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How the free-electron laser (FEL) works? 
Electron Accelerators as Short-Wavelength Light Sources:

The frequency spectrum is continuous and extends from zero to frequencies 
beyond critical frequency ωc,
R is the Radius of ring and c the velocity of light

Relativistic electrons are accelerated toward the
centerofthering and emitsynchrotronradiation:

The Lorentz factor: 

The radiated power in a bending magnet of field B: 

Source: Schmüser, Peter, et al. "Free-electron lasers in the ultraviolet and X-ray regime." Springer Tracts in Modern Physics 258 (2014).

W is the total relativistic energy of the electron



The electron motion in a planar undulator and the emission
of undulator radiation.

Source: Schmüser, Peter, et al. "Free-electron lasers in the ultraviolet and X-ray regime." Springer Tracts in Modern Physics 258 (2014).

K is the undulator parameter

The electrons move on a sinusoidal orbit
throughsucha magnet.

The wiggler or undulator magnets are periodic arrangements of many short dipole magnets of alternating polarity.



The Laser mechanism: 

Source: Schmüser, Peter, et al. "Free-electron lasers in the ultraviolet and X-ray regime." Springer Tracts in Modern Physics 258 (2014).

-Inversion of population.

- Virtual state and high state of
energy.

-Stimulated emission ofradiation.

-Amplification.

 



The principle of SASE allowstorealize
high-gain FELs at these short
wavelengths; seeding by an external
coherentsource.

Source: Schmüser, Peter, et al. "Free-electron lasers in the ultraviolet and X-ray regime." Springer Tracts in Modern Physics 258 (2014).

The FEL uses a beam of 
electrons as the lasing medium.



Why Does the FEL Need an Undulator?

-The electric force acting on an electron is always perpendicular to its velocity because electromagnetic 
waves in vacuum are transverse.

-The Lorentz force exerted by the light wave is almost perfectly balanced by the electric force exerted by 
the wave.

The forces are: 

Source: Schmüser, Peter, et al. "Free-electron lasers in the ultraviolet and X-ray regime." Springer Tracts in Modern Physics 258 (2014).



The undulator mechanism:

The potential is:

Source: Schmüser, Peter, et al. "Free-electron lasers in the ultraviolet and X-ray regime." Springer Tracts in Modern Physics 258 (2014).



The low gain mode:
• an electron storage ring or a recirculating linacin 
which relativistic electron

• bunches carry out many revolutions,

• a short undulator magnet,

• an optical cavity.

Source: Schmüser, Peter, et al. "Free-electron lasers in the ultraviolet and X-ray regime." Springer Tracts in Modern Physics 258 (2014).

The energy is:

The plane electromagnetic wave:



The high gain mode: 

High-Gain Harmonic
Generation (HGHG)
process.

A magnetic chicane converts
theenergy modulationintoa
charge density modulation.

The energy of the electron
beamisperiodically
modulated by the
interaction with the seed
beam.



High energy and brillhance:

Source: Patrick G. O’Shea, Henry P. Freund; Free-Electron Lasers: Status and Applications. Sci-ence 292, 1853-1858 (2001)



The Stanford experiment: 

-Superconducting helixhaving
a period of 3.2 cm over 5.2 m.

- Infrared light from a transverse-excitation-
atmospheric3.3 mm beamwaistCO2laserexcited
the mode ofcopper
tube of 10.2 mm.

- The gain wasmeasured at optical powers from
100 to 1.4 10^5 W cm -̂2.



Seeding by Higher Harmonics of an Infrared Laser:

Source: Schmüser, Peter, et al. "Free-electron lasers in the ultraviolet and X-ray regime." Springer Tracts in Modern Physics 258 (2014).



Applications:

• MOLECULAR DYNAMICS, STRUCTURAL BIOLOGY AND BIO-MEDICAL APPLICATIONS

Source: Liu H, Lee W. The XFEL Protein Crystallography: Developments and Perspectives. International Journal of Molecular Sciences. 2019; 
20(14):3421. https://doi.org/10.3390/ijms20143421 and https://researchoutreach.org/articles/free-electron-lasers-biggest-brightest-light-sources/

https://doi.org/10.3390/ijms20143421


TeraHertz (THz) free-electron laser setup:

Source: Hoshina, Hiromichi & Suzuki, Hal & Otani, Chiko & Nagai, Masaya & Kawase, Keigo & Irizawa, Akinori & Isoyama, Goro. (2016). Polymer 
Morphological Change Induced by Terahertz Irradiation. Scientific Reports. 6. 27180. 10.1038/srep27180. 

Applications:

THz-free electron laser (FEL) 
output 5-Hz macropulses
composed of 100 micropulses
with 10-ps duration. The THz-
FEL output was attenuated by 
a pair of wire-grid 
polarizers and focused by an 
off-axis parabolic mirror 
(effective focal length (EFL) 
= 102 mm). The sample was 
dropped on the BaF 2 window, 
which was placed at a 25-mm 
offset from the focal point. 
Insets: (a) Typical spectral 
profile measured at λ = 60 
and 75 μ m; (b) Typical beam 
pattern at sample position, 
measured at λ = 70 μ m. 



Applications:



FELIX stands for: Free-Electron Lasers for Infrared eXperiments.



An upcoming compact THz radiation and electron beam 
facility at IUAC



Conclusion:

- Produces high energy intensity and power.
- Important applications in Biology, Chemistry and Physics.
- Light source in UV up to IR, and X-Ray.
- TeraHertz applications 
- The cost is very considerable, proper installation is required and there will be a high cost in 
the production of the undulators.



Thats all folks! Thanks.

Questions? Send me a e-mail: marcelocruz@ifsc.usp.br
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