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Project Status
First 

Lasing
Te- λmin

Main Linac 
technology

Overall 
length

FLASH running
2005

(2000 TTF)
1.2 GeV 45  Å

Pulsed SC
1.3 GHz

315 m

LCLS running 2009 14. 3GeV 1.5 Å
Pulsed NC
2.85 GHz

1700 m

FERMI@ELETTRA construction 2010 1.5 GeV 40 Å
Pulsed NC

3.0 GHz
375 m

SCSS construction 2011 8 GeV 1 Å
Pulsed NC

5.7 GHz
750 m

European XFEL construction 2015
17.5 GeV
→14 GeV

1 Å
→0.5 Å 

Pulsed SC
1.3 GHz

3400 m

FELs in operation or under construction



10 April 2009,
first 1.5Å lasing !



LCLS results (courtesy P. Emma/SLAC)



FLASH results (courtesy B. Faatz/DESY)



Lessons from LCLS and FLASH for future projects

• Principle of SASE FEL works from VUV to hard X-ray regime 

• State of the art FEL Theory and Design tools give also for this wavelength range 
reliable predictions.

• It is definitely not easy, but at least we know now what the difficulties are

• There are enough users out there for many FELs in this wavelength range



400 m Accelerator Tunnel

Undulator Hall

Experimental Hall

(under construction)

Klystron Gallery

Machine Assembly Hall

XFEL/SPring-8

Building construction 

completed March 2009

SCSS (courtesy T.Shintake)



courtesy S. Milton/ELETTRA



Lessons expected soon from next facilities coming online

SCSS

• 8 GeV is sufficient for lasing at 1 Å

• C-band technology is a good choice for compact FEL driver linacs

• Small period, in-vacuum PM undulators are a good  choice  for compact hard X-ray FELs

FERMI@ELETTRA

• Principle of HGHG seeding works at nm wavelength range

• Polarization control with Apple II undulators works for soft X-ray FELs



World map of SR storage rings

Rational for future X-ray FELs

Worldwide >50 SR storage rings 
with ≈1000 user stations total

• wide range of applications in many disciplines 
of science  for high brightness X-ray photon sources

• there was so far no other X-ray photon source 
of  similar brightness 

Potential X-FELs vs. SR storage rings

+ much higher peak brightness

+ higher average brightness

+ much better time resolution

+ much better coherence 

+ more jobs for linac builders

Difficulties X-FELs vs. SR storage rings

- less photon flux 

- less beamlines/facility

- much higher cost per user station 



How to overcome “difficulties” X-ray FELs vs storage rings

Approach  A)

Reduce cost/facility by reducing facility size
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• Lowest beam energy technically possible

• Small period undulators with low K values

• Low bunch charge qB

• High gradient

• Normal conducting, high frequency linac



How to overcome “difficulties” X-ray FELs vs storage rings cont.

Approach  B)

Increase number of user stations and photon flux per user station

• 1kHz-1MHz bunch repetition rate 

• Distribute beam on many FEL beamlines

 Super conducting linac with c.w. operation



Project Status Te- λmin

Main Linac 
technology

Overall 
length

SPARX
design 
report

2.4 GeV 5 Å
Pulsed NC

2.85 or 5.7 GHz
500 m

SwissFEL
design 
report

5.8 GeV 1 Å
Pulsed NC

5.7 GHz
715 m

PAL XFEL
design in 
progress

10 GeV 0.6 Å
Pulsed NC

2.85 or 5.7 GHz
900 m

Shanghai XFEL
design in 
progress

6.4 GeV 1 Å
Pulsed NC

5.7 GHz
600 m

MAX IV FEL

optional 
extension of

MAX IV 
3.5 GeV linac

? ?
Pulsed NC
2.85  GHz

?

NLS
design 
report

2.25 GeV 12 Å
C.W.  SC
1.3 GHz

700 m

NGLS
design in 
progress

2.4 GeV 12 Å
C.W.  SC

1.3 or 1.5 GHz
?

