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The Domains of High Energy Astrophysics

Ultraviolet, Optical, and near-InfraRed photons probe
• Thermal continua <1000K to 105 K
• Stellar photospheres
• Warm dust

• Atomic Lines
• Most atomic transitions in neutral or low-ionization 

atoms



The Domains of High Energy Astrophysics
X-rays and g rays probe some of the most energetic phenomena in the universe:

• Thermal emission at temperatures of 1-100 MK
• stellar coronae,
• diffuse gas in the intergalactic, intracluster, and interstellar media 

• accretion disks 
• white dwarfs in CVs, 
• neutron stars in LMXRBs
• black holes 

• optically thick thermal bremsstrahlung 
• Synchrotron radiation from electrons in strong magnetic fields near 

• Pulsars 
• Planets
• Relativistic jets

• inverse Compton scattering 
• Fluorescent scattering in comets and planetary atmospheres
Just about every class of object in the universe, except A stars, emits X-rays.  



The Domains of High Energy 
Astrophysics

Atomic lines:
• Resonance transitions in Hydrogenic and Helium-like 

atoms:
• e.g., O VII, O VIII, Fe XIX – XXVI, C V, N VI, Ne IX

Nuclear lines: 
• e+-e- at 511 keV
• p+-p- at 68 MeV

Radioactive decay: 
• C12 at 4.44 MeV
• O16 at 6.13 MeV
• Fe56 at 0.847 MeV 



Defining the High Energy Regime
In many cases, there must be a window between the environment and the detector
Windows are insulators (if a photon interacts with an electron, it is a conductor). 
• Examples include quartz, silica, glass
• No known insulators are transparent shortward of 1050 Å;  LiF is transparent above 1050 Å; 

MgF above 1150 Å

At wavelengths shortward of 1050 Å, standard optical techniques begin to fail.
• In the EUV, windowless detectors are necessary.
• X-rays are penetrating radiation. Grazing incidence optics are necessary. 
• g ray photons cannot be focused; they can only be stopped. 

DEFINITIONS
• Extreme Ultra-violet (EUV): 120 or 200 Å - 912 Å.

lower limit set arbitrarily; upper limit at Lyman limit. 
• Soft X-rays: about 0.25 keV (44 Å). Typically 6-120 Å (.1-2.4 keV)

Limits set by detector technology. 
• X-rays: 2-10 keV. 
• Hard X-rays: 10-100 keV. 
• g Rays: 100 keV, up to the GeV range. 

E=hn ; 1Å ~ 10 keV



• Nuclear emulsion
• Geiger Counter

• X-ray ionizes gas. 
• Electron avalanche accelerates toward anode. 
• Gain about 108. 
• Amplifier records a charge pulse. 
• Operates in saturated regime; no energy resolution. 

• Proportional Counter
• Essentially a Geiger counter operating in the unsaturated regime. 
• Gain about 104-5. Charge pulse amplitude proportional to X-ray energy. 
• Typically uses Xe or Ar at 2-10 keV; propane at soft X-ray energies. 
• Window absorbs at soft energies. 
• Can provide spatial resolution with crossed anodes. 

• CCD
• absorbed photon liberates a number of electron/hole pairs n
• n= Eph / work function of the semiconductor.

The latter 3 are photon-counting detectors

How to Detect an X-ray



How to Detect an X-ray
X-rays and g rays penetrate detector walls: detectors must be shielded. 
• Passive shielding: thick walls which absorb unwanted photons and 

cosmic rays
• Active shielding: anticoincidence detectors. 
All detectors have a latency period following detection of a photon. 
• In a proportional counter the high voltage must build back up after the 

e- avalanche. While this is happening, X-rays are not detectable. 
• This is called the dead time. The extent of the dead time is a certain number of 
µsec per photon; the total dead time depends on the overall count rate. 

• ontime is the difference between the start and stop time of the observation. 
• The live time is the ontime corrected for the dead time

Pileup in CCD detectors:
• CCDs are read out serially – and slowly.
• A typical X-ray CCD is generally read out every 3.3 seconds. 
• If two photons arrive within a single readout time, both deposit 

electrons into the well. 
• Is it a single high energy photon or two lower energy photons?
• By modelling the overall spectrum, it is possible to statistically correct 

for this. 



How to Image X-rays
Collimators

• Mechanically block unwanted light. Example: a paper towel tube. 
Concentrators

• Crude grazing incidence mirrors that concentrate, rather than focus, light. 
Modulation Collimators
• Pairs of opaque ribs collimate the light. 
• Scanning – gives 1-dimensional information
• Rotating

• The number of blockages per rotation gives the distance off axis; 
• Phasing gives the azimuth (with a 180o uncertainty). 



