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Review of SRF Linac-Based FELs

(Current and Future)

J. Knobloch, BESSY 
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• Demonstrator IR FEL for industrial material treatment (e.g., against stress corrosion cracking)

• Configuration in 2001
• Pulsed operation:  1% DF (10 Hz x 1 ms x 10.4 MHz) due to available cryopower & radiation shielding

• Upgrade JAEA in 2002 for ERL mode

• Increased microbunch rep rate to 20.8 MHz (8 mA) + 50 kW IOTs for injector

• ÆFEL efficiency increased to 2.8 % 

• Beam power = 136 kW Æ 700 W FEL power (including extraction efficiency)

JAEA FEL

230 kV Thermionic Gun
0.5 nC, 20 µm emittance, 600 ps
10.4 MHz rep rate

2 single-cell 500 MHz SRF cavities
2.5 MeV, 4.2 MV/m

Two 5-cell 500 MHz SRF cavities
14.5 MeV, 4.8 MV/m

Optical cavity for FEL 7.2 m long
Æ roundtrip frequency = 20.8 MHz

Æ every second roundtrip sees a new bunch

Dispersion
Æ bunch compression

230kV
E-gun

(1MVx2)

undulator

500MHz SCA

500MHz SCA
(7.5MV x 2)

17MeV Loop

beam dump
return arc

merger

half chic.

2.5MeV Injector
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Superconducting Cavities for JAEA-FEL

• Superconducting 500 MHz system operating at 4.2 K

• Eacc = 5 MV/m

• Refrigerator is part of the cryostat: Q0 = 2E9 Æ CW losses of order 100 Watt

• Variable input coupling, from 109 to 106  CW ERL operation theoretically possible

• Three HOM couplers

• HOM Measurements/calculations + BBU simulationsÆ BBU limit at about 3 A
 

40K/80K Refrigerator 

 
40K Shield

80K Shield

RF Coupler 

 
4K Refrigerator 

Tuner 

HOM Coupler (TE-type) HOM Coupler (TM-type) 

2.18E+029.23E+03682.1501.61E-02TE111    π

…………...

Meas.Meas.Calc

4.96E+037.16E+03664.0944.60E-01TE111 4 π/5

9.29E+031.77E+04646.7253.39E-01TE111 3 π/5

1.25E+031.59E+05630.8754.96E-03TE111 2 π/5

1.33E+012.66E+03608.8683.04E-03TE111    π/5

(R/Q)*Q/f
(Ω/cm2GHz)

Qload
Freq

(MHz)
R/Q

(Ω/cm2)Mode

4k refrigerator

80k 
refrigerator

(8W)
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JLAB IR FEL Demonstrator

• DC Photoinjector, 350 kV
• Up to 75 MHz
• 80 pC/bunch
• ε = 7-10 mm mrad

• I
ave

up to 5 mA

¼ Module

• Modules are CEBAF Design
• 5-cell 1.5 GHz with WG HOM coupler
• Operated at 10 MV/m CW
• Æ Eb approx 48 MeV
• Æ Beam power = 240 kW

Constructed in 1998

G. Neil et al., Jefferson Lab

IR FEL --- 2.1 kW @ 3 µm output (ave)
World record in 1999



J. Knobloch, SRF 2007 6

JLAB ERL-FEL Upgrade

• Facility available for user experiments

• IR, THz light available

• In the process of adding a UV FEL

• Together with THz and IR radiation can
perform pump-probe experiments

• Increased beam current up to 10 mA, bunch
charge to 135 pC

• Increased beam energy up to 120-150 MeV

• Beam power = 1.5 MW Æ ERL mode 
„mandatory“

• Improved FEL efficiency and enlarged
energy acceptance of return loop

Æ14.2 kW IR FEL achieved in 10/2006

New modules based on CEBAF Upgrade design, 7-cell cavities, 8 per module
Operate at 12.5 MV/m

Talk by George Neil (
JLA

B), F
rid

ay AM
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ELBE @ Forschungszentrum Dresden-Rossendorf

FEL user labs

• Full user facility, in operation since 2002

• Operates two FELs in the IR

• Also provide different beams for neutron production, positron production, bremstrahlung
and x-radiation.

