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FEL FEL –– operation principleoperation principle



FEL wavelengthFEL wavelength

� = � w (c – v) / v



FEL wavelengthFEL wavelength
$�����'����
�&���.���
�� – �4����'�������� 

� = E/mec2 – Lorentz factor mec2 = 0.511 MeV
electron rest mass

� = 1 / [1 – (v/c)2 ]1/2

v = c [1 – 1/ � 2 ]1/2

Energy Electron speed
v/c

mec2 +10 keV 0.20
mec2 +100 keV 0.55
1 MeV = mec2+489keV 0.86
10 MeV 0.999
100 MeV 0.99999



FEL wavelengthFEL wavelength

� = k � W / 2� 2

� IR wavelength
� W undulator period
� Lorentz-factor

� = E/mec2

k   ~ 1-2
sometimes higher (LCLS)

� = 1-10 � m
� W= 2 cm

E(beam) = 15-50 MeV mec2 = 0.511 MeV
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FEL FEL –– operation principleoperation principle
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FELIX IR user facility (Netherlands)FELIX IR user facility (Netherlands)
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FEL AdvantagesFEL Advantages
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FEL spectral coverageFEL spectral coverage
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FEL powerFEL power
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FEL maturity FEL maturity –– signssigns
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Operating Operating FELsFELs –– for Scientific Researchfor Scientific Research
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FEL research facilities FEL research facilities –– in constructionin construction
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FLARE THz FELFLARE THz FEL
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ScaleScale--up: LCLS (2009)up: LCLS (2009)
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LCLS at SLACLCLS at SLAC
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IRIR--THz FELTHz FEL
at Fritz at Fritz HaberHaber Inst (Berlin)Inst (Berlin)

Putting Accelerator Technology to Work
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FEL Progress 1990FEL Progress 1990--20102010
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Electron acceleration system:Electron acceleration system:
RFRF--linaclinac
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RFRF--linaclinac pulse structurepulse structure
all numbers all numbers –– for illustration onlyfor illustration only

S-band 
~ 3 GHz

40-100 Hz 
Rep. rate

micropulse

MACROpulse

10 � s
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G = [ P(out) / P(in) ] SINGLE PASS 
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FEL gain regimesFEL gain regimes



FEL FEL –– operation modesoperation modes
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ee--beam & optical pulsesbeam & optical pulses
oscillator / RAFELoscillator / RAFEL
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FEL FEL –– output power output power 
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FEL FEL –– extraction efficiency extraction efficiency �
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Goal: 10%
P(IR) ~ � ×P�
��
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Challenges:
1. Low extraction efficiency 

(e-beam to optical energy)

2.  High RF losses in accelerator       
(cavity load)

WallWall--plug efficiencyplug efficiency
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1. Increasing extraction:1. Increasing extraction:
Tapered undulatorTapered undulator
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2. e2. e--beam Energy Recoverybeam Energy Recovery
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3. Decreasing RF losses3. Decreasing RF losses

$+�4�2���?��$+�4�2���?�� 88���.���������.������
G���'�� ������5��6�G���'�� ������5��6� ?B�����?B�����

������ ?U1U?U1U���� ��<���<� �� ?��?�� �� <$�<$�
$�?�$�?� �� ��

�� C���AC���A 88�������� �� <.������N���/3<.������N���/3
�� C�A�C�A� 88MA��MA�� �� <.������@�-/3�5	<.������@�-/3�5	 88����6����6
		 88����>�1?A������?�.�?B�����>�1?A������?�.�?B�

+����!��12�3)4+����!��12�3)4

2<��
�������Q2<��
�������Q

	��������	��������
!�!� 	�4��
����
�����
�'�����	�4��
����
�����
�'�����
���� ���������� 88������

���������<��
�'�� ������

���������<��
�'�� 



A. SRF A. SRF –– superconducting RF superconducting RF linaclinac
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B. B. ““WarmWarm”” multimulti--turn turn 
EnergyEnergy--Recovery Recovery LinacLinac (ERL)(ERL)
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MultiMulti--turn turn 
EnergyEnergy--Recovery Recovery LinacLinac (ERL)(ERL)

!�'�������!�'�������
�� $���
�����3�$���
�����3�

�� $���
���$+�4�2��$���
���$+�4�2��

�� $���
���
���$���
���
���

)�����.)�����.
��.4��
������.4��
����

�� 88���.��4��
����.��4��
�



HF resonators 
(accelerating cavities)

Old THz undulator

New optical resonator

New undulator
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MultiMulti--turn turn separateseparate --tracktrack ERL FELERL FEL

Injector

RF2

Dump

RF1

Undulator / Resonator

Booster
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““BottlenecksBottlenecks”” for highfor high--power FELpower FEL
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Why injector ?Why injector ?
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Why injector ?Why injector ?
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Injector => cathodeInjector => cathode
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IR Optics IR Optics –– power handlingpower handling
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System: power-gain trade-offSystem: powerSystem: power--gain tradegain trade--offoff
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More system problemsMore system problems
(partial list)(partial list)
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Ionizing radiation problemIonizing radiation problem
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Radiation risk in perspectiveRadiation risk in perspective
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Radiation Radiation –– curious factscurious facts
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Military and Aerospace:Military and Aerospace:
US Directed Energy WeaponsUS Directed Energy Weapons
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Thomas Jefferson National 
Accelerator Facility

Year 2004 2006

Power (average), kW 10 14.2

Wavelength, µm 6.0 1.6

Duration, s ~20 ~30

Achieved once once

US Navy FEL ProgramUS Navy FEL Program



US Navy FEL ProgramUS Navy FEL Program
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13.513.5--nm FEL for EUV lithographynm FEL for EUV lithography
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PhotoPhoto--chemistrychemistry
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Anticipated trends Anticipated trends –– highhigh--powerpower
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