How to Image X-rays
Coded Apertures

A series of pinholes

Grazing Incidence Optics
• X-rays penetrate all objects at normal incidence. The critical 

angle for total external reflection of X-rays from materials 
composed of heavy elements is approximately: 

θ = 69.4 √ ρ /E  where 

• θ is in arcminutes, 
• ρ is the mass density (gm/cm3) of the reflecting material and 
• E is the energy of the X-ray in keV. 

• θ is typically a few degrees for few-keV X-rays. 
• At grazing incidence, a single reflection can focus only at 

the cost of severe astigmatism, so you need at least 2 
mirrors. 



Grazing Incidence Optics
• The Kirkpatrick-Baez design

• Wolter type I mirror



Grazing Incidence 
Optics

• The Wolter type I, type II, 
and type III designs use 
paraboloids and hyperboloids 
of rotation. 

• Type I is most commonly 
used. It can have a short 
focal length.

• XMM uses type I mirrors
• The EUVE used a type II 

mirror. 



Practical Considerations
• For rigidity, mirrors are made of glass or other material with 

a small coefficient of expansion. 
• The mirror is then coated with a heavy metal (typically gold, nickel, 

or osmium) and polished. 
• Aluminum cannot be polished - it is too soft. 
• Osmium is poisonous. 

• Imperfections in the mirror shape degrade the resolution. 
• Good optical surfaces are generally true to about l/14 (~400 Å). 
• A 10 keV (1 Å) photon has a wavelength comparable to the size of 

an atom: a mirror cannot be polished to this precision. 
• At grazing incidence the effective wavelength seen normal to the 

mirror is l/sin(i), so graininess due to individual atoms is not a 
major concern. 

• The primary reflecting area is the projection of the inside of 
a paraboloidal (or hyperboloidal) surface. The geometric 
area is small. 

• Nested mirrors are used to increase the collecting area. 
• The grazing angle increases outwards. 



3 of the 4 Chandra mirrors mounted

The Chandra entrance aperture



Thin Foil 
Mirrors

• Less rigidity
• Poorer image quality
• More area

• Used on XMM, ASCA



Other X-ray 
Optics

Lobster eye
• Design for wide-field 

grazing-incidence 
optics



Other X-ray 
Optics

Normal incidence 
optics
• Requires multilayer 

coatings. The 
reflection is due to 
constructive 
interference in the 
thin multilayers; only 
a small bandpass is 
reflected. 

• Multilayers tuned to 
important 
wavelengths were 
used on the TRACE 
solar imager. 

• Normal incidence 
optics, in principle, 
provide better spatial 
resolution at lower 
cost than grazing 
incidence optics. 



X-ray Spectroscopy
Proportional Counters. 
• Incident X-ray loses energy by ionizing 

counter gas. 
• Number of electrons liberated is µ photon 

energy. 
• Typical gas ionization energy = 30 eV. A 1 

keV X-ray generates 36 e-. 
• Energy resolution DE/E µ 1/√E, limited by 

statistical fluctuations.
• Theoretical maximum resolution DE/E = 

60% at 1 keV. 
• The response matrix Ri,j is the probability 

that a photon with energy j, will be 
inferred to have an incident energy i.
The count rate at energy i is Di =  Ri,j(dEj) 
ε(Ej) S(Ej)
where ε is the efficiency of the system and 
S is the input spectrum. 

• Millisecond time resolution is possible. 



Solid-State X-ray Spectroscopy
Multichannel Plates (MCP)
• Excellent spatial resolution, but no energy resolution
• µsecond time resolution possible

CCD
• Number of electrons µ energy of photon. Band gap about 

3.5 eV. 
• DE/E ~ 50 at 6 keV (10 times better than PC). 
• Good spatial resolution, poor temporal resolution. 



Dispersive X-ray Spectroscopy

Bragg Crystal
• Planes in a crystal are separated by 

of order a few Å. The plane acts as a 
reflection grating for X-rays. Tilting 
the crystal changes the effective 
spacing selecting the wavelength 
range. 
• Used on Einstein and various solar 

missions, including Yohkoh.
Gratings
• Just like in optical astronomy
• May be used in transmission or 

reflection (grazing incidence)



Spectroscopy Comparisons

Upper Left: CCD spectrum of active star
ARLAC; ACSA

Upper Right: CCD spectrum of SNR
Cas A; ASCA

Lower Left: Grating spectrum of
featureless photosphere
Neutron Star; Chandra LETG



Spectroscopy Comparisons

Capella; Chandra HETG



Non-Dispersive X-ray 
Spectroscopy

Calorimeters
• Cryogenic semiconductor devices 
• Resistivity changes with 

temperature 
• Can measure the energy of a 

single photon with resolution 
R=1000



Design of Recent Missions
• ROSAT. Four nested Wolter-I mirrors with 1-2o graze angles; 1184 cm2

• PSPC: proportional counter w/1µ polypropylene+C+lexan window, 0.1-2.4 keV 
• HRI: microchannelplate (MCP); 5" spatial resolution.

