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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
o 13 Nnm in Apr-2006
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RF gun Diagnostics Accelerating Structures
Undulato
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Laser Compressor Compressor FEL

5MeV 127 MeV 470 MeV 1000 MeV Bypass
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DESY ) SASE Performance
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FLASH

In saturation at 13.7 nm;

) " ................ 'eS) ........... " ............... ] - Average energy. 70 HJ
- &0 Lmﬁnp ...... ................. ................ ................ ................. ............... : . Peak energy 170 HJ
01:52:2¢7 D1:5i3:2? U1:5i4:2? D1:555:2? D1:5i3:2? D1:5i?':2? ® Pulse duration: 10 fS
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Normal operation parameters:
« Wavelength range (fundamental): 13 - 47 nm x!  Tethemone I

* Average Sing|e pu|se energy: 20 - 30 uJ 12 sctul
* Pulse duration (FWHM): 10 - 25 fs IONR DU O SOV 0 € TS DI O
* Peak power (from av.): ~ 3 GW ST NN RO SR S SR N SO |

—— actual

 Average power (700 pulses/sec) ~20 mW ; ol
 divergence: 90 urad a
« Spectral width (FWHM): 0.7-1 % |

* Brilliance: ~102°B Novosibil
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o Saturation: radiation contains mainly odd s
harmonics

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

e 5" harmonic: 2.7 nm (450 eV), 10 nJ, 2 MW | ™
peak power

e 7"harmonic: 1.9 nm (630 eV) is clearly

FEL at 13.7nm ; <E==30uJ ; 30 Bunches at 5Hz; 1.50m Al-filter

TS =7276536
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Peak Brilliance [Photons/(s mrad” mm? 0.1% BW)]
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1st round of user experiments

namre

FLASH,
what a picture!

QUANTUM NETWORKS
Photons fired in concent

Femtosecond diffractive imaging with a soft-X-ray
free-electron laser
H.N. Chapman et al., Nature Physics 2 (2006) 839

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



Photoinjector
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laser driven RF gun

L-band 1.3 GHz

RF power 3.2 MW
o 42 MV/m gradient on cathode
e Pulsed 5 or 10 Hz

* RF pulse length 100 to 900 '




@E‘s;/ New RF Gun diagnostic section installed
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* 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 y ( Tivs . Z
installed) | oy E ' ' | =0

* reworked laser beamline

= gated camera to measure | ‘
single bunch transverse |
beam shape

Siegfried Schreiber il %

\‘\\\\
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e Nd:YLF based laser

» designed for long pulse trains of
up to 800 us @ 10 Hz

e 10 kHz to 1 MHz within train

e average power in the Watt range

* single UV pulse energy some uJ

 requires high QE cathode (Cs,Te) ._ AL CWESR |

e 2nd fully diode pumped laser I L\ RS
installed (laser 2) = SR | A0\

« laser 1 has been running since
1997, the upgraded oscillator
since Feb. 2004

@ In cooperation DESY —
|| DESY

Max-Born-Institute, Berlin




DESY Photoinjector Laser -
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e Nd:YLF based laser

» designed for long pulse trains of
up to 800 us @ 10 Hz

e 10 kHz to 1 MHz within train

e average power in the Watt range
e single UV pulse energy some J
 requires high QE cathode (Cs,Te)

e 2" fully diode pumped laser
Installed (laser 2)

« laser 1 has been running since
1997, the upgraded oscillator
since Feb. 2004

Tek  FPun Pk Detect Tihos 10 Aug 06 094501

L
. DESY

Siegfried Schreiber, DESY, FEL2007 Aug 2 ;
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* Quantum efficiency (QE) starts high ~10 % and drops to ~0.5%
during a couple of weeks, change of cathodes routine operation
o 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
WEPPHO048

- ireiber, DESY, FEL2007 Aug 26-31, 2007, Novosibirsk, Ru: =*
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s/ RF Gun low level rf control
o5

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

 FPGA based controller (latency reduced to 150 ns)
e Phase stability of 0.14 dg of 1.3 GHz or 300 fs achieved

