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FLASH —the Free-Electron Laser at DESY —today

.,
NS

« FLASH is based on TTF FEL
» First lasing February 2000
« FLASH is an FEL User Facility since 2005
» Driven by a superconducting accelerator using TESLA technology
« Maximum electron beam energy 1.35 GeV
» Provides several thousand photon pulses per second
« Two undulator beamlines operated in parallel
 FLASHL1: externally seeded
« FLASH2: SASE

« Photon wavelength range from XUV to soft X-rays (85 nm to 3 nm)

» Integrated electron beam driven THz source (1-30 THz) - FLASH1
« Third electron beamline (FLASH3) hosts a PWFA experiment AT | < 9
TTF = TESLA Test Facility SASE = Self-Amplified Spontaneous Emission VUV = Vacuum ultraviolet: 10 nm — 200 nm
TESLA = TeV Energy Superconducting Externally seeded = an external coherent light pulse EUV/XUV = Extreme ultraviolet: 10 nm — 100 nm
Linear Accelerator initiates the lasing process Soft x-rays < 10 nm
PWEFA = Plasma WakeField Acceleration

DESY. Katja Honkavaara | LINAC2026 | 20-Aug-2026



The FLASH story began already in 1990’s

1990-1995

» Photon science community: synchrotron light sources already in operation, an X-ray Laser was still only a dream

» Particle physics community: a vision to built a TeV-scale linear electron-positron collider

» Accelerator community: several design proposals for the linear collider

* Most experts had an opinion that the linear accelerator should be a normal conducting copper linac

» Alternative possibility of superconducting linac started to be seriously considered

* Superconducting linacs were already discussed and proposed in 1960’s

« Bjgrn H. Wiik (DESY director 1993-1999) had a vision of building a superconducting e* e~ linear
collider with an integrated Rontgen Laser within the international TESLA collaboration

« TESLA Collaboration was established in early 1990’s to develop “high-gradient, low-cost” superconducting accelerating cavities

+ DESY provided a site for Test Facilities (TTF, TTF Linac, TTF FEL, VUV-FEL@TTF2)

TESLA Collaboration

Almost all laboratories worldwide
using superconducting
accelerating cavities participated
(53 partners from 12 countries)

TESLA Test Facility (TTF) in Hall 3 at DESY

VUV-FEL @ TTF2

Goal:

o —

Cost
OSMV/m —* 25 MV/m,
200k, ~—> 50 &3 /m

3 .

okd/ny MM

DESY. Katja Honkavaara | LINAC2026 | 20-Aug-2026
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Hall for photon
experiments




1996-2002

TTF FEL: the first SASE FEL worldwide in VUV range

« TTF Linac: beam tests of the superconducting 1.3 GHz TESLA accelerator modules (1996 — 2002)
and a driver of the TTF FEL Free-Electron Laser (1999 — 2002) .

« TTF Linac and TTF FEL were installed step-by-step

* First electron source (1996-1998) was a thermionic gun and subharmonic buncher,
replaced by a photo-injector (RF-gun, Cs,Te cathode, Laser) in late 1998

U

* Booster (“capture”) cavity installed in 1996, first accelerator module (ACC1) in spring 1997

* ACC1 exchanged, ACC2 and bunch compressor installed in 1998

+ Fixed-gap undulator installed in summer 1999

TESLA cavity = 9-cell superconducting Niobium cavity
Booster cavity = one TESLA Cavity in a cryostat,
Accelerator Module = 8 TESLA Cavities in a cryostat

Booster
RF-Gun cavity

Laser

Fixed-gap undulator Photon
250 MeV experiments

DESY. Katja Honkavaara | LINAC2026 | 20-Aug-2026
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First Lasing at TTF FEL
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TABLE I. Main parameters of the TESLA Test Facility for
FEL experiments (TTF FEL, phase 1).

