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TESLA Test Facility,
FLASH Injector + 
acceleration + bunch 
compression
Tunnel with 
acceleration +
undulators

experimental hall

First lasing
108 nm Feb-2000 
32 nm in Jan-2005
13 nm in Apr-2006

http://flash.desy.de/
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FLASH Overview

RF gun

Laser

260 m

Bunch 
Compressor
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SASE highlights
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From First Lasing at 13 nm to Saturation

April 26, 2006

August 20, 2006

<E> = 5 µJ

<E> = 70 µJ
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SASE Performance

Normal operation parameters:
• Wavelength range (fundamental):  13 - 47 nm 
• Average single pulse energy:         20 - 30 µJ
• Pulse duration (FWHM): 10 - 25 fs 
• Peak power (from av.):                   ~ 3 GW
• Average power (700 pulses/sec) ~20 mW
• divergence: 90 urad
• Spectral width (FWHM):                   0.7-1 % 
• Brilliance:                                      ~1029 B

In saturation at 13.7 nm:
• Average energy: 70 µJ
• Peak energy:    170  µJ
• Pulse duration:   10 fs 
• Peak power:     >10 GW
• Peak brilliance: (6 ± 3) 1029 B
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Higher Harmonics

• Saturation: radiation contains mainly odd 
harmonics

• 3rd harmonic: 4.6 nm (270 eV), 250 nJ, 40 
MW peak power

• 5th harmonic: 2.7 nm (450 eV), 10 nJ, 2 MW 
peak power

• 7th harmonic: 1.9 nm (630 eV) is clearly 
detected
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Peak Brilliance



156 authors
27 organizations
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http://flash.desy.de/
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1st round of user experiments
• 30 proposals submitted in 2002

29 proposals approved in Sept. 2002
200 scientists involved from
60 institutes and 11 countries

• 11 proposals were combined in a 
joint project (“peak brightness 
collaboration”)

• 2 proposals were combined into a 
project on biological samples 

• 18 projects had beamtime in two 
campaigns: 

Aug. 2005 – Feb. 2006  & May 2006 –
March 2007 1st Round of First User 
Experiments

→ R. Treusch: “Research Highlights from FLASH” – next  session



Linac Components



Siegfried Schreiber, DESY, FEL2007 Aug 26-31, 2007, Novosibirsk, Russia

Photoinjector

ee-- beambeamCathodeCathode

laser beamlaser beam

• laser driven RF gun
• L-band 1.3 GHz 
• RF power 3.2 MW 
• 42 MV/m gradient on cathode
• Pulsed 5 or 10 Hz
• RF pulse length 100 to 900 µs
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New RF Gun diagnostic section installed

• New diagnostic cross design with reduced wakefield
Easier alignment of elements in the section
dipole with larger gap

• RF gun is moved upstream 
by 30 cm 

to increase efficiency of  
darkcurrent collimator
to make place for a 
darkcurrent kicker (not yet 
installed)

• reworked laser beamline 
gated camera to measure 
single bunch transverse 
beam shape
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Photoinjector Laser

• Nd:YLF based laser
• designed for long pulse trains of 

up to 800 µs @ 10 Hz
• 10 kHz to 1 MHz within train
• average power in the Watt range
• single UV pulse energy some µJ
• requires high QE cathode (Cs2Te)
• 2nd, fully diode pumped laser 

installed (laser 2)
• laser 1 has been running since 

1997, the upgraded oscillator 
since Feb. 2004

In cooperation DESY –
Max-Born-Institute, Berlin
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Photoinjector Laser

• Nd:YLF based laser
• designed for long pulse trains of 

up to 800 µs @ 10 Hz
• 10 kHz to 1 MHz within train
• average power in the Watt range
• single UV pulse energy some µJ
• requires high QE cathode (Cs2Te)
• 2nd, fully diode pumped laser 

installed (laser 2)
• laser 1 has been running since 

1997, the upgraded oscillator 
since Feb. 2004

In cooperation DESY –
Max-Born-Institute, Berlin

1 ms
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High QE Cs2Te Cathodes

• Quantum efficiency (QE) starts high ~10 % and drops to ~0.5% 
during a couple of weeks, change of cathodes routine operation

