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FLASH
Free-Electron Laser 

in Hamburg
FLASH at DESY Hamburg

• single-pass high-gain SASE FEL
SASE = self-amplified spontaneous emission

• FEL user facility since 2005
• photon wavelength range from vacuum 

ultraviolet to soft x-raysy
• first lasings:

January 2005 – 32 nm
April 2006 – 13 nmp 006 3
October 2007 – 6.5 nm 

• user experiments 
1st period: June 2005 – March 20071 period: June 2005 March 2007
2nd period: November 2007 – April 2009

• FLASH is also a test bench for the 
European XFEL
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European XFEL
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Free-Electron Laser 

in Hamburg
FLASH design goals reached

Lasing at 6.5 nm
Electron beam energy 

of 1 GeV

Averaged over 125 pulses            

GMD - gas monitor detector - signal

Lasing with a complete bunch train of 800 bunches @ 13.4 nm

calibrated ion signal – average energy

single bunch signal from electrons

800 µs
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FLASH
Free-Electron Laser 

in Hamburg
FLASH overview
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FLASH
Free-Electron Laser 

in Hamburg
Electron source

• Nd:YLF based photocathode laser
designed for long pulse trains of up to 800 µs @ 10 Hz
10 kHz to 1 MHz pulse separation within the train

• L-band (1.3 GHz) RF-gun 
gradient on cathode 46 MV/m (max)gradient on cathode 46 MV/m (max)
pulsed 5 Hz (10 Hz possible)
RF pulse length 100 to 900 µs

C T th d• Cs2Te cathode
• charge variable to some extend

SASE operation: 0 5 nC – 1 nCSASE operation: 0.5 nC 1 nC

• macro-pulse repetition rate 5 Hz 
number of bunches and bunch spacing within the train can be varied: 
1 MH ( t d d) 500 kH 200 kH 100 kH d th
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1 MHz (standard), 500 kHz, 200 kHz, 100 kHz , and others



FLASH
Free-Electron Laser 

in Hamburg
Longitudinal phase space
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• long initial electron bunch (~ 2 mm) and sinusoidal 
accelerating field of the first accelerating module

→ off-crest acceleration leads to a curvature in the     
longitudinal phase space
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→ non-linear longitudinal bunch compression
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Free-Electron Laser 

in Hamburg
Longitudinal bunch shape

simulation

Longitudinal phase space Projection 
on time axis  

Measured longitudinal shape of 
a compressed bunch
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Δ tspike ≈ 65 fs (FWHM)
 Qspike ≈ 0.12 nC (23 %)

• difficult to measure relevant beam parameters 
standard diagnostics measures projected parameters

• third harmonic (3.9 GHz) module to be installed in 
summer 2009

Measured by a transverse deflecting cavity 
placed after the last accelerating module

3rd harmonic module
four 9 cell superconducting cavitiessummer 2009

placed after the first accelerating module 
flattening of the longitudinal phase space

→ more regular compressed bunch shape

four 9-cell superconducting cavities
operated at 3.9 GHz
collaboration DESY – FNAL

More details: 
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→ more regular compressed bunch shape
Poster TUP034



FLASH
Free-Electron Laser 

in Hamburg
Accelerating modules

• six TESLA type accelerating modules
each having eight 9-cell superconducting 
niobium cavities operated at 1 3 GHzniobium cavities operated at 1.3 GHz

• energy upgrade to 1 GeV in 2007
6th module installed
3rd module replaced by a new one
tuners of 5th module repaired

• both new modules• both new modules                                  
≥ 25 MV/m

4 cavities of ACC6                                   
h 30 MV/reach even 30 MV/m

2 4 5 36
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FLASH
Free-Electron Laser 

in Hamburg
Undulator and photon beam lines

• high-gain single-pass FEL requires 
a long undulator systemg y

total length 27.3 m
permanent NdFeB magnets
fixed gap of 12 mmfixed gap of 12 mm

• FEL radiation guided to the 
experimental hall 

• five photon beam lines
large variety of experimental

BL3
BL2

BL1 PG2 PG1

large variety of experimental 
possibilities visible laser light
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FIR -Beamline FEL radiation



FLASH
Free-Electron Laser 

in Hamburg
SASE performance

Typical user operation parameters: 
• Wavelength range (fundamental)    7 - 47 nm 
• Average single pulse energy         10 - 50 µJ