1K Parameter Measured value
d Beam energy 233 £ 5 MeV
Il rms energy spread 0.3 = 0.2 MeV
{ rms transverse beam size 100 = 30 pm
1 Normalized emittance, &, 6 * 37 mrad mm
| Electron bunch charge 1 nC
| Peak electron current 400 = 200 A
Il Bunch spacing 1 s
Repetition rate 1 Hz
/i Undulator period. A, 27.3 mm
Undulator peak field 046 T
Ll Effective undulator length 135 m
Avg. betatron function horizontal /vertical 1.2 m/1.1 m
The SUCCeSS Of TTF FEL encouraged Radiation wavelength, Apn 109 nm
- - - '.‘
the funding and construction FEL gain 3 X 10
FEL radiation pulse length 0.4-1 ps

the first hard X-ray FELs
e.g. LCLS and European XFEL Photon wavelength at TTF FEL

DESY. Katja Honkavaara | LINAC2026 | 20-Aug-2026 80 nm —-120 nm 5




2001-2002

First FEL experiments in VUV performed in autumn 2001

TTF completed FEL operation in March 2002

Damage of optical coatings; J. Krzywinski, R. Sobierajski, et al.

Jearnsl of

AND COMFOUNDS

ELSEVIER Jourmal of Allovs md Compounds 332 (2004) 266-270

wwwalsmvier com o lcom

Structure modifications in silicon irradiated by ultra-short pulses
of XUV free electron laser

Jerzy B. Pelka™*, Andrzej Andrejezuk ®, Henryk Reniewicz®. Norbert Schell®,
Jacek Krzywinski™®, Ryszard Sobicrajski®. Andrze) Wawro®.
Zbigniaw R. Zytkiewicz %, Dorota Klinger®, Libor Tuha®

u..%\i(mr'm)«‘&-rmr ol Lonwiziw 3246, 62 565 Wavzne, Folawd
=, Uintvarsiiy of Bl (\ll.y( 1, 15424 Buobyad, Roland

ROBL-CR0 12y AR5 renoi, Franc
'ﬁ'mm Y)-Mm DEST. “‘an‘aﬂ' D m mehv- (‘m
e of e, Cac deaden of Seomoes N Sivence 2 142 " Pgee, Coch Bepubic
Peacersed | Ageil 04, recemond i revsead form L4 Apei 2004: accmted 16 Aped 2001

Alsgrnet

trocnuca of solid $i (00 1) ed to the XUV TESLA faser The sazsples were
imadised witk *—ph«“ enerzy centese 1 14 eV, in sbect pulses of caly 05 and of peak powes up 10 1 OW The FEL beam uns focssed
onsamp 10-100 juss. The ezery; 10 tae spots varied from below the abistica thresbold up 1o far above
s treald. The el modicomions iodced with the madintin were stodied by APM. Nomenki coarast miroscepy and by X ray
Avaiery was found. The mage of the X.cay diffracted iatepsity

distributics recceded ascund chsen spots oa e Si surfice made it possble 10 pode the dimage destnbunon mege aousd the spots. The
obsecved feamees are selated 10 the FEL immadeatoa fivescies applied.
© 2004 Elsenter BV ATl nughes seserved

Kwoved: Sersicusbactoes Lases peecomsing. XUV frow slection L, Mobesial moxdification. Absae. Sdeon

DESY. Katja Honkavaara | LINAC2026 | 20-Aug-2026

Creating highly charged clusters; T. Moller, H. Wabnitz, et al.

3 \w"

f
letters to nature

MuHliple ionization of atom clusters
by intense soft X-rays from a free-
electron laser

H. Wabnitz*, L. Bittner~, A. R. B. de Gastrof, R. Ddhrmann, P. Girtler~,
T.Laarmann, W. Laasch®, J. Schulz", A. Swiderskd -, K. von Haeften™ | 5,
T. Maller*, B. Faalz®, A. Fateev3, L Feldhaus®, C. Gerth®, U. Hahn",

E Saldin|, E SchneldmBller], . Sytchey |, i. Tiedue®, R. Treusch

& M. Yurkov]|

* Hamburrger Spnch roronsrah imgelabor FIASYLA B ar Dewtsrhes Elabrronen

Synchromon DESY, Morkesrrafie 85, D-22605 Hambirg Genmany

tLNLS, 13084-971, R Guiseppe Mavima Scolfars, Campines SP Bragl and
FW-LINTCAME. 13085070 Campinas SP Brasl

t Darsdhes Brkrona-Smcirormon DES ¥, Morkesmafie 85, D-22603 Flamburg,

{rermany

|| Iinr Frstinuee for Wuelzar Resarch, Dubna, 141 940 Mossow Region, Rusia

Intense radiation from lasers has o pened up many new areas of
research inphysics and chemistry, and has revolution ized optical
technology. Sofar, most work in the field of nonlinear proceses
has been restricted to infrared, visible and ultraviolet light',
although progres in the development of X-ray lasers has been
msade recently®. With the advent of a free-electron laser in the
soft-X-ray regime below 100 nm wavelength’, a new light source
s now avallable for experiments with ntense, short- wavelen
radiation that could be wed to obtain deeper insights into the
structure of matter. Other free-elec tron sources with e ven sho rier
wavelengths are planned for the future. Here we present initial
= results from a study of the interaction of sofi X-ray radiation,