Gun — laser if stability; cal= -0.043nC/deg 2006-03-12T0631 16—detuning—gun

0.5 -
= « s = 0.1389deg
E ¥ ;. -4 " . r.:l:'uil ‘l_; % 'I,I'J* (o e .;E"t
q . . . e SRR F o [ L Tt
0, :s'ﬁ-%:‘ Bigtge e e 3 Lo iﬁi&’ {*'-‘i'i ;L” %;-:;If-
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e _ e » & b Ny . L} - N s -
o - F : ti .n AL 2 Y
. v e s e i I
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0 2 4 B B8 10 12
time [min]

Siegfried Schreiber, DESY, FEL2007 Aug 26-31, 2007, Novosibirsk, Russia
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Energy and Arrival Time Stabllity

 dE/E = 2.4 10* measured at 127 MeV
e Electron and FEL beam arrival time jitter 200 fs rms

Energy jitter measured with
synchrotron radiation monitor

15.2r
1 My o

s
“"ﬁ “;1'*.’:“'.“' *““m&“-nwm .pm

+ slope std =0.024%
148 + gauss std =0.030%

0.024% rms jitter

14.6

relative energy

14.4

P
.
#ar *:n ~1‘&¢ ;.s“’

-

Afzf “F“' vﬁ ﬁﬁ:** w:vh

14 : y +
0 10 20 30 40 50 60 70

time (sec)

80

beam arrival time (ps)

Beam arrival time measure with
electro-optical decoding

L IFEE:A A

l‘ll ||'

H N '.“Mlm ||”|‘\\f *|i,|HW”'I ﬁil WM J‘“

300

0 50 100 150 200 250

time (sec)

Siegfried Schreiber, DESY, FEL2007 Aug 26-31, 2007, Novosibirsk, Russia
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5 30 horizontal emittance  100% rms emittance

E0E : T * Projected normalized rms
'22,75 i S T SR S B emittance (90% core)
g2 = 1.6 mm mrad
z 2 e Jitter 2 - 3 % (rms)
£ 15 Bd  the projected emittance (on
o 0 i .
2 e, O rmsemittance | crest) is preserved along the
0 10 20 30 40 50 60 70 80 I
Time (min) Inac
535 ¢ _ _ » lasing slice emittance in the
IE”? = vertical emittance e~ mrtgoz viemes0® - undulator estimated from
£275 | ) SASE radiation properties to
LFYS I T A T T t !
805 | ‘ be 1to 1.5 mm mrad
2 2
§1.75 E . .
g 15 B § v v v v ¥ v v L] ¥
2125
1 el v v b b by v b b v b by
0 10 20 30 40 50 60 70 80
Time (min)

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



B\E%? Longitudinal Bunch Shape
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* Measured with LOLA — S-band deflecting cavity
* resolution 10 to 50 um

e First results on slice g
emittance < .
measurements with |
LOLA ) 0 0.5 1 15 2
At [ps]
& : : ' —T——
i 1 slice emittance
%I A density profile [a.u] 1
4 o© : ; J
= At . ~65fs (FWHM)
: 2 P 012 nC (23 %
£ Qspike ~0.12nC ( 6) i

_norm
o

Og 0 5 10 15 3035 0 0.5 1 1.5 2
At[ps] A t [pS]

— B. Steffen: “Single-Shot Longitudinal Bunch Profile Measurements at FLASH” — We sessiol




\ DESY FLASH uses TESLA Accelerating Modules
7 e
| GEMEINSCHAFT FLASH
beam position quadrupole
He gas return pipe monitor package
#1 #2 #3 #4 #5 #6 #7 #8
-l -

input coupler

2E __E} ___________________ F

k.i..?

Siegfried Schreiber, DESY, FEL2007 Aug 26-31, 2007, Novosibirsk, Russia
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Upgrade in the last 4 m?fmths

. stallation of an ?dditidnal acce
- module (Module 6)




§E:Si Dismounting of Module 5 for Repair
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Module 6 during Installation




Undulators

T g .

I GEMEINSCHAFT

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

external electro s o
magnetic quadr BSISIERESSTHRE =
duplets I
Wirescanners ajgld

high resolution &
(20 um)




' BES{' Radiation Level Undulator Section
e oLtz

e 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

100000 |

integrated dose/week - summed up over all undulator modules

10000 |

1000 |

Dose (Gy)

100 |

10
Dec-04 May-05 Aug-05 Jan-06 May-06 Jul-06 Nov-06 Feb-07
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— 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

FLASH

charge (nC)

Hx

800 ps

ﬁ
: | SASE with 300 bunches
2 1 MHz, 800 bunches " >

503

32 bunches

100 kHz

62 bunches

az
a L
3
I
3
-
an
on
au
az
5 LI It

500 kHz

300 Bunch

BOO bumnches

™ :
=0
i 15
=]
=}

s 250 a

L1 100 154
ook 3

» 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 pJ av.