• For latter need ultra-low emittance beam

FEL 1: 3-30 µm

FEL 2: 25-150 µm

Positrons

Neutrons
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ELBE @ Forschungszentrum Dresden-Rossendorf

FEL user labs

Two SRF Modules

• Based on TESLA Cavities but modified (fixed) input
coupling and new tuner

• CW operation at around 10 MV/m (Field Emission)

• Total beam energy around 40 MeV

Thermionic DC gun

• 0.4/77 pC bunch charge

• Average current: 0.1/1 mA, 260/13 MHz

• Emittance 2/10 mm mrad

• SRF Gun currently being installed
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Future FEL Projects

SASE-FELX ray1.4 @ 1 nC1-10201300
European XFEL
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Germany
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ray
1000.6
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Current
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(GeV)

Being Built

White paper



J. Knobloch, SRF 2007 10

VUV-Soft X-ray FELs: The „egg-laying full-milk woolly sows“

What do these FELs have in common?  The are designed to do everything!
• Many users
• Resonable cost
• Cover UV to X ray range
• Independent control of wavelength 
• Independent control of pulse duration, polarization
• Reproducible spectra, pulse profile etc…
• Ultra-short fs pulses, pump-probe capabilities etc.
• High average flux ÆCW Linac Super-duper 

precise beam 
distribution

☺

☺

☺

☺

☺

☺

☺

☺

☺

☺

☺

That ~2 GeV Linac Thing
Super-duper

Injector

Super-duper
Synchro-box

Bunch compression/
beam manipulation That ~2 GeV SC Linac ThingThat Linac Thing

Seeded System + Var. Gap undulator

Most of the proposals use this layout

Based on a slide from J. Byrd, LBNL

CW Injector



J. Knobloch, SRF 2007 11

Undulators

80 – 550 eV

250 – 750 eV

300 – 900 eV

X-ray 
Hall

Pump lasers
End 

stations

UV 
Hall

Undulators
180 – 550 eV

20 – 180 eV

4.6 – 40 eV

Pump lasersEnd 
stations

Ebeam
dump

1.7 GeV 2.2 GeV

SRF Linac

RF 
power 

supplies

•All undulators operate 
simultaneously at repetition rate up to 
1 MHz each.

•Total number of undulators set by 
budget.

•Facility lasers and RF components 
synchronized to ~10 fs.  

Seed 
lasers

Seed 
lasers

SRF Linac

Injector 
laser

Injector

Fiber link synchronizationMaster laser oscillator

F
iber link synchronization

Ebeam
switch

Courtesy Joseph Bisognano, U--Wisconsin

University of Wisconsin FEL
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BESSY FEL

RF Photoinjector (65 A) 
BC1

(200 A)

BC2
(2 kA)

L2

753 MeV

EXT1L3

1020 MeV
HGHG 1Arc (240 A) 2300 MeV

L4

HGHG 2
HGHG 3

EXT2

Collimators

L1 + Booster (L0)

3rd harmonic cavity219 MeV

• Technical design report completed in 2004

• Evaluated by the German Science Council 2006
• Recommendation:  Realize BESSY FEL under condition that cascaded HGHG be demonstrated

• 2006: Development of an HGHG demonstrator (STARS)

1.25 – 54 nm

325 MeV 40-70 nm
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FEL Schemes

• For UV/X ray lasers cannot use „optical cavity“

• Æ Seed machines and use relatively long undulators for single-pass amplification

• Seed lasers at the desired wavelength do not exist

Æ must „upconvert“

High-Gain-Harmonic Generation (HGHG)

External seed, ω0

overlaps the bunch 

and modulates the 
energy

Modulated part of the bunch 

radiates coherently at a harmonic 

of the seed laser
Limited to about n ≤ 5.