1' generated by afree-eleciron laser, with Xe atomsand clusters. We
find that, whereas Xe aioms become only singy lonized by the
absorption of single photons, absorption in clusters is strongly
S enhanced. On average, each atom in large clusters absorbs up to
AMeV, corresponding to 30 photons, We suggest that the clusters
are heated up and electrons are emitted after acquiring sufficient
energy. The clusters fnally disiniegraie completely by Coulomb
explodon

intensity [arb. units)
:

M W

L
0 300 400 0 600 700 800

time of fightns] H. Wabnitz et al., Nature 420, 482-485 (2002)
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1999-2005

VUV-FEL User Facility was part of the project since day one

» Civil construction of a new tunnel building and an experimental hall started in 1999
* as a part of the EXPO 2000 World Exhibition in Hannover (Germany)
* June — October 2000: Science Exhibition “Light for the New Millennium” at DESY

 Installation and commissioning of electron and photon beamlines in 2003 - 2005

Katja Honkavaara | LINAC2026 | 20-Aug-2026 7



2004-2005

VUV-FEL@TTF2 starts operation

« Total length ~ 300 m

* Photo-injector, five TESLA type superconducting accelerator modules,
two bunch compressors (C-type and S-type), transverse deflecting structure (TDS),
six fixed-gap undulators, photon diagnostics, experimental hall (photon beamlines),
vertical bypass line (to transport electron beam to dump w/o traversing undulators)

* First lasing in January 2005 (32 nm)

fixed-gap undulators
(NN NN NN
DN NN NN

vertical bypass

445 - 700 MeV

I3 = g

>

w

O - N W oo

"

Intemsify [Counts Pes!

o
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2005-2007

FEL User Facility FLASH is born

A new name is born:
| . ~
« Autumn 2005: user experiments at 32 nm and 45 nm

« April 2006: Renaming VUV-FEL @ TTF2 to “FLASH”

« A wish from user experiments, starting to publish their first results,
to have a more exiting name for the facility

« 2006: Energy increased to 700 MeV
— First lasing with the shortest wavelength: 13.1 nm (April 2006)

Free-Electron LASer in Hamburg

» Spring 2006 — spring 2007: user experiments at wavelengths of 13.5 nm — 32 nm

nature : ’
photonics

nature . o
physics

FLASH,
what a picture!

Entering the
water window

1 1 1 " 1
] 19:37:34 19:40:34 194334 19:46:34 19:49:34 19:52734
time [hhzmm:ss]

T T

= 70961 19:42.39 26. Apr. 2006
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Water window reached with the 5th harmonic

2006

natre ;
photonics

water window

Entering the
water window

Published online: 1 June 2007; doi:10.1038/nphoton.2007.76

biological samples.

Operation of a free-electron laser
from the extreme ultraviolet to the

Wi, ACKERNVANN', G. ASOVAT, V. AYVAZYANF, A AZIMA®, . BABOI, J. BAHEY, V. BALANDIN, B. BEUTNER', A. BRANDT, A. BOLZMANN®,

L BRINKMANNY, 0. 1. BROVEDE, M. CASTELLANGT, P. CASTROS, L. CATANIE, E. CHIADRONE, S CHOROBA?, A CIANCHE, J. T. COSTELLDE,

[0, CUBAYNES'S, J. DARDISS, W, DECKINGY, H. DELSIM-HASHEME, A, DELSERIEYS!, 6. OF PIRROY, M. DOHLUS?, 5, DUSTERERS, A ECKHARDT,
H. T. EDWARDS™, B. FAATZ?, ). FELDHALIS®, K. FLOTTMANNE, 1. FRISCH™, L FROHLICHY, T. GARVEY™, L. GENSCHZ CH. GERTH®, M. GOIRLER?,
. GOLUBEVA?, H.-J. GRABOSGH?, M. GRECKI', 0. GRIMM, K. HAGKERR, L. HAHNP, 1. H. HAN, K. HONKARARA', T. HOTT. M. HUNING',