P l d ti (FWHM) 10 50 f• Pulse duration (FWHM)  10 - 50 fs 
• Peak power (from av.)                     1 - 5 GW
• Average power (example for 500 pulses/sec) ~ 15 mW 
• Spectral width (FWHM)                   ~ 1 % p ( )
• Brilliance                                       1029 - 1030 B

In saturation at 13.7 nm:
• Average energy 70 µJAverage energy  70 µJ
• Peak energy     170  µJ
• Pulse duration    10 fs 
• Peak power      >10 GWp
• Peak brilliance  (6 ± 3) 1029 B
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“Operation of a free-electron laser from the 

extreme ultraviolet to the water window”

Nature photonics 1 (2007) 336



FLASH
Free-Electron Laser 

in Hamburg
FEL user experiments

• world-wide unique light source 
ultra-short FEL pulses  (femtosecond range)
unprecedented brilliance
photon wavelengths down to 7 nm

• experiments on 
diffraction imaging
solid state-, plasma-, and cluster-physics
femtosecond-chemistry, molecular-biology
…

i l h t t• single-shot measurements
• pump-and-probe experiments
• during the first user period (June 2005 – March 2007)

18 j t i d b ti18 projects received beam time
> 200 scientists, 60 institutes, 11 countries

• > 25 publications already, many more to come
http://hasylab desy de/facilities/flash/publications
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http://hasylab.desy.de/facilities/flash/publications 



FLASH
Free-Electron Laser 

in Hamburg
Organization of beam time

• FLASH runs 24 hours per day, 7 days per week
• beam time always overbooked
• the second user period started in November 2007 

and continues until April 2009
~ 250 days scheduled for user operation 250 days scheduled for user operation
distributed in 4-week blocks

• between user blocks, we have                               
study weeks

FEL physics studies, improvements                                             
of the FLASH facility, preparation of                                        
next user blocks
general accelerator studies 

• 2-3 weeks three times per year

Katja Honkavaara – FLASH operation – LINAC08 

p y
• related to e.g. XFEL and ILC



FLASH
Free-Electron Laser 

in Hamburg
Beam time distribution

41 weeks from November 26, 2007 to September 7, 2008

FEL user experiments FEL and accelerator studies

49% 38%

13%13%

Maintenance            
incl. 3 maintenance weeks   

in May 2008
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FLASH
Free-Electron Laser 

in Hamburg
User experiments

• typically two user experiments run in parallel (12 h shift)
scheduled, when possible, such that both experiments require 
i il SASE tsimilar SASE parameters

even with this, we have to change beam parameters between 
most of the shifts (every 12 h, mostly wavelength or bunch pattern) 

• demands from users increase continuously
high radiation energy, good pointing stability
exact photon wavelength and/or all bunches lasing at the sameexact photon wavelength and/or all bunches lasing at the same 
wavelength (within 0.1 nm)
beam quality, e.g. narrow spectral bandwidth
wavelength scans e g ± 0 5 nm around the wavelengthwavelength scans, e.g. ± 0.5 nm around the wavelength
lasing with long bunch trains
experiments using higher harmonics of the FEL radiation
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FLASH
Free-Electron Laser 

in Hamburg
Operational highlights

• user experiment with 5th harmonics of 7.97 nm: 1.59 nm
• 5 days continuous running with 100 bunches @ 500 kHz 

f t i tfor two user experiments 
wavelength of  7.05 ± 0.1 nm
average SASE level ~30 μJ (14 mW average power)g μ ( g p )

User run at 7nm with 100 bunches

Katja Honkavaara – FLASH operation – LINAC08 
Wavelength (nm) Bunch Number



FLASH
Free-Electron Laser 

in Hamburg
Time distribution during user runs

Scheduled 
maintenance Down

6%

5 blocks of 4 weeks each (Nov-2007 to Sep-2008)

SASE FEL 
radiation delivery

73%

Set-up

Tuning 17%

1% 6%3%

73%

User Block 1 2 3 4 5

SASE 71 79 75 67 69

Tuning 14 13 16 24 18

Set-up 2 1 1 1 2

Maint. 4 4 2 2 1

D 9 3 6 6 10
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Down 9 3 6 6 10

numbers in %



FLASH
Free-Electron Laser 

in Hamburg
Tuning during user runs

Total tuning time 17% 

Wavelength changes 57%

g

Single multibunch

FEL radiation 
characterization 2%

FEL radiation energy, 
transverse position, 

stability 15%

Single ↔ multibunch,     
bunch frequency 2%

Lasing with long bunch trains 4%

Quality tuning 8%                       
exact wavelength  

only one wavelength 
After maintenance days 7%

After technical failures 5%
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o y o e a e e g
narrow bandwidth