• XPS at BESSY: traces of F and C found, depleted part: metallic Te

Fresh cathode
12-Dec-2006

Used cathode
7-Feb-2007

→ Poster: 
S. Lederer 

WEPPH048
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RF Gun low level rf control

• Amplitude and phase regulation by calculating the 
vector sum of forward and reflected power

• FPGA based controller (latency reduced to 150 ns)
• Phase stability of 0.14 dg of 1.3 GHz or 300 fs achieved
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Energy and Arrival Time Stability

• dE/E = 2.4 10-4 measured at 127 MeV
• Electron and FEL beam arrival time jitter 200 fs rms
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Transverse Projected Emittance

• Projected normalized rms 
emittance (90% core) 
= 1.6 mm mrad

• Jitter 2 - 3 % (rms)
• the projected emittance (on 

crest) is preserved along the 
linac

• lasing slice emittance in the 
undulator estimated from 
SASE radiation properties to 
be 1 to 1.5 mm mrad

horizontal emittance

vertical emittance

100% rms emittance 

90% rms emittance

design design 
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Longitudinal Bunch Shape
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• Measured with LOLA – S-band deflecting cavity
• resolution 10 to 50 µm

• First results on slice 
emittance 
measurements with 
LOLA

→ B. Steffen: “Single-Shot Longitudinal Bunch Profile Measurements at FLASH” – We session
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FLASH uses TESLA Accelerating Modules
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FLASH uses TESLA Accelerating Modules
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Upgrade in the last 4 monthsUpgrade in the last 4 months

Installation of an additional accelerating Installation of an additional accelerating 
module (Module 6)module (Module 6)

Module 5 tuners have been repairedModule 5 tuners have been repaired
Module 7 installed in position ACC3Module 7 installed in position ACC3

→→ energy reach: 1 GeV (lasing @ 6.5 nm)energy reach: 1 GeV (lasing @ 6.5 nm)
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Dismounting of Module 5 for Repair 
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Module 6 during Installation
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•• 6 undulator modules6 undulator modules
•• total length 27.3 mtotal length 27.3 m
•• Permanent NdFeB Permanent NdFeB 

magnetsmagnets
B=0.48 T, K=1.23B=0.48 T, K=1.23

•• Fixed gap of 12 mmFixed gap of 12 mm
•• Strong focusing with Strong focusing with 

external electroexternal electro--
magnetic quadrupole magnetic quadrupole 
dupletsduplets

•• Wirescanners and Wirescanners and 
high resolution BPMs high resolution BPMs 
(20 (20 µµm)m)

Single pass high gain FEL operating in the SASE mode (self amplified 
spontaneous emission)

Undulators
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Radiation Level Undulator Section

• Mainly: darkcurrent from the RF gun
• Also: beam losses during commissioning times 
→ may result in high radiation doses in the undulator modules
• Level is going down together with better tuning of the orbit and the 

commissioning of the machine safety system

to guide the eye
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FLASH Experimental Hall

→ R. Treusch: “Research Highlights from FLASH” – next  session



SASE performance –
selected issues

lasing with long bunch trains
lasing at shortest wavelength

lasing with different wavelengths
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Lasing with long bunch trains

50 kHz

100 kHz

500 kHz

• Transported 800 bunches to beam 
dump @ 5 Hz

• 1 MHz, 500 kHz, 100 kHz, and 50 kHz
• Lasing with > 450 bunches @ levels 

up to 70 to 80 µJ av.

1 MHz, 800 bunches 

800 µs

SASE with 300 bunchesch
ar

ge
 (n

C
)
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Lasing with Long Pulse Trains

• Big step forward in long pulse train lasing
• Adaptive feed forward to compensate beam loading
• Large phase slopes during the train as observed earlier 

reduced now to some dg/800 us

example of beam loading compensation:

ac
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150 us

beam
no compensation compensation
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Beam Energy and Wavelength

FEL radiation:
measured diffraction pattern of a double slit

FEL at TTF 1 (1999 - 2002)
Proof-of-Principle for SASE in the VUV
First Lasing 2/2001, Saturation 9/2002
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Lasing at 13 nm 4/2006, 
Saturation 8/2006