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

l":‘f:fl:.l FATLVED ] _SUN__AM S AN | — ll':"if-:.l_ FUELWVEL TSRS S | B | =
..+ NO COMpensation T 4ss._COmMpensation I
o beam | 4.5

acc. gradient
d i
S
-
?
[

1
4. 1=_3 ¢
14,28 150 us
< > |
is. .21 Ll ] abiiiils . | Lil 1d .2 Fil i - AW . b M b
T 550 &% 0 5h iS50, 450, L GBS0, a0, h"
Aes 1.Eif= D !i_u,] Res= 1, Esf= O |||n-,a

Siegfried Schreiber, DESY, FEL2007 Aug 26-31, 2007, Novosibirsk, Russia
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1000

800

600

400

Electron Beam Energy (MeV)

200

Beam Energy and Wavelength

Lasing at 6.5 nm scheduled this year

Lasing at 13 nm 4/2006,
Saturation 8/2006

Lasing at 25 nm 12/2005

Lasing at 32 nm 1/2005 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

I A

20 40 60 80 100 120 140 160 180 400 800
FEL Wavelength (nm)

Siegfried Schreiber, DESY, FEL2007 Aug 26-31, 2007, Novosibirsk, Russia
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Examples of wavelengths achieved:

o Lasing at different achieved Beam Energy
wavelength (nm) (MeV)
wavelengths
. ) ) 13.1 680
e Switch on shift to shift bases a7 580
 Lasing with >14 wavelengths 15.1 650
achieved 16.9 610
 Challenge 1 20 >76
i 18.9 580
= each energy requires new
. 20.9 550
tuning
_ _ 25.5 500
= once tuned, reloading of files 286 P
pretty fast P e
e Challenge 2 325 445
= hit the right wavelength 35.1 428
within 0.1 nm 38 407
= sometimes quite tedious 404 397
47 374

Siegfried Schreiber, DESY, FEL2007 Aug 26-31, 2007, Novosibirsk, Russia
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'\_\9/2’\1 | Wavelengths requested
TZEEQS;E;FT

e User’s favorites 13.5, 25.5 and 32 nm

35 T T T T T | ! |
[ J J
e - > 32 nm
_ T P i
= | o .
g 5, — 2 - — 25.5nm
1% o
S 2ok _
©
D
S
S 15}) ° N
At ——flg—t=w—2——Fmerree— > 13.5Nm
10 L | L | L | L |

0 5 10 15 20 25

Week of user operation
Siegfried Schreiber, DESY, FEL2007 Aug 26-31, 2007, Novosibirsk, Russia
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SASE radiation energy

e During the 1strun: 1 to 5 pJ average single pulse energy
 During the 2"d run: 20 to 30 pJ average

e The high energy allows collimation of the photon beam
— Improved pointing stability

100 T T T T T T T T T ,C;
' e to guide the eye " 3
= 8or o 1 ©
3 | > 3
— Q@
Q) —
> ) .
q_) 3
— <
(L})J 4 0
< 8 E
N ] = -
>
g |
. ) 4 = :
0 5 10 15 20 25 — 25
Week of user operation (2" run) Week of user operation (2" run)

Siegfried Schreiber, DESY, FEL2007 Aug 26-31, 2007, Novosibirsk, Russia
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e Main issue for the last 2 years: improve stability

= [njection: stability of laser profile, alignment injector section

= Low level rf: improve rf feedbacks and stability (new hardware
for rf gun and 15t 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
= [nvestigation and fixing external noise sources
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Electro-magnetic interferences

 Many sources of EM Iinterferences have been

cured:

» L ow 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!
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e 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

e we also have study weeks

— FEL related machine studies

preparation of next block of user runs

— general accelerator studies (XFEL,
ILC etc)

weeks

Siegfried Schreiber, DESY, FEL2007 Aug 26-31, 2007, Novosibirsk, Russia
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 Run 2: May-2006 to Mar-2007

— 45 weeks or 7728 h

» User experiments had 3840 h of beam time (47 %)
e with 2798 h of actual beam delivery (73%)

