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The Electromagnetic Spectrum 
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“Gamma Ray” : generic terrm that covers half the electromagnetic spectrum  



Gamma-ray Astronomers Have Two Big Problems 

No Optics: Detector Area = Collection Area 
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The Atmosphere = 1 meter  
Thickness of Lead 
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 Solution to problem of Atmosphere   

 
 
 
 
         
 
 
 Mt. Everest 
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Solution to problem of Atmosphere 

  Artificial 
 Mountain 
  Is Even 
   Better         
    But 
 It Costs 
   More! 
 

June, 2012 VHE Gamma-ray Astronomy 101 



Earth’s Atmosphere:  
Enemy of Astronomy 
  Over most of the Electromagnetic Spectrum the 

Atmosphere limits  observations 
  Thickness ~ 1030 g cm^-2 
  Equivalent to 1 m of Lead 
  28 Radiation Lengths 
  No primaries > 10 eV reaching Earth’s Surface 
  UV, X-ray, Gamma-ray Astronomy required the 

development of Space Techniques 
  …but not ground-based gamma-ray astronomy! 
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Short History of High Gamma-ray Astronomy from Space 

Balloon Gamma-ray Astronomy  1960-1972 
Spark Chambers, Gas Cherenkov 
Dark Ages . Many “sources” 
Galactic Plane 
Crab  
Satellites: 
OSO-3 1968        USA             scintillator+ 
SAS-2. 1973        USA             Spark Chamber 
COS-B 1975-82    European     Spark Chamber 
EGRET 1991-2000 Joint           Spark Chamber 
AGILE  2007-        Italian         Silicon Strip 
Fermi   2008-       USA+           Silicon Strip 
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EGRET 
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GLAST: 
 the Next Generation 
 Gamma-ray Space 
 Telescope. 
2007 
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(Fermi) 
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Why study TeV Gamma rays?  
            Why do we study elephants when  
      birds are easier to find and more plentiful? 

 

TeV gamma-rays, like elephants, are bigger,	


 more difficult to produce, and stretch the	


 the production models to their limits!	
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Simple Technique, 
Simple Detectors, 
Small Budgets 
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Cherenkov Radiation 

The medium is the radiator, not the particle! 



Earth’s Atmosphere:  
Friend of VHE Astronomy 

  The Atmosphere makes VHE observations possible 
  Essential ingredient of detection technique 
  Free and limitless; nothing to replenish! 
  The Poor Man’s detection medium 
  But…… 
  No control over temperature, pressure and humidity 
  No control over transmission  
  Source of variable background light: air glow, lightning, 

meteor burnup 
  Must be carefully monitored 
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Cherenkov Light Shower from a Gamma-ray Cascade 
  First Interaction typically at elevation of 20 km 
  Electromagnetic Cascade starting with electron pair;  
  Opening angle ~ mc^2/E 
  Cherenkov light from relativistic electrons > 21 MeV 
  Typical 1 TeV shower (Hillas 1993): 
  Physics well understood; detailed Monte Carlo calculations 

  Three parts: 
  1. Above 10 km; Cher. Angle ~ 0.8 deg.; 25% of light 
    generated (direction)  
  2. Intermediate 10 – 6 km; Shower Maximum: cylinder of length 

4km, radius 21 m; 50% of light (energy) 
  3. Below 6 km; local particles; 25%; confusing with large 

fluctuations 
  Detector Level: disk of light with diameter 120 m, 1 m (2-3 ns) thick 
  Note: from 100 GeV primary, typical photon density in blue light is 

about 5 photons/m^2 out to 120 m from axis; detectable with 
collector of aperture a few m^2 and fast PMT 
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Detector Level: disk of  
light with diameter 120 m,  
1 m (2-3 ns) thick 
 
Note: from 100 GeV primary,  
typical photon density  
in blue light is  
about 5 photons/m^2 
 out to 120 m fro 
 
m axis; detectable  
with collector  
of aperture a few m^2  
and fast PMT 



Gamma-ray Shower Characteristics as a Function of Energy 
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The Cherenkov Light Shower 
from a Hadron-initiated Cascade 
  Penetrates further into atmosphere; radiation length typically 80 g-cm^-2 
  Hadronic Cascade starting with pion production  
  Opening angle ~ mc^2/E; more diffuse 
  Penetrating Particles, mostly muons, reach ground level 
  Fluctuations are greater 
  Cherenkov light from relativistic electrons (> 21 MeV) and muons (>8 GeV) 
  For same primary energy, Cherenkov light production from hadron shower 