• Chandra. Four nested Wolter-I mirrors
• ACIS: CCD, 1" spatial resolution, DT=3.3 sec.
• HRI: MCP, <0.5" spatial resolution, DT=16 µsec. 
• Transmission gratings. E/dE up to 2000 at low energies

• XMM-Newton. 3 coaligned sets of nested thin foil mirrors
• Large collecting area, 6" spatial resolution.
• Simultaneous imaging and reflection grating spectroscopy

• Astro-E2 (Suzaka). 5 thin foil mirrors
• 4 CCD imaging spectrographs
• 1 quantum calorimeter

• Swift. 12 nested Wolter-I mirrors. Au-coated Ni
• Imaging only
• CCD detector
• Rapid response/rapid slewing
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Missions
• Compton Gamma-Ray Observatory (CGRO). 
• 1991-2000. 
• 30 keV – 30 GeV

• Integral.
• 2002-
• 15 keV – 10 MeV

• Fermi g-Ray Space Telescope 
• 2008-
• 20 Mev – 300 Gev

All have g ray burst monitors



Detectors
Low energies: passive collimation with a 
scintillator detector. Example: CGRO Oriented 
Scintillator Spectrometer Experiment (OSSE)

OSSE: 11.4 x 3.8o FoV; 
0.05-10.  g rays absorbed 
in NaI scintillate; photons 
detected by PMTs.
CsI scintillations used for 
anticoincidence. 



Detectors
Higher energies: borrow from the techniques of 
particle physics.

COMPTEL: 0.75 – 30 MeV. 1.3o resolution.
Liquid scintillator (upper) + NaI scintillator (lower) 
detectors.
The photon is Compton-scattered in the liquid 
scintillator and absorbed by the NaI. 
g ray must set off both in the proper order. 

Fermi LAT: 60o FoV (20% of sky). 20 MeV - 300 GeV.
Resolution 3o (100 MeV) to 0.04o (100 GeV)
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The Extreme UV is Hard 
(Technically)

• EUV photons cannot penetrate windows:  
• detectors must be unsealed

• The reflectivity of normal incidence optics drops 
rapidly with decreasing wavelength: 
• grazing incidence optics are required at the short 

wavelength end of the band



Extreme Ultraviolet Explorer
EUVE: 1992-2001
• all-sky survey at 70-800 Å
• 2 Wolter-I mirrors, gold-coated, 70-300 Å
• 1 Wolter-II mirror, nickel-coated, 400-800Å
• 5o graze angle
• Filters define bands:

• 1000 Å of Boron on a 2500 Å thick Lexan substrate: λ < 110 Å
the boron overcoat makes this UV-blind 

• Al/Ti/C (2200,250,600 Å): <λ> = 200 A 
• Ti/Sb/Al (500,800,1300 Å): <λ> = 400 A

Thickness of Al substrate required to survive launch forces. 
• Sn (3400 Å): <λ> = 610 Å

thickness set to cut out 584 Å He I dayglow line. 
• Spectrometer: grazing incidence gratings with variable groove spacing to 

correct for converging beam 
• Microchannel plate coatings: 

• none at long wavelengths; 
• MgF or KBr ar short wavelengths. 
• Microchannel plate amplification: 2 x 107 e-/photon

• Wedge and Strip detector



Wedge and Strip Detector

• The ratio of the widths of the complementary wedge
electrodes varies continuously with X. X is given by the ratio
of charge X1 and X2 falling on the wedges
• The ratio of the strip electrode widths varies continuously 

with Y, while the sum of the widths remains constant. Y can 
be calculated from the amount of charge Y1/Y2 ratio 
• The width of the electron cloud must exceed twice the 

width of the period of the 4 electrode pattern. 
Source: ORFEUS https://uni-tuebingen.de/index.php?id=4416



ROSAT WFC

Röntgensatellit (1990-1999)
Mainly an X-ray mission (PSPC, HRI)

Wide Field Camera (WFC) 
• three nested, Wolter-I mirrors
• Aluminum substrate
• Au-coated, Ni-plated 

• 7.5o graze angle, 
• 60 Å cutoff Lexan+C+B for 70-200 eV bandpass 
• Lexan+Be for 50-110 eV bandpass 
• Lexan+Al for 45-80 eV bandpass 



The Highest Energies

E >100 TeV
Rely on air showers/Cerenkov detectors
• Ice Cube
• Fly’s Eye

Ultra-high energy g rays, neutrinos, and cosmic rays 
all detected in similar ways