. AKISENED'S, E. IAESCHKEY, W. JALMUZNA'S, T. JEZYNSKI™, R. VL KATALEWE, K. . E-T. KEMNEDY?,

5. KHODYACHYKHF, K. KLOSE, ¥. KOCHARYAN?, M. KORFER?, M. KDLLEWE®, W. KDPREK'™, 5. KDREPANDVG, 0. KOSTING, M. KRASSILNIKOV,
(. KUBE?, M. KLIHLMANRR, C. L 5. LEWIS", L ULIE, T. LIMBERG?, [ LIPKA?, F. LOHLY, H. LUNA®, M. LUONG'™, M. MARTING?, M. MEYER',
P, MICHELATOR, V. MILTCHEW, W, 0, MOLLER®, L. MONACO®, W, F, 0. MOLLER?, 0, NAPIERALSKD'S, [, MAPOLY'S, P, MCOLOSIE, [, NOLLE?,
T.NUREZ, A OPPELT?, . PAGANFY, R, PAPARELLA, N. PGHALEK®, ). PEDREGOSA-GUTIERREZ, B. PETERSEN®, B, PETROSYANZ, G, PETROSYANE,
L. PETROSYAN?, J. PFLUGER?, E. PLOMJES?, L. POLETTCR, K. POZMIAK', E PRAT®, D. FROGH, P. PUGYK™, P. RADCLIFFES, H. REDLINZ,

. REHLICH?, M. RICHTER®, M. ROEHRS"Y, J. ROENSCHY, AL ROMANILK'®, M. ROSS7, J. ROSSBACHY, V. RYBNIEDV®, M. SACHWITZ?, E. L SALDING.
. SANDMER™, H. SCHLARE?, B. SCHMIDT®, M. SCHMITZ, P. SCHMOSERY, J. R SCHNEIDER®, E. A. SCHNEIDMILLER?, 5. SCHNEPR!,

5. SCHREIBER", M. SEIDEL™™, . SERTORE™, A, V. SHABLNOV, C. SIMON ™, 5. SIMROCK?, E SOMBROWSHF, AA. SOROKING, P. SPANKNEBEL™,
R SPESYWTSEVY, L STAYKON®, B. STEFFENY, F. STEPHAN?, F. STULLE?, H. THOM?, K. TIEDTKE®, M. TISCHER®, 5. TOLEIKIS?, R. TREUSCH?,

[0, TRINES?, 1L TSAKOV, E, VOGELY, T. WEILANIY, H. WEISE®, M, WELLHOFERY, M. WEND T2 | WILLE, A WINTER?, K. WITTENBURGS, W. WURTH?,
P.YEATES?, M. V. YURKOV™, |. ZAGORDONOV: AND K. ZAPFES

We report results on the performance of a free-electron laser operating at a wavelength of 13.7 nm where unprecedented peak and|
average powers for a coherent extreme-ultraviolet radiation source have been measured. In the saturation regime, the peak energy
approached 170 pJ for individual pulses, and the average energy per pulse reached 70 pJ. The pulse duration was in the region of]
10 fs, and peak powers of 10 GW were achieved. At a pulse repetition frequency of 700 pulses per second, the average extreme-
ultraviolet power reached 20 mW. The output beam also contained a significant contribution from odd harmonics of|
approximately 0.6% and 0.03% for the 3rd (4.6 nm) and the 5th (2.75 nm) harmonics, respectively. At 2.75 nm the 5th harmonic
of the radiation reaches deep into the water window, a wavelength range that is crucially important for the investigation of]

FLASH-2006 Design
Electron beam
Energy, MeV 700 1000
Peak current, kA 1.5-2.5 2.5

Emittance, norm., mm-mrad
# of bunches/train

bunch train length, ms

Rep. rate, Hz

Undulator

Period, cm

Gap, mm

Peak magnetic Field, T
Undulator parameter K (rms)
total length, m

FEL radiation

Wavelength, nm

Average pulse energy, pJ
Pulse duration (fwhm), fs
Peak power, GW

Average power, W

1-2

600
0.6

5

2.73
12

0.48
0.87
27.3

13-47
100
10-50
3

0.1

2
7200
0.8
10

6-60
500
200
2-3
10-20

Water window
reached
with the 5t harmonic

nature photonics | VOL 1 | JUNE 2007 |

Fundamental

3'd harmonic

5th harmonic

Intensity (a.u.)
Intensity (a.u.)