is a factor of 2-3 times less efficient than from gamma-ray shower 
  Hadrons are 1,000 to 10,000 times more numerous than fluxes of gamma 

rays from typical VHE source 
  Light from a single local muon, remnant of low energy hadron interaction, is 

an important source of background for VHE gamma-ray telescope 
  Hadrons are charged and hence arrival directions are rendered isotropic at 

these energies by interstellar magnetic fields 
  VHE telescopes can be used to study Hadron (cosmic ray) background: 

composition and spectrum 
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Physics of Gamma-ray and 
Hadron Shower 
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Fundamental difference  
 in Opening Angle in  
Electromagnetic and  
Hadronic interactions 



The Cherenkov Light Shower from 
an Electron-initiated Cascade 

  Cosmic Electrons are less than 1% of Hadronic 
Background 

  Spectrum steepens above 1 TeV 
  Important background ~ 300 GeV 
  Isotropic to first order 
  Not possible (yet!) to distinguish gamma-ray 

cascade from electron cascade ; angular 
resolution important  
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Signal-to-Noise for Cherenkov Detectors 
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Atmospheric Cherenkov Detectors 

Inherently Simple and  

Economical 

-  Light Collectors 

-  Light Detectors: PMTs 

-  Electronics: FADC 

-  Dark Site, High Elevations 

-  Clear Skies 
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Detection Elements 

  PMT’s 
  Electronics 

  Bias curve 
  Coupling 
  Pedestal 
  CFD’s 
  QADC and FADC 

  Optics 
  Wavelength dependence  



Gamma-ray  
Signal-to-Noise  
for Source  
Detection. 
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Noise Spectrum 
(night-sky noise  
and cosmic ray) 
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Cherenkov Detection  
 Considerations  as a Function  
  of Wavelength: 
 a: Cherenkov light spectrum 
 b: Night-sky Background Light 
 c: Mirror Reflectivity 
 d: Atmospheric Transmission  
 e: Bi-Alkali Photocathode 
 f: Product of a,c,d and e.  
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Some useful numbers: 
   Water, refractive index, n=1.33 
  Air, n = 1.00029;   
  Ch. Angle in air:  

  0.8 deg. at 10km;  
  1.3 deg. at S.L. 

  Threshold for Cherenkov Emission: 
  Electron > 21 MeV 
  Muon > 4 GeV  

  Yield:  
  30 photons/m     
  10,000 photons/radiation length 

  100 GeV gamma ray: 5 photons/m^2 
  Background Light from Night-Sky:                              

6.4 x 10^7 photons/(s-cm^2-ster) in 300-400 nm band 



In the beginning… 
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Previously Cherenkov light only detected in 
solids and liquids;  Jelley working on gas 
detector 

1948 P.M.S. Blackett (Nobel Laureate) 
points out that 1/10,000 of night-sky light 
should come from cosmic  rays   
 
 

1953 Galbraith and Jelley  (Atomic Energy 
Research Establishment, Harwell) postulate 
that Cherenkov light  might be detectable as 
light pulse from air shower 
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Simple Optical Detector at 
Harwell, U.K. 1951 

Experiment in a garbage can, Galbraith and Jelley, 1953 
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Natural and Manmade 
Sources of Background 
Light and Absorption. 

Most Serious Source 
 of Background is 
 Light Pulses from 
 Charged Cosmic Rays; 
 no discrimination in 
 First Generation Telescopes 
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Gamma-ray Astronomy: Motivation 

Also proposed at  
 higher energies 
 independently by 
 Giuseppe Cocconi, 
 1959 

Seminal paper by 
Phillip Morrison, 
1958  
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First Generation Atmospheric 
Cherenkov Telescope 
 
Glencullen, Ireland  ~1962-66 
 
University College, Dublin 
group led by Neil Porter 
(in collaboration with 
J.V.Jelley) 
 
WWII Surplus: Gunmount, 
searchlight mirrors  
 
(Targets: 
quasars (AGN), variable stars, 
Supnovae remnants, Crab) 
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First Smithsonian venture into VHE gamma-ray used 
Solar Furnace at Natick, MA ~ 1965-6. 
Gamma-ray Astronomy Group led by Giovanni Fazio 

Davis-Cotton design Heliostat 
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First Gamma-ray Experiment 
at Whipple Observatory, 1967-8 
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Whipple Observatory, 1967-8 
         (wide spot on the road) 

Site of present 
Whipple Observatory 
Basecamp (and 
VERITAS) 
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1968:Some familiar sources! 
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Discrimination of Gamma- 
 ray Showers from Hadron 
 Background using one or 
 more of four differences 
 in shower light properties. 
 
