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FLASH at DESY Hamburg |, FLASH

in 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-rays
* first lasings:
= January 2005 — 32 nm
= April 2006 — 13 nm
= QOctober 2007 — 6.5 nm
e user experiments
= 18t period: June 2005 — March 2007
= 2" period: November 2007 — April 2009

« FLASH is also a test bench for the
European XFEL
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Electron beam energy
of 1 GeV

D ESY 21. September 2007
TELEGRAMM

Design-Strahlenergie flr FLASH erreicht!
Elektronenstrahl mit 6 Modulen erstmals auf 1 GeV bezchleunigt

FLASH Reaches Design Beam Energy!
Electron beam accelerated to 1 GeV with 6 modules for the first time

Der Durchbruch passierte
wieder in einer Nacht-
schicht, genauer am
21.9.2007, um 0:57 Uhr.
Dieses Mal ging £ um
das Erreichen der geplan-
ten maximalen Strahlen-
ergie. . Ziel: Betrish mit
héchster Ensrgie — Ergeb-
nis: 1 GeV Energie !!
Gemessenes Spektrum
der spontanen Emission: measured: ~ 6.3 nm,"”
-3 nm, 30 der Enlrag WS T ST NI SO gl the onty in the
im elektronischen Logbuch.  puring the last shutdown: instsliation of eccelerator SIECHONIC loabook.
moduie . 6 in the FLASH tunnel.

As usual, the breakthrough
was achieved during a
night shift, to be precise:
on September 21 at 0:57
a.m. This time, the aim
was to reach the pianned
maximum beam energy.
“Goal: Operation to maxi-
mum energy—Achigve-
ments: 1 GeWil Spectium
of spontaneous emission

Das Team im Kontrollraum For the first time, the team
beobachtete im Wellen- in the control room ob-
langenspektrum der im FLASH-Undulator served & peak around 6 nanometers in the

FLASH design goals reached

Lasing at 6.5 nm
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FLASH

Free-Electron Laser
in Hamburg

D ESY 8. Oktober 2007
TELEGRAMM

Wellenlangen-Weltrekord bei FLASH: 6,5 Nanometer!
Geplanter Designwert fir die Laserblitze erzielt

Wavelength World Record at FLASH: 6.5 Nanometers!
Deszign value for lazer flashes reached

Zwei Wochen nach dem Er- Two weeks after the maxi-
reichen der maximalen mum beam energy of 1 giga-
Strahlenergie von 1 Giga- elactronvolt was reached,
elektranenvolt kam aus the control raom announ-
dem Kontrollraum die ced another milestone: “On
Meldung: _Am 4. Oktober the evening of October 4

. we observed lasing at a
h?bi: wirin de;%i?;_ wavelength of 7 nanomatars
stunden zum ersten

(nm) at FLASH for tha first
bei FLASH das Lasen bei time.” Only 24 hours later,
einer Wellenlingen von the FLASH team achieved
7 Nanometern (nm) beob- ihe facility's design value of
achtet.” Schon 24 Stunden 6.5 nm. In FLASH, the alec-
spéter gelang ss dem trons are accelarated to an
FLASH-Team, den fur die energy of 986 megaslectron-
Anlage geplanten Design- volls & six superconducting
wert von 6,5 nm zu erzie- moluies. On their fight
len. Die in den sechs

through the undulator, the
B — alectrons now demonstrat-
“?’B'E'tz”de" M“"”s‘fﬂ"e ! ad the desired behavior also
auf sine Energie von atthis high energy: the spor-
Megaslektronenvolt be-  Potuns Zatlen 10 Experten O e o
Dis WallenSnganspekium bel 65 nm. Zaniger  [ANEOUS radlation they emit
schleunigten EIEKIONEN-  Domne: 2. searns, 3 . werasiangs £423 im  ampilfiad Itsel to form the
pakete zeigten bei ihrem - Bangorsi: 8,026 v gme) dasired froe-alaciron faser
Plot and numbers for experts: ~
Flug drch den Undulator  Perndrumssisrepees | rdaton pulses (SASE-FEL).
nun auch bei dieser hohen  pynohes: 2 - aperture: 3 mm - wavelength: 6523 nm
Energie das gewinschte - bandwidn: 0.0266 om (rms)
Verhaiten: Ihrs spontan
abgegebene Strahlung
verstirkt sich seibst 2u der gepulsten Freie-
Elsktronen-Lassrstrahiung (SASE-FEL).