“Water window" = the range of X-ray wavelengths (~2.3—-4.4 nm) where water
is relatively transparent but carbon-based organic compounds strongly absorb

Intensity (a.u.}

135 136 137 138 139 140 4.r55

A (nm)
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Figure 5 EUV spectra of the fundamental (a), 3rd harmonic (b) and 5th harmonic (c) contributions to the FEL output. Bold lines show averaged spectra (mean
value of 300 shots), and thin lines show single-shot spectra. Circles in a represent averaged spectra simulated with the code FAST8. The average energy in the FEL

pulse is 40 pLJ.

460
A (nm)

Wl

465

A (nm)

255 260 2.65 270 2.75 2.80 2.85 290
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2007

Original project goals reached

« Energy upgrade in 2007

D ESY 21. September 2007
 ACC3 replaced by a new module % TELEGRAMM
 Additional module ACCS6 installed Dedian Sahenargie fir FLASH arraigh

N 1 G eV e n e rgy reaC h ed | n Se pte m ber 2 OO 7 ’ B R e DT A S S Offset: 3.1306, Amplitude: 17.1882, Centre: 6.5044, Width (rms): 0.065745

Electron beam accelerated to 1 GeV with 6 modules for the first time l i A{/eraged Iover 125 pulses
lasing at 6.5 nm in early October 2007 . /‘ﬁ\ 65nm |
) ) 8. Oktober 2007 e
« Installation of an electromagnetic THz Undulator % DESY ooer j \ '
«  Primary purpose was longitudinal electron bunch diagnostics, TELEGRAMM 2 / ' '
. ) .. . £ % &,
but its potential to produce THz radiation for experiments Wellenizingen-Weftrekord bel FLASH: 6,5 Nanometer! o N
was soon recognized Geplanter Designwert fiir die Laserblitze erzielt M ‘ . ‘ .
Wavelength Wc_lr.'d Record at FLASH: 6.5 Nanometers! %1 6.2 6.3 6.4 6.5 6.6 6.7 6.8 6.9
Design value for laser flashes reached Wavelength [nm]
(NN NN NN
RFoun o Ny I L e
Laser BC 1 GeV

JF| 800 electron bunches with 1 MHz spacing [ vertical bypass
(bunch train repetition rate 5 Hz)

_SASE 13.4nm
il g

800 us

charge (nC)

DESY. Katja Honkavaara | LINAC2026 | 20-Aug-2026
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2009-2010

Next upgrade enables lasing (fundamental) in water window

« Shutdown September 2009 to March 2010

 Installation of an additional module ACC7 (PXFEL1)
— 1.25GeV — 4.1 nm

« Exchange of module ACC1 and installation of
3.9 GHz (39 harmonic) module ACC39 (from Fermilab)

» Installation of SFLASH seeding experiment

4.1 nm (fundamental)

O = N W & U O N W DV C
i S e e O B

3.6
Res= 1.

3.8 2 & 5
Buf-46267878 [nn]

. . . Overlaid single shot images of two o ACC

« Change to 10 Hz operation (bunch train repetition rate) bunches streaked with LOLA | [=Aceio v
—_ ACC39 10MV]
=2 3.9 GHz off —ACC39 |5MV
- \ ; 0.8 | —ACC39 20MV
w £ 0.6
m :
5 5 "
®
=
L

-10 -5 0 5 I
Longitudinal Coordinate (ps)

=3 o
longitudinal coordinate (ps)

fixed-gap undulators
(NN

(NN
sFLASH TDS

vertical bypass

RF-Gun
Laser BC
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Experiments across different fields of science

FIRST FLASH DIFFRACTION IMAGE OF A LIVE PICOPLANKTON
(cell injected into the beam at 200m/s)

March 2007
FLASH soft X-ray laser, Hamburg, Germany

FLASH pulse length: 10 fs
Wavelength: 13.5 nm

|
RECONSTRUCTED
CELL STRUCTURE

Filipe Maia, Uppsala

J. Hajdu, |. Andersson, F. Maia, M. Bogan, H. Chapman, and the imaging collaboration

30 60 0 60
H.Chapman, )
J.Hajdu et al. Resolution length on the detector (nm)