Lasing at 32 nm 1/2005

Lasing at 25 nm 12/2005

Lasing at 6.5 nm scheduled this year
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Lasing with different Wavelengths

• Lasing at different 
wavelengths 

• Switch on shift to shift bases
• Lasing with >14 wavelengths 

achieved
• Challenge 1

each energy requires new 
tuning
once tuned, reloading of files 
pretty fast

• Challenge 2
hit the right wavelength 
within 0.1 nm
sometimes quite tedious

achieved
wavelength (nm)

Beam Energy
(MeV)

13.1 680

15.1 650

20 576

25.5 500

38 407

40.4 397

13.7 680

16.9 610

18.9 580

20.9 550

28.6 478

32.5 465

32.5 445

35.1 428

47 374

Examples of wavelengths achieved:
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Wavelengths requested

• User’s favorites 13.5, 25.5 and 32 nm
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SASE radiation energy

• During the 1st run: 1 to 5 µJ average single pulse energy
• During the 2nd run: 20 to 30 µJ average
• The high energy allows collimation of the photon beam
→ improved pointing stability
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Stability

• Main issue for the last 2 years: improve stability 
Injection: stability of laser profile, alignment injector section
Low level rf: improve rf feedbacks and stability (new hardware 
for rf gun and 1st acc. module with improved precision and 
reduced latency, stabilize ambient temperatures)
Slow feedbacks to reduce drifts: charge, compression, orbit
Beam optics: new optics, less sensitive to quad errors
Dispersion corrections
Beam based alignment undulator section with improved 
diagnostics
Better understanding of non-linear beam dynamics
Investigation and fixing external noise sources
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Electro-magnetic interferences

• Many sources of EM interferences have been 
cured:

Low noise power supplies for most magnets
New grounding scheme injector area to fight against high 
currents on earth lines
Adequate distribution of main power stations
Compensation of PETRA ramps
and many more details

→ we have to fight many mostly small effects
→ but in the sum, we improve a lot!



Statistics
and Run Time 

Distribution
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Distribution of Run Time
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• User period 1 had two runs:
→ run 1 in 2005/2006 with 119 days 
→ run 2 in 2006/2007 with 160 days
• Next user period 2 will start end 

2007/2008 with 1 long run and 203 
days

• we also have study weeks
→ FEL related machine studies
preparation of next block of user runs
→ general accelerator studies (XFEL, 

ILC etc)
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Beam Time Distribution

• Run 2: May-2006 to Mar-2007
→ 45 weeks or 7728 h 
• User experiments had 3840 h of beam time (47 %) 
• with 2798 h of actual beam delivery (73%)

12%

13%

28%

47%

User Time
FEL Studies
Accelerator studies
Maintenance
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Beam Time Usage User Runs

• ~70 % of the beam time is actually beam delivery
• slight improvement from run 1 to run 2 by 4 %

Tuning: 
14%

SASE delivery: 
73%

Downtime: 
9%

Scheduled 
off: 4%

Tuning: 
14%

SASE delivery: 
69%

Downtime: 
13%

Scheduled 
off: 4%

User Run 1 User Run 2



Siegfried Schreiber, DESY, FEL2007 Aug 26-31, 2007, Novosibirsk, Russia

Time Spent on Tuning
• Beam delivery to users requires tuning
• mostly tuning of SASE performance and start-up/recovery after 

maintenance or downtimes
• In run 2, wavelength tuning came up in addition

SASE 
tuning 
(intensity, 
position)
50%

Machine 
tuning

6%Single/multi
/bunch 
freq.
10%

SASE 
recovery 
after down
11%

Start-up 
after main-
tenance
22%

Docu
1%

Docu
1%

Single/multi/
bunch freq.