1.  Lateral distribution 
2.  Duration 
3.  UV/visible 
4.  Angular distribution 

5.  Array of detectors 
6.  Fast timing 
7.  Multiwavelength 
8.  Imaging 
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Atmospheric Cherenkov Imaging Technique, c. 1977 

Convert 10 m optical  reflector into 
large fast camera of 10 m 
aperture  

Finite number of pixels     
(37 -->  370) 
Short exposures (30 nsec) 
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Image Intensifier Pictures of Cherenkov light 
 Image from Cosmic Ray Air Shower. 
On short time-scale images are brighter than  
bright star (Vega). 
Work by David Hill (M.I.T.) and Neil Porter 
 (U.C.D.) in 1960 

Cherenkov Shower Imaging using Image Intensifiers (1960-65) 
 and Stereo Detectors (1972-76) 

Josh Grindlay demonstrates value of 
 stereo imaging with two-pixel system  
 (Double Beam Technique) at Mt.  
Hopkins and Narrabri  (1972-76) 



Atmospheric Cherenkov Imaging 

Rejection of Background 
because of: 

Size, shape (physics) 

Orientation (geometry) 
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Atmospheric Cherenkov Imaging 

Cherenkov Imaging gives 
the ability to distinguish 
compact images of 
gamma-ray showers 
from more irregular 
images from hadron 
shower 
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Hadron G
a
m
m
a

Gamma ray 

Muon Ring Sky Noise 

Types of images 
 seen by atmospheric 
Cherenkov camera 
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The First TeV Sources 

*Imaging systems came into operation 1984 -	


*First Galactic Source detected (Crab Nebula/	


Whipple Observatory) 1989	


*First Extragalactic Source detected (Mrk 421/
Whipple Observatory) 1992	


*HEGRA array of imaging detectors 1995 	
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A Source at last! 
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The Crab Nebula as Very High 
Energy Gamma Ray Source 

Whipple Observatory 
 1986…success at last! 
 
 
 
 
 
 
 
 
 
 
Supernova 1054 A.D. 
 
 



Location of TeV Gamma-ray 
Sources   

        	



Markarian 421	



Strong Sources can	


 be located to a few	


 arc-min	

Markarian 421	



Cross = X-ray source	


Dotted line : EGRET	


 error circle	


Contours: TeV source	


 intensity	





Spectral Measurements: Mrk 501  

Aharonian et al. 1999  	



Composite spectrum of	


 Markarian 501 showing	


 consistency of measurements	


 by several telescopes and	


 detection of structure in	


 shape of spectrum…power	


 law plus exponential cutoff. 	





TeV γ-ray observations: consistency! 

•  High statistical significance 
•  Excellent agreement between 
 ground-based experiments 
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An array of ACIT’s was first 
proposed in 1984 (prior to the 
detection of the Crab Nebula). 

(NASA Workshop, Space Lab. Science, Baton 
Rouge, 1984) 

This is the configuration that was 
later adopted for VERITAS. 
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 VERITAS Concept: 1996 2003 

VERITAS Philosophy 
  Better Flux Sensitivity 
  Array of  “12 m” telescopes 
  Imaging Cameras 
  Improved Optics 
  Improved Camera 
  High Data Rate 
  Flexible Operation 
  Sub-arrays 
  Reliable Operation 
  New Technology where 

proven. 
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Brief History of GeV-TeV ground-based 
Gamma-ray Astronomy 

  First Generation Systems 1960 – 1985 
  Weak or no discrimination 
  Crimea, Dublin, Whipple, Narrabri, ……….. 
             

  Second Generation Systems 1985 – 2003 
  Atmospheric Cherenkov Imaging Telescopes  

  Whipple, Crimea, CAT, HEGRA, Durham,  
CANGAROO 

     …… 

  Third Generation Systems 2003 – 2010 
  Arrays of Large ACITs 
  MAGIC-2, HESS-5, CANGAROO-III, VERITAS-4 
     

  Fourth Generation Systems 2014? - 
  TBD 

 TeV 
Sources 
 
 
 Zero 
 
 
 
~ 10 
 
 
 
> 100 
 
 
 
1000? 
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   We have come a long way! 
           1967 - 2007 