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

GMD - gas monitor detector - signal
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FLASH overview _FLASH |

in Hamburg

RF gun Diagnostics Accelerating Structures
Undulators
I — ORI RN I (R
Bunch Bunch

Compressor Compressor FEL
5MeV 130 MeV 470 MeV 1000 MeV Bypass Experiments




Electron source FF!.'A?S IL-I

in Hamburg

* Nd:YLF based photocathode laser
» designed for long pulse trains of up to 800 uys @ 10 Hz @ o |
= 10 kHz to 1 MHz pulse separation within the train Pl Rpm

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

» Cs,Te cathode

» charge variable to some extend
= SASE 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 MHz (standard), 500 kHz, 200 kHz, 100 kHz , and others
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Longitudinal phase space

superconducting
accelerating module

FLASH

Free-Electron Laser
in Hamburg

bunch compressor bunch compressor
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+ long initial electron bunch (~ 2 mm) and sinusoidal N

accelerating field of the first accelerating module | -

— off-crest acceleration leads to a curvature in the >
longitudinal phase space

— non-linear longitudinal bunch compression
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2500

FLASH

Longitudinal bunch shape oo Elaction Laser

in Hamburg

Measured longitudinal shape of

Longitudinal phase space Proiection
- . . . a compressed bunch
simulation | .| _Ontime axis 200
150
1300 100
A 1400 5
g 0
000 < 60 fS 0 0.5 At[pS]1 15 2
00 ’f\ !
LA At ~65fs (FWHM)
= om0 0 0r 05 03 0®m 04 04 "1 e = Qg 0.5¢ Qspike ~0.12nC (23 %) _
v n 0os 01 nis 0.2 025 035 04 \o.
N 0 L L s
* ultra-short bunch spikes created (< 60 fs fwhm) o s e 2

« difficult to measure relevant beam parameters
» standard diagnostics measures projected parameters
* third harmonic (3.9 GHz) module to be installed in
summer 2009
= placed after the first accelerating module
= flattening of the longitudinal phase space

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

3rd harmonic module
» four 9-cell superconducting cavities
= operated at 3.9 GHz

= collaboration DESY — FNAL

N

— more regular compressed bunch shape More details: | [
Poster TUP034




Accelerating modules FF!TA?S IL-I

in Hamburg

six TESLA type accelerating modules

» each having eight 9-cell superconducting
niobium cavities operated at 1.3 GHz

energy upgrade to 1 GeV in 2007
= 6" module installed
= 34 module replaced by a new one
= tuners of 5" module repaired

both new modules

35

w
o

=25 MV/m m Gavity average

= 4 cavities of ACC6
reach even 30 MV/m

@ Operational in FLASH

15 |

Operational Gradient [MV/m]

Module Number



Undulator and photon beam lines FF!.'/'}S{"

in Hamburg

* high-gain single-pass FEL requires
a long undulator system
= total length 27.3 m
= permanent NdFeB magnets
= fixed gap of 12 mm

 FEL radiation guided to the
experimental hall

« five photon beam lines

= |arge variety of experimental
possibilities
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SASE performance FLASH

Wavelength range (fundamental) 7 -47 nm

Average single pulse energy 10 - 50 pJ

Pulse duration (FWHM) 10 - 50 fs D
Peak power (from av.) 1-5GW
Average pOWEr (example for 500 puisesisec)  ~ 15 MW
Spectral width (FWHM) ~1%
Brilliance 102°-103°B

rd

| - Average energy 70 pJ
SDW/—F ______ ................. ................ ________________ ................. ............... N Peak energy 170 IJJ

01:52:27 m:s&a:zr m:si:zr ; u[L::_Es:z?_ 1 m:sis:zr m:si?:z? PUISe durat|0n 10 fS

oo R R T T T Peak power >10 GW

180} - i RS S e I e Lihe

ol | L I R Peak brilliance (6 +3) 10%° B

:zz- IIIIII Multibunch SASE e |
e 7 ultibunc 3

gol---- 4| signal (uJ) recorded pl]Otonlcs

.l M 4| with MCP detector ceringthe P

ol 2 I [ I [l g I il [ max ; po s |

22— H T - single “Operation of a free-electron laser from the &= 3

extreme ultraviolet to the water window”

] 5 10 15 20 25 30
Bunches : ave rage

Nature photonics 1 (2007) 336




FEL user experiments FLASH

world-wide unique light source

nature

experiments on

: FLASH, &

what a picture!
|

single-shot measurements
pump-and-probe experiments

Photons fired in concert

during the first user period (June 2005 — March 2007) T —

free-electron laser
u H.N. Chapman et al., Nature Physics 2 (2006) 839

> 25 publications already, many more to come
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Organization of beam time FF!.“?‘SIL'I

in Hamburg

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

= distributed in 4-week blocks z
T.an - 13.Jan |4
* between user blocks, we have T 200 A
4 21.Jan - 27.Jan |2
study weeks [Py | ® [0 2ra |
) ) . E 4.EEb - 1[I.EEL'| K _
» FEL physics studies, improvements I R User Fun
of the FLASH facility, preparation of [__ 1 8 [ZFb 2t |
next user blocks T |0 iene |2 FEL studes
. 12 | 17 .Mar - 23 Mar |2
» general accelerator studies 13 | %W 3an |3
) April 14 | A Mar - 8.Apr |1 LUser Fun
 2-3 weeks three times per year 18 | 7Apr - i3 for i
18 14.4pr - 20 8pr |1
* related to e.g. XFEL and ILC 17 | Ziap - 270 i
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FLASH