DESY. Katja Honkavaara | LINAC2026 | 20-Aug-2026

FEL Radiation Parameters 20102013
Wavelength range (fundamental) 4.2 —45 nm
Average single pulse energy 10 - 500 udJ
Pulse duration (FWHM) <50-200"fs
Peak power 1-3GW
Average power up to 600 m\W
Spectral width (FWHM) ~07-2%
Photons per pulse 1011 -1013
Average Brilliance 1017 - 1021 B*
Peak Brilliance 1022—- 1031 B*

* photons/s/mrad2/mm?2/0.1%bw

Resonant magnetic scattering C. Gutt et al.

with fs-pulses at 1.59 nm 2007
50[Co(4A)/Pt(7A)]
multilayer sample
electron
microbunches , lectron

slits to select

/ beam dump
\ 5th harmonic
- 1

undulator ’:\i/““ TR ||
SASE o

FEL beam  grating fs pulses

CCD image

2007-2013
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2011-2014

FLASH?2: the second soft x-ray SASE undulator line

» The success of FLASH encouraged to construct a second soft x-ray SASE undulator line
» Civil construction started in 2011; connected to FLASH linac in 2013
« Simultaneous operation of two undulator beamlines, both at 10 Hz bunch train repetition rate

« Fast kicker and Lambertson septum extracts a part of the bunch train to FLASH2

* Bunch/pulse parameters (number, spacing, charge, duration)
for FLASH1 and FLASH2 can be tailored nearly independently,
thanks to sophisticated and flexible Injector laser(s) and LLRF system

A

Pg>\"\rL g i FLASH?2 first lasing
VV TN Ty ; ~ August 2014
| e n P N e

........ 7

)|
Electron bunch train
within one RF pulse

1.25 GeV

FLASH1 = “old” SASE beamline with fixed-gap undulators

FLASH2 = “new” SASE beamline with variable-gap undulators

FLASH3 = electron beamline in the same building as FLASH2
for Accelerator R&D

DESY. Katja Honkavaara | LINAC2026 | 20-Aug-2026



Two SASE undulator lines simultaneously in user operation

User Operation at FLASH2 started April 2016

)17

Wavelength

10.2 nm
B [RepRate SASE Energy

1003 kHz 95.1 wJ

10 Hz | [Boam Energy

1" 790.2 MeV

13.2nm

Rep.Rate SASE Energy

1378w

RF-Gun

BC
3 Lasers

Scheduled beam time distribution
Scheduled yearly operation time: 7500 h

FEL user \\
operation
60% (4500 h)

developments
30%

DESY. Katja Honkavaara | LINAC2026 | 20-Aug-2026

2016-2021

Wavelength (fundamental)
Single pulse energy

Pulse duration (FWHM)
Peak power

Pulses per second
Spectral width (FWHM)
Photons per pulse
Average Brilliance

Peak Brilliance

Parameters FLASH1 / FLASH?2

42—-51nm / 4—-90 nm
1-500puJ / 1-1000 pJ

<30-200fs
1-5GW
10 - 5000

0.7-2%/05-2%
104 — 104
10%7 - 102 B*
10%8— 103! B*

SFLASH

r
\

1.25 GeV

FLASH1 (SASE)
fixed-gap Undulators

FLASH3

(PWF,
FLASHF A)

Orward

FLASHForward = Plasma wakefield acceleration (PWFA) experiment
(experiments started in 2018)
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2018-2026

FLASH2020+ upgrade project

32 X\ (nm)325 33 32\ (nm) 325

Stage 2 (FLASH1)
Infrastructure upgrade
High repetition rate seeding
Photon diagnostics
Pump-probe laser FLASH1

Stage 1
Energy upgrade — exchange ACC2 & ACC3
New injector lasers Laser heater
New movable BC2 BC at FLASH2
TDS at FLASH2 Afterburner FLASH2