FLASH
Free-Electron Laser 

in Hamburg
Wavelength change

• fixed gap undulator → change of photon wavelength requires change of 
electron beam energy → adjustments of

accelerating gradient and phases Wavelengths delivered for users   accelerating gradient and phases 
beam optics 
orbit through undulator
often also bunch compression

g
November 2007- September 2008

7 nm 15.7 nm

7.05 nm 17 nm
often also bunch compression  

• by now, during the second user period:                                                           
wavelength changed > 60 times,                                                                        
24 different wavelengths between

8 nm 19.2 nm

9.65 nm 20.2 nm

10.6 nm 20.9 nm
24 different wavelengths between                                                                      
27 nm and 7 nm delivered to users

many more wavelengths will come
• during the first user period:

12.4 nm 22.8 nm
12.6 nm 23.2 nm

12.7 nm 24 nm

13 3 25 5• during the first user period:                                                                                 
several other wavelengths from 47 nm                                                               
to 13.5 nm delivered as well

13.3 nm 25.5 nm

13.5 nm 25.9 nm

13.7 nm 26.1 nm

14 8 nm 27 nm
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14.8 nm 27 nm



FLASH
Free-Electron Laser 

in Hamburg
Downtime during user runs

RF stations 31%

Infrastructure 11%              
power, water, air conditioning, temperature 

stabilization

Total downtime 6%

RF stations 31%                
klystrons, modulators, transformers, 

preamplifiers, waveguides

Magnet PS 8%

Photon beam lines 7%

Reflected power     

Others 17%                      
incidents or failures happened only once 

or very rarely

RF-gun klystron 7 %

Photocathode laser 7% Cryogenics 3%

Katja Honkavaara – FLASH operation – LINAC08 

LLRF 5%       Control system 4%



FLASH
Free-Electron Laser 

in Hamburg
Stability

• important issue to ensure continuous SASE operation
• many actions taken and on-going to improve stability

curing of electro-magnetic interference sourcescuring of electro-magnetic interference sources
for example:

• low noise magnet power supplies installed
new grounding scheme in the injector area• new grounding scheme in the injector area

temperature stabilization of injector LLRF racks
LLRF developments 

• hardware upgrades (FPGA)
• control algorithms to improve phase and amplitude regulations

replacement of the old master oscillator
slow feedbacks to correct drifts: beam energy, charge, arrival time, 
bunch compression, orbit
beam optics, beam-based alignment, dispersion corrections

Katja Honkavaara – FLASH operation – LINAC08 

p g p
better understanding of non-linear beam dynamics



FLASH
Free-Electron Laser 

in Hamburg
Outlook

• continuous beam operation until summer 2009
user FEL experiments
FEL d l t h i t diFEL and accelerator physics studies

• shutdown in 2009: major modifications
installation the 3rd harmonic (3.9 GHz) module( )
installation of the 7th accelerating module → energy up to ~ 1.2 GeV
installation of an experiment for seeded VUV radiation “sFLASH”

• replacement of complete electron beam line between collimators andreplacement of complete electron beam line between collimators and 
SASE undulators (~ 40 meters) 

exchange of the RF-gun
upgrades of RF stations and waveguide distributionupgrades of RF stations and waveguide distribution

• commissioning in winter 2009 
• the third FEL user period is foreseen to start in spring 2010
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FLASH
Free-Electron Laser 

in Hamburg
Summary

• FLASH is a world-wide unique light source 
photon wavelength range from ~ 50 nm down to 7 nm
ultra-short FEL pulses  (femtosecond range)
unprecedented peak brilliance

• since summer 2005 user FEL experiments successfullysince summer 2005 user FEL experiments successfully 
performed in many different fields 

• during user experiments FEL radiation delivered in average 
73% of the time to experiments

tuning 17%, set-up 1%, down 6%, scheduled maintenance 3%

• continuous beam operation until shutdown in summer 2009continuous beam operation until shutdown in summer 2009
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