Beam time distribution et

in Hamburg

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

FEL user experiments

FEL and accelerator studies

Maintenance

incl. 3 maintenance weeks

in May 2008

Katja Honkavaara — FLASH operation — LINACO08



User experiments FF!T/'}S IL'I

in Hamburg

typically two user experiments run in parallel (12 h shift)

scheduled, when possible, such that both experiments require
similar 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 same
wavelength (within 0.1 nm)

beam quality, e.g. narrow spectral bandwidth
wavelength 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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Operational highlights FEASH

in Hamburg

« user experiment with 5 harmonics of 7.97 nm: 1.59 nm

« 5 days continuous running with 100 bunches @ 500 kHz
for two user experiments
= wavelength of 7.05 £ 0.1 nm
» average SASE level ~30 uJd (14 mW average power)

Me an[lasl4|l4sampl 1= 2.855e+01

User run at 7nm with 100 bunches

400. il 1 I I I I
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Time distribution during user runs FF!.'A:SIL'I

in Hamburg

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

Scheduled
maintenance

Down

Set-up 19, 3% 6%

SASE FEL
Tuning 17% radiation delivery

User Block
SASE 71 79 75 67 69

Tuning

Katja Honkavaara — FLASH operation — LINAC08 nu mbe rs in %



Tuning during user runs FLASH

Total tuning time 17%

Wavelength changes 57%

FEL radiation
characterization 2%

Single < multibunch,
bunch frequency 2%

FEL radiation energy,

transverse position, _ :
Lasing with long bunch trains 4%

stability 15%
\ After technical failures 5%
Quality tuning 8%
exact wavelength
only one wavelength

narrow bandwidth

After maintenance days 7%

Katja Honkavaara — FLASH operation — LINACO08



Wavelength change

FLASH

Free-Electron Laser
in Hamburg

* fixed gap undulator — change of photon wavelength requires change of

electron beam energy — adjustments of
= accelerating gradient and phases
= beam optics
= orbit through undulator
= often also bunch compression
* by now, during the second user period:
wavelength changed > 60 times,

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

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

several other wavelengths from 47 nm
to 13.5 nm delivered as well

7 nm 15.7 nm
7.05 nm 17 nm
8 nm 19.2 nm
9.65 nm 20.2 nm
10.6 nm 20.9 nm
12.4 nm 22.8 nm
12.6 nm 23.2 nm
12.7 nm 24 nm
13.3 nm 25.5 nm
13.5 nm 25.9 nm
13.7 nm 26.1 nm
14.8 nm 27 nm

Katja Honkavaara — FLASH operation — LINACO08




Downtime during user runs FF!.'/'}SIL"

in Hamburg

Total downtime 6%

Infrastructure 11%
power, water, air conditioning, temperature
stabilization

RF stations 31%

klystrons, modulators, transformers,
preamplifiers, waveguides

Magnet PS 8%

|

Photon beam lines 7%

Others 17%

incidents or failures happened only once
or very rarely

Reflected power
RF-gun Kklystron 7 %

Photocathode laser 7%

LLRF 5%

Cryogenics 3%

Control system 4%
Katja Honkavaara — FLASH operation — LINACO08




Sta bl I Ity FreEI!I-eﬁg II_-alser

in Hamburg

* important issue to ensure continuous SASE operation

* many actions taken and on-going to improve stability
= curing of electro-magnetic interference sources
for example:

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

» temperature stabilization of injector LLRF racks
» |LRF 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

» pbeam optics, beam-based alignment, dispersion corrections

» better understanding of non-linear beam dynamics
Katja Honkavaara — FLASH operation — LINACO08



O Ut|00k FreEI!I-eﬁg II_-alser

in Hamburg

» continuous beam operation until summer 2009
= user FEL experiments
= FEL and accelerator physics studies

 shutdown in 2009: major modifications
= installation the 3@ harmonic (3.9 GHz) module
= installation of the 7t 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 and
SASE undulators (~ 40 meters)

= exchange of the RF-gun
» upgrades 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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S u m m a ry FreEI!I-eéoSn IL-alser

in Hamburg

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 successfully
performed in many different fields

during user experiments FEL radiation delivered in average
/3% of the time to experiments
* tuning 17%, set-up 1%, down 6%, scheduled maintenance 3%

continuous beam operation until shutdown in summer 2009

Katja Honkavaara — FLASH operation — LINACO08