6% Start-up after 
maintenance

19%

SASE 
recovery 

after down
12%

Machine 
tuning

1%

Wavelength 
change

17%

Exact 
wavelength

4% Photon 
beamline

0%

SASE tuning 
(intensity, 
position)

40%

User Run 1 User Run 2
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Downtime

• Downtime mainly due to RF stations
• a few ‘big’ events (cryo/rf stations)
• otherwise lots of little problems with downtimes ~4%

RF Stations
49%

LLRF
4%

Controls
0%

Magnets
4%

Water/Mains
2%

Photon 
Beamline

7%

Other
10%

Cryogenics
20%

Laser
3%

Operator
1%

RF 
Stations

54%

Laser
10%

Cryo
0%

LLRF
6%

Controls
3%

Other
12%

Magnets
2%

Operator
1%

Photon 
Beamline

6%

Water/
Mains

6%

User Run 1 User Run 2

Total down-time: 13%

Total down-time: 9%
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Hardware Failure Evolution in 2006
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Schedule
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Schedule and Milestones

commission RF gun at PITZ finishedcommission RF gun at PITZ finished

commissioning injector startedcommissioning injector started

first beam to dumpfirst beam to dump
first lasing at 32 nmfirst lasing at 32 nm

saturation at 32 nm achievedsaturation at 32 nm achieved
FEL experiments startFEL experiments start

first lasing at 13 nmfirst lasing at 13 nm

lasing with long bunch trains (>30)lasing with long bunch trains (>30)
variation of wavelength on shiftvariation of wavelength on shift--toto--shift basisshift basis

shutdown: installation 6shutdown: installation 6thth module etcmodule etc

1 GeV beam energy: lasing at 6 nm1 GeV beam energy: lasing at 6 nm
now

User FacilityUser Facility

TTF VUVTTF VUV--FEL is FEL is FLASHFLASH
saturation at 13 nm achievedsaturation at 13 nm achieved

finish up installationfinish up installation

First LasingFirst Lasing

2006

2005

2004

2007

•
•
•
•
•
•
••
•
•
•
•
•
•
•
•

•
•
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Schedule and Milestones

now

first lasing at 13 nmfirst lasing at 13 nm

lasing with long bunch trains (>30)lasing with long bunch trains (>30)
variation of wavelength on shiftvariation of wavelength on shift--toto--shift basisshift basis

shutdown: installation 6shutdown: installation 6thth modulemodule

1 GeV beam energy: lasing at 6 nm1 GeV beam energy: lasing at 6 nm

TTF VUVTTF VUV--FEL is FEL is FLASHFLASH
saturation at 13 nm achievedsaturation at 13 nm achieved

2008

2007

2006

2009

•
•
•
•
•
•
••
•
•
•
•
•
•
•
•

•
•

22ndnd Period User Experiments startsPeriod User Experiments starts

Shutdown: installation of 3Shutdown: installation of 3rdrd harmonic acc. systemharmonic acc. system
With a possible 7th module: 1.2 GeV beam energyWith a possible 7th module: 1.2 GeV beam energy
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Major Mid and Long Term Projects

• New experiments have been installed last months
IR undulator, optical replica, fast intra-train feedback etc

• New synchronization schemes under development
Fiber laser based master oscillator
for synchronization down to the 10 fs level

• Install 3rd harmonic accelerating cavity in injector
to flatten E-z phase space before compression

• Install 7th module, replace older modules
to reach 1.2 (perhaps 1.3 GeV) and lasing at 4.4 (3.7) nm

• Install darkcurrent kicker ds RF gun
reduction of accelerated darkcurrent

• Harmonic generation experiment
→ H. Schlarb: “FLASH upgraded – Preparation for the European XFEL” – session last Tu
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5-Jun-2007
Official launch of the European 
X-ray Laser Facility XFEL.



Siegfried Schreiber, DESY, FEL2007 Aug 26-31, 2007, Novosibirsk, Russia

Summary

• First period of user experiments with 2 runs successfully finished -
1st user run 2005/6 with 119 days of FEL beam, 2nd run ended 
March 2007 with 160 days of beam time

• Lasing at 13.1 nm - a new record
• Saturation and full characterization of lasing at 13.7 nm
• Lasing has been achieved for many wavelengths and long pulse 

trains
• Wavelength change on a shift by shift basis
• Stability and performance in the last year has much improved 

compared to 2005:
we provide 20 to 30 µJ average single pulse energy now

• Many user experiments have been successfully performed
• Next user period is 3 times overbooked:

FLASH – a unique facility proving excellent opportunities for 
experiments
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