Chicane converts the 

energy modulation 

into a spatial 
bunching

High-Brilliance electron beam (Emittance < 2 µm)
Very short pulse seed laser (< 100 fs), e.g. Ti:Sa or HHG Laser

Developed by L.-H. Yu et al, Brookhaven
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~5 MeV/ps

Seeding

G
am

m
a 

(E
ne

rg
y)

• Key advantage of seeding:  Output-pulse properties
determined by seed laser not the electron bunch!
ÆSpectrum and pulse shape is reproducible (not so with

SASE)
Æ Each beamline can be seeded differently = Flexibility!

• But seeding is challenging!
• Very precise beam timing (and position) control is

needed, because of chirped beam (< 100fs)
• Beam „quality“ must be constant along the bunch.

• Æ FEL Output critically depends on the performance of 
the SRF linac

• Need a low emittance injector

• Need third harmonic cavities to linearize RF

• Need very precise RF controls of the cavities
• Order 0.02 deg, 0.02%

• Need very precise timing distribution system



J. Knobloch, SRF 2007 15

Linac for VUV-Soft X-ray FELs

☺

☺

☺

☺

☺

☺

☺

☺

☺

☺

☺

That ~2 GeV Linac Thing

Super-duper
Synchro-box

Super-duper
Injector

Bunch compression/
beam manipulation That ~2 GeV SC Linac Thing

Wisconsin FEL
J. Bisognano, PAC07
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FZD-Rossendorf

CW Injector

• Development of CW capable low emittance injectors a high priority

• SRF System appears most promising at present

• Rossendorf system in the most advanced stage

• But other systems also being developed

FZD, BESSY, DESY, MBI CollaborationBNL, DESY, INFN, JLAB, Stony Brook, U. Lodz, Stanford …

Superconducting Lead Cathode

Results from last week

Epk = 18  MV/m

See ta
lk by J. S

ekutowicz
(DESY)

Wednesday noon
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Main Linac

Wisconsin FEL
J. Bisognano, PAC07

• All proposals discussed here rely on existing SRF technology
• Cost:  New development prohibitively expensive
• Experience: Existing technology has already proven its worth

Talk by Joseph Preble (JLAB), Friday AM
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deg0.02 deg0.01 0.02Phase stability

GeV2,21,02,22,3Linac Energy

kW2020 (?)15RF power/cavity

Hz65small80 (?)52Bandwidth

W2720175127722826Dynamic load (linac)

W20272020Dynamic load/cavity

1,3E+101,0E+101,3E+101,3E+10Q0

13664136144Number of cavities

MV/m1616,31615,7Accelerating gradient

GHz1300130013001300RF Frequency

CW TESLA
Modified

TESLA(?)CW TESLACW TESLA

Unit
Generic
MachineArc-en-CielWFELBESSY FEL

12.5 Hz BW
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CW operation issues for TESLA technology

RF Sources
• Efficient
• Low cost
• Reliable
• Typically in the 20 kW CW range

RF Control
• Exacting amplitude & phase control
• Flexibility and programmability

Cryogenics
• CW loads!! (4 kW cryoplants)
• Bath temperature
• LHe distribution in module/linac
• Pressure stability

Cavities
• Operating field
• Maximum quality factor?  Improve magnetic shielding?
• HOM Dampers – quenches during CW operation

Cavity tuner
• Reliable
• Design to minimize microphonics
• Active microphonic compensation

Input couplers
• Adjustibility?
• Average-power (SW) capability

• TESLA technology:   Designed for high-power pulsed operation

• Certain changes are required for CW operation
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CW SRF R&D @ BESSY

• HoBiCaT Facility

• Testing of 2 fully equipped TESLA 
cavities

• 80 W @ 1.8 K cryogenics

• IOT + klystron transmitters for RF 
source development
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Power dissipation in CW TESLA cavities

• Because of CW operation and size of cryogenic installation
• Highest quality factors are critical, not highest gradient

1.0E+10

1.5E+10

2.0E+10

2.5E+10

3.0E+10

3.5E+10

1.5 1.6 1.7 1.8 1.9 2.0

Bath temperature (K)

C
av

it
y 

q
u

al
ity

17.2 MV/m
Planned operating point of 
many FELs

Potential 40% savings
In cryopower (around 1.2 kW!)