RF-Gun

)
2 Lasers I:I [I Laser Heater

‘4 FLASH1
\< e
First HGHG

Superconducting 1.35 GeV Linac @ Dec2025 |

with seven TESLA type modules - =
2 seed ‘{FLASH1
The new ACC2 (PXM2.1) and ACC3 (PXM3.1) are Lasers
the best TESLA type modules in beam operation worldwide @
ACC2 ACC3 FLASH3 (PWFA) First EEHG
Cavity p
R e T T T TR T TR TR TS FLASH2 SASE _ — , A _Jan2026
5 sllsligllgllellgllsslIZ <SSl ]S (fundamental) Variable polarization: SEEgFe Gl ,
s = o || , g APPLE-IIl undulators EGHGéH(i;gh-Gain
{ | . ‘ armonic Generation
'E ‘ ’ ’ - FLASH1 radiator EEHG = Echo-Enabled
' Avetage gradient M\ 3 planar + 6 APPLE-II Harmonic Generation
. ‘ ‘ - FLASH?2 afterburner
1 APPLE-III
DESY. Katja Honkavaara | LINAC2026 | 20-Aug-2026
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FLASH Is an unique FEL

2 Lasers
Laser Heater

2 seed
Lasers

2026

5000 photon pulses / second
shared between FLASH1 and FLASH2
500 bunches with 1 MHz spacing per train,
train repetition rate 10 Hz

FLASH1: Externally seeded FEL
* HGHG and EEHG seedings

* Narrow spectral bandwidth

* Shot to shot stability

* Full coherence

FLASH3 (PwFa)

FLASH?2: SASE FEL

» High pulse energy

* Shortest pulses

» Transverse coherence

FLASH3: PWFA
 FLASHForward
plasma wakefield
acceleration experiment

DESY. Katja Honkavaara | LINAC2026 | 20-Aug-2026
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1995-2026

FLASH is the forerunner of FEL user facilities worldwide

TTF Linac TTF-FEL
demonstrated the feasibility was the first
of high gradient SASE FEL
superconducting in VUV range

accelerator technology

FLASH

was the first XUV-FEL user facility

nature ¢
photomcs

natre

physics

FLASH1 + FLASH2

was the first facility operating two
undulator beamlines in parallel

FLASH
is unigue with
1 MHz seeding and
parallel operation of
seeded and SASE beamlines

I I
1995 2000

Beam energy up to 250 MeV
Photon wavelength: 80 nm — 120 nm

I I
2005 2010

Beam energy up to 700 MeV
Photon wavelength down to 13 nm

2007

>

Energy upgrade to 1 GeV
Photon wavelength down to 6.5 nm

Many of the key technologies for
high performance FELs have been and are
invented at TTF FEL and FLASH

DESY. Katja Honkavaara | LINAC2026 | 20-Aug-2026

2009/10 L,

Energy upgrade to 1.25 GeV

T
2020

3.2

WAy

2022

nm |

Photon wavelength down to 4.1 nm

A

4

2024/25/26
A

Energy upgrade to 1.35 GeV

FLASH2 photon wavelength down to 3.2 nm

4

FLASH1: HGHG and EEHG in parallel with FLASH2 SASE
FLASH2: photon wavelength down to ~ 1.5 nm with 3rd harmonic afterburner

Variable polarization

18
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Extra slides



2026

FLASH —the Free-Electron Laser at DESY — 2026

Machine parameters FLASH

Electron energy (GeV) 0.35-1.35

Emittance RMS (um) @ 0.4 nC 0.5

Energy spread (keV) 200

Bunch charge (nC) 0.01-1.2

Max peak current (kA) 2.5

Max bunches from gun (1/s) 15000

Lasing parameters FLASH1 ELASHZ FLASH1 < e > 4

Seeded SASE THZ ™ i
(expected) (expec_tésl)/) P 4

Photon energy (eV) 20.6-310 14-390 (- 890)* 0.015-0.124 S S

Min FWHM bandwidth (%)  0.05 0.5 10 e

Max pulse energy (uJ) <20 1000 ' > 100 ' p

Pulse energy fluctuation (%) <10 10— 100 “ : > ‘}‘: ’;ff, ,;

Pulse length (fs) 11 - 40 5 - 200 ‘i_r"rf g : P 5

Polarization variable horizontal horizontai '

(variable)*
* with afterburner

DESY. Katja Honkavaara | LINAC2026 | 20-Aug-2026



FEL principle

Ingredients:

Relativistic e-beam m Undulator

- =
-
-~ < =
- G g— o - B
q i - — >
o —

Up to here, we have “just” synchrotron radiation

I - T S

0 05 1 1.5 2

Incoherent (ocN)

We have to “convince” the electrons to radiate in phase, by adding a small ingredient:

Electro-magnetic wave \ /\ ;

WV\/ __ JA T e )
e —

Amplification through energy transfer between e-beam and light

I - L I S

DESY. MHz Seeded FLASHL1 | E. Ferrari | 5.6.2026



What is SASE?

