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A free-electron laser (FEL), is a type of laser that uses very-high-speed elesttioat move freely through a
magnetic structurB] hence the terriree electron as the lasing mediufl The free-electron laser has the
widest frequency range of any laser type, and can be Widet;/cﬂe[,3] currently ranging in wavelength from
microwaves, through terahertz radiation and infraredhéovisible spectrum, ultraviolet, and X-rﬁ‘}/.

The term free-electron lasers was coined by John Madey i6 40%tanford Universit§/r’.] The work
emanates from research done by Hans Motz and his coworkkeshwilt an undulator at Stanford in 1953,

(61171 using the wiggler magnetic configuration which is the heé free electron laser. Madey used a 43-

20 2 N
The free-electron laséfELIX

MeV electron beafll and 5 m long wiggler to amplify a signal. at

the FOM Institute for Plasma
Physics Rijnhuizen (nl),
Nieuwegein, The Netherlands.
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of a free-electron laser.

Beam creation

To create an FEL, a beam of electrons is accelerated to ath@speed of light. The beam passes through
an undulator, a side to side magnetic field produced by agierarrangement of magnets with alternating
poles across the beam path. The direction of the beam isidhkelongitudinal direction, while the direction

it forces the electrons in the beam to wiggle transverselygh sinusoidal path about the axis of the
undulator.

The transverse acceleration of the electrons across tthig@sults in the release of photons (synchrotron
radiation), which are monochromatic but still incoherdrgcause the electromagnetic waves from random!|)/ s
distributed electrons interfere constructively and dedively in time, and the resulting radiation power The undulator oFELIX.
scales linearly with the number of electrons. If an extetasér is provided or if the synchrotron radiation

becomes sufficiently strong, the transverse electridfiélthe radiation beam interacts with the transverse

electron current created by the sinusoidal wiggling mgt@ausing some electrons to gain and others to lose enerjgg tptical field via the
ponderomotive force.

This energy modulation evolves into electron density (@oty modulations with a period of one optical wavelengthe €lectrons are thus
clumped, calledanicrobunches, separated by one optical wavelength along the axis. Whe@@a/entional undulators would cause the electrons tc
radiate independently, the radiation emitted by the bud@&hectrons are in phase, and the fields add together caheren

The FEL radiation intensity grows, causing additional mimrmching of the electrons, which continue to radiate insghaith each othé?! This
process continues until the electrons are completely figrohed and the radiation reaches a saturated power sevéeas of magnitude higher
than that of the undulator radiation.

The wavelength of the radiation emitted can be readily tuneddjusting the energy of the electron beam or the magfietit strength of the
undulators.

FELSs are relativistic machines. The wavelength of the emiitadiationA,, is given by[l()]

_ M e
/\,,_272(1+Ii ),
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or when the wiggler strength parameter K, discussed bebsmall

Ay
A ox 797
wherel, is the undulator wavelength (the spatial period of the magffield), 7 is the relativistic Lorentz factor and the proportionatnstant
depends on the undulator geometry and is of the order of 1.

This formula can be understood as a combination of two kéditt effects. Imagine you are sitting on an electron gas#tirough the undulator.
Due to Lorentz contraction the undulator is shortened *yfactor and the electron experiences much shorter undukateelengtrh, /.
However, the radiation emitted at this wavelength is obsgia the laboratory frame of reference and the relativiBtppler effect brings the
seconc? factor to the above formula. Rigorous derivation from Mak\wequations gives the divisor of 2 and the proportiogalitnstant. In an
x-ray FEL the typical undulator wavelength of 1 cm is tramsfed to x-ray wavelengths on the order of 1 nmby 2000, i.e. the electrons have
to travel with the speed of 0.9999998

Wiggler strength parameter K

K, a dimensionless parameter, tells the wiggler strengtheselationship between the length of a period and the sagfibend! !

K= A €BoMy
=1
2mp  /Brmec

wherep is the bending radiu:Bj is the applied magnetic field ari. the electron mass.

Quantum effects

In most cases, the theory of classical electromagnetismuadely accounts for the behavior of free electron laBétsor sufficiently short
wavelengths, quantum effects of electron recoil and shisenoay have to be consider&d!

L arge facilities required

Free-electron lasers require the use of an electron aateterith its associated shielding, as accelerated elestan be a radiation hazard if not
properly contained. These accelerators are typically peavby klystrons, which require a high voltage supply. Theegbn beam must be
maintained in a vacuum which requires the use of numerouswwa@umps along the beam path. While this equipment is bulkyexpensive,
free-electron lasers can achieve very high peak powerstheninability of FELs makes them highly desirable in marsciiilines, including
chemistry, structure determination of molecules in biglogedical diagnosis, and nondestructive testing.

X-ray laser without mirrors

The lack of a material to make mirrors that can reflect exgrentraviolet and x-rays means that FELs at these frequeaienot use a resonant
cavity like other lasers, which reflects the radiation smétkes multiple passes through the undulator. Consequéentiyn X-ray FEL the output
beam is produced by a single pass of radiation through thelatwat; there must be enough amplification over a single paproduce an
adequately bright beam.