Complete TESLA unit
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Power extraction from TESLA cavities

• Large dynamic losses must be extracted from the helium tank

• Theory predicts a „boiling“ limit in the chimney of 1.5 W/cm2

• Measurements confirm this with TESLA cavities: 
• 20 MV/m operation barely possible

• Modified the chimney to accomodate larger losses
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Chimney heat flux
(gHe flow measurements)

18 MV/m 17 MV/m 10 MV/m
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• Reported at last SRF WS:

• HOM pickups problemematic for CW

• Pickup „sees“ small part of accelerating field

ÆTip heats up a little (<< 1 W)

• But:  Cooling of tip is only via the ceramic feedthrough

ÆThermal bottleneck can cause thermal runaway

• Solution—improve cooling of inner conductor with
sapphire

Heating at the HOM pickup

Developed by Jefferson Lab4.25
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RF Stability in SRF cavities

• RF stability in the linac is critical for the overall stability of the machine
• Jitter shifts the bunch energy/profileÆ impacts the FEL output
• Jitter before the BC‘s is translated into timing jitterÆ synchronization of the system suffers

• Many potential sources of jitterÆ analyze these in HoBiCaT

• Microphonics a significant source because bandwidth is small

Talk by A. Neumann (BESSY) Wednesday AM
„Compensation of Microphonics“

Poster TUP40 by Wolfgang Anders (BESSY)
„CW Operation of TESLA Cavities“

Poster WEP58 by O. Kugeler (BESSY)
„Tuner Characterization“

Poster WEP56 by A. Neumann  (BESSY)
„LINAC RF Control Simulations“
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3rd harmonic cavities

• 3rd harmonic unit essential to linearize RF!

• If not presentÆ large current spike

Æ SASE peak, competes with seeded portion

Æ cannot compress as much

• + other problems

J. Bisognano, PAC07

See Poste
r b

y E. V
ogel (D

ESY)

WEP17
Bunch profile in STARS
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3rd Harmonic System

• Development currently under way
by FNAL for FLASH

• Many problems with MP in HOM coupler

• Solved by modifying geometry

• Installation in FLASH in 2009

• CW DEVELOPMENT STILL NEEDED

N. Solyak et. al, FNAL

0.E+00
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4.E+09
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0 2 4 6 8 10 12 14 16

Eacc, MV/m

Q

QvsE, 2007.01.17.T. Khabiboulline et. al, FNAL
PAC07

See Poster by E. Harms (FNAL)
WEP41
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Thank you

• Thank you to all the people who supplied information

• George Neil, JLAB

• Joe Preble, JLAB
• Marie-Emanuelle Couprie, Soleil

• Matthias Liepe, Cornell

• John Byrd, LBNL
• P. Michel, FZ Dresden-Rossendorf

• J. Teichert, FZ Dresden-Rossendorf

• Joseph Bisognano, U. Wisconsin
• Nobuyuki Nishimori, JAEA

• Ralf Eichhorn, TU-Darmstadt
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Timing System

Fiber laser oscillator
locked to microwave oscillator

DESY-MIT Collaboration

200 MHz, 167 fs pulses

Signal partially reflected
Compare forward and 

reverse signals for
feedback
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Arc-en-Ciel Project

• For cost-optimization, use recirculating linac
Æ Impacts the linac cavities
Æ Consider BBU
Æ Consider HOMs