Self-amplified spontaneous emission principle

1. The electron beam propagates in a long undulator and emits synchrotron
and starts interacting with the spontaneous emission

2. The spontaneous emission is, eventually, amplified
3. up to saturation (or to the undulator end)

www-ssrl.slac.stanford.edu/lcls/glossary.html

DESY. MHz Seeded FLASHL1 | E. Ferrari | 5.6.2026

radiation

100

10 -

(Erad> (W)

0.1

0.01

Exponential growth

5 10 15 20 25
Z(m)

30



What is seeding?

» Single-pass FELs can amplify the noise present in the electron beam density profile obtaining powerful
SASE radiation.

« Using instead an “external” electromagnetic field (a seed) it is possible to initiate the FEL process in a
deterministic way.

 The properties of the output FEL radiation are inherited and determined by the seed itself.

Seeded

Compared to SASE devices, seeding can
be more compact and produces nearly fully
temporally coherent output.

Spectral parameters can be controlled.

32 ) (um)325 33 B () 205 33

DESY. MHz Seeded FLASHL | E. Ferrari | 5.6.2026



High Gain Harmonic Generation

HGHG

Seed pulse
240 nm

Electron bunch

Modulator

1000
800+
600~
400
200+

Energy spread (keV)

0- T T

T T T
0.0 0.5 1.0 1.5 2.0 25
Modulator length (m)

0.10 1
0.08
0.06
0.04
0.02
0.00 - T . ; :

Bunching

T
on 05 10 15 20 25

0 nm 120 nm 240 nm 360 nm
| I 1 1

1143

Electron beam energy (MeV)

Eleciron phase @240 nm (rad)

DESY. MHz Seeded FLASHL1 | E. Ferrari | 5.6.2026

MOD

Y

FEL pulse
40nm,

RAD
i i
first dispersive to e-beam dump
section
: : : Radiator
Dispersive section
2.5+
0nm 120 nm 240 nm 360 nm 480 nm 2
1143 : : : ' S
=~ e
— 1 5_
3 5
[=]
= [=%
5 @ 10
5 o
£ 0.5
3
& 0.0
= . T T T T
% 10 15 20 25
FEL length (m)
137+, T T T T T T
0 2 4 6 8 10 12 0|
Electron phase @240 nm (rad) 10
£ 10"
e .
5 107 7
3 8 10°
S 8000 s
z E 10 ]
g 6000 10°
S 4000 10° L—4 . ] | |
g 5 10 15 20 25
g 2000 FEL length (m)
0 2 4 6 8 10 12

Electron phase @240 nm (rad)




Echo Enabled Harmonic Generation

T modulator e The first laser generates an energy
modulation in electron beam.

e A strong chicane creates stripes in
the longitudinal phase space.

e The second laser imprints an energy
modulation.

e The second chicane converts the
energy modulation into harmonic
density modulation.

radiator

z/\ 1t
G. Stupakov, PRL, 2009 08l
D. Xiang, G. Stupakov, PRST-AB, 2009

Density

DESY. MHz Seeded FLASHL1 | E. Ferrari | 5.6.2026 -2 -1 0 1 2



Wavelengths for FLASH1

Photon energy [eV]

124.0 62.0 41.3 31.0

24.8

[HGHG tuning range

EEHG tuning range

Maximum bunching [%]
J
o

=
o

Combined tuning range

10 20 30 40
Wavelength [nm]

Seed 1: 343 nm, 100 MW, 500 fs

(mm——————————

____________ ”

Seed 2:/1297-317 nm;, 300 MW, 50 fs

DESY. MHz Seeded FLASHL1 | E. Ferrari | 5.6.2026

20.7

=
L

Ln

J
Ln

Bunching vs. harmonic number

30.0 15.

FEL wavelength [nm] {seed at 300 nm)
0 10.0 7.5 6.0

5.0 4.3

—o— HGHG (A =10)
= HGHG (4 =05)
—8— EEHG (4, =3)

10 20 30 40
Harmonic number

-

50

60 70
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