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Why are we interested in photons?
• Photons are ideal probe of matter for physics, chemistry, 

biology, medicine, material science, environmental 
science, and many more

– Spectral resolution: photon wavelength λ sets roughly
resolution ➔ sub-atomic scales require 1 Å or 12 keV
– Energy resolution: electrons in atoms/molecules are located in 
orbitals with different energy levels ➔ to excite electrons (photon 
absorption or scattering) or to ionize atoms, requires >few eV, 
ideally tunable (to scan, eg. spectroscopy)
– Temporal resolution: to probe fast phenomena need high time 
resolution ➔ short exposure
time & high intensity (as in stroboscope)
• e-motion in atoms: ≈0.1 fs
• molecular vibrations: ≈1 fs
• magnetic domain flips: ≈1 ps
• protein folding: >100 μs



So what does the ideal photon source look like? 
• Ideally, we'd want a short pulse of (quasi-) mono-energetic photons 

with appropriate (and tunable) wavelength
•  In order to perform experiments in limited amount of time want as 

many photons per pulse as possible 
•  To some of you this might start to sound like a laser... 
• but for acceptable levels of ph/pulse lasers are limited to few nm, 

and lasers are not freely tunable over a broader range 

•  Fortunately, an electron (or positron) 
synchrotron emitting synchrotron radiaton 
(SR) generates huge numbers of ph/pulse 
at tunable wavelengths over a very broad 
energy range ➔ mm to <1 Å 

NSLS-II at Brookhaven National Lab 

https://www.bnl.gov/nsls2/10/ 
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What is synchrotron radiation



How to generate synchrotron radiation
•  Quantum field theory: particles moving in free space are surrounded by cloud of 

additional virtual particles (incl. photons)
•  These particles are extremely short-lived and remain very close to free particle ➔ 

cannot detect or use (hence "virtual")

• However, if free particle undergoes strong transverse acceleration it can detach 
itself from "cloud“ of virtual photons ➔ photons become real ➔ can be 
detected and used

• Strong transverse acceleration is why we use e-& e+ in accelerators to generate 
SR photons ➔ q/m ratio is maximized compared to hadrons ➔ bending magnets 
create sharp curved trajectories ➔ reduces emitted photon wavelength & more 
photons generated
(we'll see why shortly)



How to generate SR (Classical picture )



How to generate SR (very high-speed (~ c) particles )
Alfred Liénard, 1898: Extended Larmor's theory to very high-speed
particles ➔ use for relativistic particles undergoing centripetal 
acceleration along circular trajectory:



As a result, we have two ways to generate SR 



What else to remember ? 

https://als.lbl.gov/

Advanced Light Source (ALS) at LBNL 



SR Light sources need high gamma
• Discovery of SR took so long because we  first needed accelerators capable of achieving 

required energies 
• Synchrotron radiation was named after its
discovery in Schenectady, New York from a General Electric 
synchrotron accelerator built in 1946 and announced in May 
1947 by Frank Elder, Anatole Gurewitsch, Robert
Langmuir .
• Synchrotron radiation is the main constraint to accelerate 
electrons to very high energy and hence is bad for high 
energy physics application, such as colliders.
• However, it was then realized that the radiation can be so 
helpful for other branches of science such as biology, 
material science and medical applications.
As a result, dedicated storage rings have been built to 
generate synchrotron radiation, which are called light 
sources.

70 MeV electron synchrotron, GE
Research Labs, Schenectady, NY, 1947

SR



SR  limits high energy lepton colliders 

• LEP (CERN, 1990s) eventually reached 70 GeV, but at a 
circumference of 27 km (ρ ≈ 3 km ➔ Bpeak = 0.078 T) 
and yet, every last free drift space was occupied by RF 
cavities in an attempt to replenish energy lost to SR 

(for the homework estimate how much energy is lost per 
turn at LEP)
•  LEP eventually replaced by LHC (hadron machine, SR 

suppressed by 1013)

•  For high-energy accelerators such as colliders SR was considered a waste 
product and a serious limitation



Angular Distribution of Synchrotron Radiation
• Due to acceleration of highly relativistic particles, emission is strongly 

focused and forward directed 
•  One can show that emission occurs into a cone with half opening angle 1/γ 

(“Lorentz boost” –> direct consequence of Lorentz transformation) 



Spectral Distribution of Synchrotron Radiation 



Spectral Distribution of SR (cont.)



Polarization of  Synchrotron radiation 



Polarization of  Synchrotron radiation 



Flux & Brightness



Flux & Brightness (cont.)



So how bright are synchrotron light sources?
•  Extremely bright!



So how bright are synchrotron light sources?
•  Extremely bright!
•  This great brightness is highly desirable because it allows for
– faster experiments (time-resolved; also, consider overbooking of sources)
– improved spacial/temporal/energy resolution
– higher spatial coherence
• Similar advantages to lasers in the visible range, but here we can
offer wavelengths from IR all the way down to hard x-rays
• And unlike table-top lasers, SR sources are tunable ➔ yes, here you
can have it all (almost)



SR Damping & Effect on Emittance



SR Damping & Effect on Emittance (cont.)



SR Damping & Effect on Emittance (cont.)



SR Damping & Effect on Emittance (cont.)



SR Damping & Effect on Emittance (cont.)



SR Damping & Effect on Emittance (cont.)



SR Damping & Effect on Emittance (cont.)



SR Damping & Effect on Emittance (cont.)



SR Damping & Effect on Emittance (cont.)



Sources of SR: Dipole Magnets



Sources of SR: Wigglers







Sources of SR: Elliptically Polarizing Undulators



Lattice Design for Light Source Storage Rings





Useful materials to study
• USPAS lectures
https://uspas.fnal.gov/materials/materials-table.shtml 
• CERN lectures
https://e-publishing.cern.ch/index.php/CYRSP/article/view/1608/1321
• J.D. Jackson,Classical electrodynamics, 3rd ed. (New York, Wiley, 

1999), pp. 237–294.
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