28%
[ | User Time
| | FEL Studies
13% .
[ Accelerator studies
[ | Maintenance
12%
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* ~70 % of the beam time Is actually beam delivery
e slight improvement from run 1 to run 2 by 4 %

User Run 1 User Run 2
SASE delivery: SASE delivery:
69% 73%

Tuning:
14%

Tuning:
14%

Scheduled Downtime: Scheduled Downtime:
off: 4% 13% off: 4% 9%
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 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

User Run 2
Exact
wavelength
Wavelength 4% Photon
change beamline
17% o
Docu SASE thning

1%

Machine
tuning
1%

User Run 1
Machine
: Docu
tuning
Single/multi 6% 1%
/bunch
freq.
10%
SASE
Start-up tuning
after main- (intensity,
tenance position)
22% 50%

SASE

recovery

Single/multi/
bunch freq.

Start-up after
6% up

maintenance

SASE
recovery
after down
12%

after down
11%

19%
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* Downtime mainly due to RF stations
» a few ‘big’ events (cryo/rf stations)

Downtime

» otherwise lots of little problems with downtimes ~4%

User Run 1

Operator
Photon 1% Other

Beamline

Water/MainZ%
2%

Controls
0%

RF Stations
49%

Magnets
4%

LLRF
4%

Cryogenics
20%

Laser
3%

User Run 2

10% Total down-time: 13%

Total down-time: 9%

Laser Cryo LLRF
10% 0% 6%
Magnets
2%

Controls

3%
RF
Stations Water/
54% Mains
6%
Photon
Beamline
6%

Other Operator
12% 1%
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180
160 | * If ‘big events are
I ST removed, residual
: stems .
. 140 Y downtime constant at
2 120 about 4%
S | Cryogenics |-
< 100
(¢}
g 80 =
c Photon Beamline
= 60 - -
© Laser
40 -
2 | | others |
O I [ [ I [ [ [ [ [ [ [ [ [ [ [ [ I j [

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52
Week in 2006
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Schedule and Milestones

1 GeV beam energy: lasing at 6 nm

shutdown: installation 6t module etc

2007 - lasing with long bunch trains (>30)
* variation of wavelength on shift-to-shift basis
e Saturation at 13 nm achieved

o lirstlasing at 13 nm TTF VUV-FEL is FLASH

2006 -

FEL experiments start User Facility

aturation at 32 nm achieved

rst lasing at 32 nm First Lasing

rst beam to dump
nish up installation
ommissioning injector started

ommission RF gun at PITZ finished
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Schedule and Milestones

With a possible 7th module: 1.2 GeV beam energy
- - d .
2009 - Shutdown: installation of 3@ harmonic acc. system

2008 - 2"d Period User Experiments starts
1 GeV beam energy: lasing at 6 nm

hutdown: installation 6" module

sing with long bunch trains (>30)
ariation of wavelength on shift-to-shift basis
turation at 13 nm achieved

rst lasing at 13 nm TTF VUV-FEL is FLASH
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 New experiments have been installed last months
* |R 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 7t module, replace older modules
= toreach 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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German Research Minister launches XFEL

On Tuesday 5 June, the German Federal Minister of Education and Research Annette Schavan officially launched the
European X-ray laser facility XFEL. Using essentially the same uperconducting accelerator technolegy that is planned for

The intense beam made in : o
. """ - the ILC, thefS.‘i—kiIometre XFEL (for X-ray free-electron laser) will produce hi%h—intensitv ultra-short X-ray frlashes with the
rti | light. This will hol f 14} fund tal h and industrial
the 3.4km_|0ng (2.1 mllE‘S) The XFEL WJ” start in a 5;:;3: ies of laser lig is will open up a whole range of new perspectives for fundamental research and for industrial

machine will probe how them; A0m Underground
matter is pieced together atom by atom.

( -
The properties of the X-ray Free-Electron Lase QA
should make it possible, for example, to film 1 A

didlh 5-Jun-2007
oLy Official launch of the European
el X-ray Laser Facility XFEL. i

It will be placed underground. The XFEL will b
DESY (Deutsches Elektronen-Synchrotron) sit
Hamburg and then run north-west, fanning o
experimental stations close to the neighbouri
Schenefeld.
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 First period of user experiments with 2 runs successfully finished -
1st user run 2005/6 with 119 days of FEL beam, 2"d run ended
March 2007 with 160 days of beam time

e 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 pJ 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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