• Develop Arc-en-Ciel in Stages

200 - 0.2 nm

220 MeV, 300-30 nm300-3 nm
200 – 0.5 nm
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Low-
emittance, 
high rep-

rate electron 
injector

Array of configurable FELs
Independent control of wavelength, 
pulse duration, polarization
Configured with an optical 
manipulation technique; seeded, 
attosecond, ESASE 

Laser systems, 
timing & 

synchronization

Beam 
manipulation 

and 
conditioning

Beam 
distribution

~2 GeV CW 
superconducting linac

Future Light Source at LBNL

John Corlett, LBNL, 2004

• Recirculating LINAC for the FEL was apparantly not technically convincing
• Political issues got in the way John Byrd, LBNL
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Beam 
switchyard

FEL array

Linac
Tunnel

User and Support Facility

Beamlines & 
experimental 

hall
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Arc-en-Ciel Project

• For cost-optimization, use recirculating linac + ERL option (100 mA)
ÆConsider HOMs
ÆConsider BBU 

• No significant development of the linac/SRF so far

• No clear signals on funding/time line

200 - 0.2 nm

Significant impact on the SRF system
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POLFEL
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CW Injector

• Development of CW capable low emittance injectors a high priority

• SRF System appears most promising at present

• Rossendorf system in the most advanced stage

• But other systems also being developed

• Even DC systems may be possible, especially for lower
bunch charge and high-rep rate

FZD-Rossendorf

See ta
lk by M. Li

epe, M
onday AM

Poste
r b

y

FZD, BESSY, DESY, MBI CollaborationBNL, DESY, INFN, JLAB, Stony Brook, U. Lodz, Stanford …

RF applied this month
Eacc = 5 MV/m achieved so far
More results and beam soon

Epk = 18 MV/m
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Components of VUV-Soft X-ray FELs

☺

☺

☺

☺

☺

☺

☺

☺

☺

☺

☺

That ~2 GeV Linac ThingSuper-duper
Injector

Super-duper
Synchro-box

Bunch compression/
beam manipulation That ~2 GeV SC Linac Thing
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Seeded high-gain harmonic generation

• For UV/X ray lasers cannot use „optical cavity“

• Æ Seed machines and use relatively long undulators for single-pass amplification

• Seed lasers at the desired wavelength do not exist

Æ must „upconvert“

High-Gain-Harmonic Generation (HGHG)

External seed, ω0

overlaps the bunch 

and modulates the 
energy

Modulated part of the bunch 

radiates coherently at a harmonic 

of the seed laser
Limited to about n ≤ 5.

Chicane converts the 

energy modulation 

into a spatial 
bunching

High-Brilliance electron beam (Emittance < 2 µm)
Very short pulse seed laser (< 100 fs), e.g. Ti:Sa or HHG Laser

Developed by L.-H. Yu et al, Brookhaven
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Cascading HGHG

• To reach even shorter wavelengths, can cascade HGHG stages

• Include an additional delay between stages to select a new „fresh“ part of the bunch for
subsequent stages

• E.g., to reach 1 nm need about 4 stages

Stage 2

λ/(m*n)

Fresh-bunch delay
Stage 1

λ λ/n
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~5 MeV/ps

Seeding
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• Key advantage of seeding:  Output-pulse properties
determined by seed laser not the electron bunch!
ÆSpectrum and pulse shape is reproducible (not so with

SASE)
Æ Each beamline can be seeded differently = Flexibility!

• But seeding is challenging!
• Very precise beam timing (and position) control is

needed, because of chirped beam (< 100fs)
• Beam „quality“ must be constant along the bunch.

• Æ Need third harmonic cavities to linearize RF

• Æ Need very precise RF controls of the cavities
• Order 0.02 deg, 0.02%

• Æ Need very precise timing distribution system

• Æ FEL Output critically depends on the performance of 
the SRF linac
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Cornell DC Gun