X-ray free electron lasers use long undulators. The uniterfyrinciple of the intense pulses from the X-ray laser ifethe principle of self-
amplified spontaneous emission (SASE), which leads to tiseolsunching. Initially all electrons are distributed elyeand they emit incoherent
spontaneous radiation only. Through the interaction af thdiation and the electrons' oscillations, they drift imicrobunches separated by a
distance equal to one radiation wavelength. Through thésaction, all electrons begin emitting coherent radratiophase. All emitted radiation
can reinforce itself perfectly whereby wave crests and vienigghs are always superimposed on one another in the besbfgoway. This results

in an exponential increase of emitted radiation power,ifgatb high beam intensities and laser-like proper[ljrélsExamples of facilitieoperatin
on the SASE FEL principle include the Free electron LASerAEH) in Hamburg, the Linac Coherent Light Source (LCLS) & 8LAC
Nationa Accelerator Laboratory, the European x-ray free electasel (XFEL) in Hamburg, the SPring-8 Compact SASE Sourc&S&Cthe
SwissFEL at the Paul Scherrer Institute (Switzerland) asdyf 2011, the SACLA at the RIKEN Harima Institute in Japan.

Self seeding

One problem with SASE FELs is the lack of temporal coherengetd a noisy startup process. To avoid this, one can "seeBEarwith a laser
tuned to the resonance of the FEL. Such a temporally cohsesut can be produced by more conventional means, such aghsidrimonic
generation (HHG) using an optical laser pulse. This result®herent amplification of the input signal; in effectetbutput laser quality is
characterized by the seed. While HHG seeds are availablaatlengths down to the extreme ultraviolet, seeding iseedible at x-ray

wavelengths due to the lack of conventional x-ray laser&ati2010, in Italy, the seeded-FEL source FERMI@EIdtitsstarted commissioning,
at the Sincrotrone Trieste Laboratory. FERMI@Elettra isgle-pass FEL user-facility covering the wavelength efrgm 100 nm (12 eV) to
10 nm (124 eV), located next to the third-generation syoizbn radiation facility ELETTRA in Trieste, Italy. The a€t of femtosecond lasers
has revolutionized many areas of science from solid stagsighto biology.
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In 2012, scientists working on the LCLS overcame the seddimtation for x-ray wavelengths by self-seeding the laséh its own beam after
being filtered through a diamond monochromator. The rggpihtensity and monochromaticity of the beam were unptenéed and allowed new
experiments to be conducted involving manipulating atontsimmaging molecules. Other labs around the world are iraratjng the technique

into their equipmenle127]

Applications

Medical
Surgery

Research by Glenn Edwards and colleagues at Vanderbilelsity's FEL Center in 1994 found that soft tissues inclgdikin, cornea, and brain

tissue could be cut, or ablated, using infrared FEL wavelenground 6.45 micrometres with minimal collateral damagedjacent tissuelrtel
This led to surgeries on humans, the first ever using a fleetren laser. Starting in 1999, Copeland and Konrad peworthree surgeries in

which they resected meningioma brain tunBP%Beginning in 2000, Joos and Mawn performed five surgeriasdht a window in the sheath of

the optic nerve, to test the efficacy for optic nerve sheattestration?™ These eight surgeries produced results consistent witbt#tmelard of
care and with the added benefit of minimal collateral damageview of FELs for medical uses is given in the 1st editibf onable Laser

Applications[.zz]
Fat removal

Several small, clinical lasers tunable in the 6 to 7 micrameange with pulse structure and energy to give minimabtethl damage in soft tissue
were created. At Vanderbilt, there exists a Raman shiftetbay pumped by an Alexandrite laded,

Rox Anderson proposed the medical application of the fleeten laser in melting fats without harming the overlymg'n.[24] Atinfrared

wavelengths, water in tissue was heated by the laser, buaalangths corresponding to 915, 1210 and 1720 nm, sulsUiféds were
differentially heated more strongly than water. The pdesipplications of this selective photothermolysis (hegatissues using light) include the
selective destruction of sebum lipids to treat acne, asagaiargeting other lipids associated with cellulite andyfatias well as fatty plagues that

form in arteries which can help treat atherosclerosis andtliiseasé®!
Biology

Exceptionally bright and fast X-rays can image proteinsgisi sheet just one molecule thick. This technique alloves-fime imaging of proteins
that do not stack in a way that allows imaging by conventideehniques, 25% of the total number of proteins. Resolatafr0.8 nm have been
achieved with pulse durations of 30 femtoseconds. To getar #iew resolution of 0.1-0.3 nm is required. The shors@ulurations prevented
the lasers from destroying the molecules. The bright, fasipé were produced at the Linac Coherent Light Source atGSL4&s of 2014 LCLS

was the world's most powerful X-ray FE?C
Military

FEL technology is being evaluated by the US Navy as a carglfdatan antiaircraft and missile directed-energy weapte Thomas Jefferson
Nationa Accelerator Facility's FEL has demonstrated over 14 qurowtput[.27] Compact multi-megawatt class FEL weapons are undergoing
research?® On June 9, 2009 the Office of Naval Research announced ithactiad Raytheon a contract to develop a 100 kW experimental
FEL*?l on March 18, 2010 Boeing Directed Energy Systems annouthgeddampletion of an initial design for U.S. Naval d2g A prototype

FEL system was demonstrated, with a full-power prototygedaled by 20184

See also
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