BESSY soft X-ray FEL
design 
report

2.3 GeV 12.4 Å
C.W.  SC
1.3 GHz

450 m

Proposals for new X-FEL facilities

Approach
A)

Approach
B)



Free Electron Laser ranging from  40 nm  a 0.5 nm

4 different Beamlines with dedicated experimental stations

Peak Brillance: 1027 sec.mrad².mm.0.1 % BW – 80-200 fs pulses 

Site : Università di Roma Tor Vergata

Costruction of the 500 m tunnel: 2010 - 2014

Applications:
•Time-resolved X-ray techniques 

•Coherent x-ray imaging 

•Spectromicroscopy

•Structural studies of biological systems, allowing 

crystallographic studies on biological macromolecules 

www.sparx-fel.eu

courtesy
M. Ferrario/INFN



www.sparx-fel.eu



S-band 

Gun

Velocity 

Bunching

Long 

Solenoids

Diagnostic 

and 

Matching

Seeding

THz 

Source

150 MeV 

S-band 

linac

12 m

Undulators

u = 2.8 cm

Kmax = 2.2

r = 500 nm

15 m

QuickTime™ and a
 decompressor

are needed to see this picture.



Aramis: 1-7 Å hard X-ray SASE FEL, 
In-vacuum , planar undulators with variable gap. 

Athos: 7-70 Å soft X-ray FEL for  SASE & Seeded operation . 
APPLE II undulators with variable gap and full polarization control.

D’Artagnan: FEL for wavelengths above Athos, seeded with an HHG source. Besides covering the 
longer wavelength range, the FEL is used as the initial stage of a High Gain Harmonic 
Generation (HGHG) with Athos as the final radiator.

SwissFEL 

713 m



Parameters for lasing at 1Å
Operation Mode

Long Pulses Short Pulses

Charge per Bunch (pC) 200 10

Beam energy for 1 Å (GeV) 5.8 5.8

Core Slice Emittance (mm.mrad) 0.43 0.18

Peak Current at Undulator (kA) 2.7 0.7

Repetition Rate (Hz) 100 100

Undulator Period (mm) 15 15

Effective Saturation Power (GW) 2 0.6

Photon Pulse Length at 1 Å (fs, rms) 13 2.1

SwissFEL key parameters



First existing part of SwissFEL: 250 MeV Injector

715m

First beam to dump 9.8.2010

TUP009, 
“First Commissioning Experience 
at the SwissFEL Injector,”

T. Schietinger et al.

RF-gun

Cavity #1

#2

#3



courtesy W. Namkung/PAL



courtesy W. Namkung/PAL



PAL XFEL



courtesy Zhentang Zhao/SINAP



Shanghai Compact XFEL











BESSY soft X-ray FEL



RF gun state of the art

εN ≈ 1 μm qB
½  (with qB in nC )

LCLS/SLAC PITZ/DESY 



Reduction of intrinsic emittance with laser wavelength tuning

C. Hauri et al., Phys. Rev. Lett. 104, 234802 (2010) 



Injector concepts for c.w. FELs

S.C. RF gun
ELBE/FZD 

NLS
L-band RF gun
pulsed with 1 kHz

LBNL IPAC’10



Cost comparison linac technologies
or
Why doesn’t everybody take s.c. & c.w.

Technology
Linac investment 

cost w/o building
Typical gradient

Electric 

consumption

Pulsed n.c. 

with SLED
<10 M€/GeV

20 MV/m (S-band)

30 MV/m (C-band)
0.5 MW/GeV

Pulsed 

superconducting
≈20 M€/GeV 24 MV/m 0.5 MW/GeV

c.w. 

superconducting
?  30 M€/GeV ? 15 MV/m 5 MW/GeV

Beware! 
This is not exact science !



Cost vs. gradient for S-band with 45 MW klystron, 
S-band with 80MW klystron

and C-band with 50 MW klystron 

Advantage of C-band is in real-estate needs and electricity consumption
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S45 total

S80  total

C50 total

S45 invest.

S80 invest.

C50 invest.

S45 10y elec.

S80  10y elec.

C50  10y elec

cost optimization pulsed n.c. linac



Relative total capital and

10-year operational linac costs
Effect of increased energy cost

on Eacc optimisation over 10 years

cost optimization s.c. linac in c.w. mode from NLS design report



Undulators

SCSS undulators
λU=18mm

Eel= 8 GeV for 1 Å lasing

J. Bahrdt et al., “Cryogenic Design 

of a PrFeB-Based Undulator,” 

Proc. IPAC (2010)



Thank you for your 

attention!


