over 4 x 4 degrees~1 x 2 arcmin over 4 x 4 degrees
!! Any one of them could contain the sourceAny one of them could contain the source

3131Observational XObservational X--ray Astronomy: NASSP Masters 2012ray Astronomy: NASSP Masters 201226 May 201226 May 2012



5/19/16 David Buckley (SALT), Observational X-ray Astronomy: NASSP Masters 2012 

HEAOHEAO--11
!! Total of ~1000 sources detectedTotal of ~1000 sources detected
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First XFirst X--ray Telescope: ray Telescope: 
Einstein Einstein Observatory  (HEAOObservatory  (HEAO--2)2)

!! First use of mirrors to First use of mirrors to 
focus Xfocus X--rayray

!! Grazing incidence Grazing incidence 
opticsoptics

!! Pointed observations Pointed observations 
rather than allrather than all--sky sky 
surveysurvey

!! Softer energiesSofter energies
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Incidence grating mirrors
n Using the Snell law, we can use high incidence 

angles to reflect X-ray photons: sin q1/sinq2 
=n2/n1 Þqcrit=arcsin(n2/n1)
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Einstein ObservatoryEinstein Observatory
!! New types of detectorsNew types of detectors

–– MicroMicro--Channel PlateChannel Plate
–– Solid State SpectrometerSolid State Spectrometer

3535
Observational XObservational X--ray Astronomy: ray Astronomy: 

NASSP Masters 2012NASSP Masters 201226 May 201226 May 2012



5/19/16 David Buckley (SALT), Observational X-ray Astronomy: NASSP Masters 2012 

Einstein ObservatoryEinstein Observatory
!! New types of detectorsNew types of detectors

–– MicroMicro--Channel PlateChannel Plate
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Einstein ObservatoryEinstein Observatory
!! MicroMicro--Channel Plates (MCP)Channel Plates (MCP)
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ROSAT: The next imaging XROSAT: The next imaging X--ray satelliteray satellite
(1990)(1990)

!! GermanGerman--UKUK--US collaborationUS collaboration
!! Soft Soft XX--ray survey (0.2 ray survey (0.2 –– 2.5KeV)2.5KeV)
!! Greatly improved sensitivityGreatly improved sensitivity
!! ~80,000 ~80,000 sourcessources

3939
Observational XObservational X--ray Astronomy: ray Astronomy: 

NASSP Masters 2012NASSP Masters 201226 May 201226 May 2012



5/19/16 David Buckley (SALT), Observational X-ray Astronomy: NASSP Masters 2012 

ROSATROSAT
!! Greatly Greatly improved improved sensitivitysensitivity
!! Also did first Extreme UV (EUV) surveyAlso did first Extreme UV (EUV) survey
!! Lots of source IDs and optical followLots of source IDs and optical follow--up done at SAAOup done at SAAO
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ChandraChandra
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Higher Energy MissionsHigher Energy Missions
!! Gamma Ray satellitesGamma Ray satellites
!! More energetic photonsMore energetic photons
!! Can’t “focus”Can’t “focus”
!! Clever techniques to derive source Clever techniques to derive source 

positions (e.g. positions (e.g. particalpartical & nuclear physics& nuclear physics
!! Coded Coded aperture masks (INTEGRAL)aperture masks (INTEGRAL)

The Compton Gamma Ray Observatory
(CGRO) was the first big NASA mission
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Coded masks
n Coded masks telescopes are based on the idea 

of imaging through a ‘pinhole’ but with larger 
collecting area to increase the efficiency.
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Coded Aperture MasksCoded Aperture Masks

!! Block out photonsBlock out photons
!! Look at shadow patternsLook at shadow patterns
!! Remove source confusionRemove source confusion
!! Locate to ~Locate to ~degreesdegrees
!! DeconvolveDeconvolve multiple source positionsmultiple source positions
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Coded masks imaging
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Coded masks: field of view
The ability to reconstruct the 
image of the sky depends on 
the ratio between the size of 
the mask and the size of the 
detector. Often a limited 
detector size or resolution 
can be associated with 
dithering techniques.
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Coded masks: mask patterns
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Temporal modulators
n The first X-ray satellites had no focusing 

capabilities and relied on temporal modulation 
to infer the source of the incoming radiation: 
e.g. Uhuru
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Compton telescopes

n Compton scattering, 
followed by photoelectric 
absorption allows to infer 
the incidence angle of 
the incoming photons. 
The sky image 
reconstruction requires 
data deconvolution with 
the scattering pattern.
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Background suppression: Anti-coincidence 
shielding

n Energy-loss processes in the passive material 
can alter the spectral signature of the 
incoming radiation and significantly contribute 
to the detector background.
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Background suppression: Anti-coincidence 
shielding
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Background suppression: Anti-coincidence 
shielding
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New Missions of the New Missions of the MilleniaMillenia
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Integral ray telescope
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Integral detectors
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Integral main 𝛾−ray detectors
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Integral: SPI
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SPI anti-coincidence system


