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X-Ray FELs operating and under construction
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Example: XUV FEL FLASH

<€ 315 m >
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Micro-bunching enables
coherent emission

Courtesy FLASH Facility



Serial X-ray crystallography (time resolved)

Optical
Pump

Liquid jet

Rear pnCCD
(z = 564 mm)

X-ray I Front pnCCD
nteraction ront pn
Probe point (z =68 mm)

Imaging before destruction w. fs-x-rays Molecular movie
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Outline

= X-ray FELs: Super - Microscopes in Space and Time

= Structure, Dynamics and Function of Atoms, Molecules
and Materials

= What Ultrafast Lasers Can Do for X-Ray FELs?
Femtosecond and Attosecond Timing Distribution
Pump-Probe Laser Technology
Fully Coherent Output by Seeding (HHG, HGHG, EEHG, ...
Photo Injector, Laser heater, Diagnostics, .....

= Compact Coherent X-ray Sources
= Controlled Electron Bunch Generation
= THz Generation
= THz Guns, Acceleration, Manipulation, Diagnostics, ...
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Lasers in FLASH

Laser / System

Photocathode EO sampling Seed laser Pump-probe._|
laser laser

heater

Timing Distribution | 1
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sFLASH FLASH1
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Undulators THz Diagnostics

RF Gun  Bunch Compressors i [l]Il]]l]]]]]]lIl]]Il (L

5 MeV 150 MeV 450 MeV 1250 MeV

FLASH2
<€ 315 m >
=y Courtesy by Ingmar Hartl and
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FLASH Laser Requirements

photoinjector laser 260 nm, HGHG seed laser 260 nm,

5
100 W,
1 MHz, 2 ps, 100 kPHUz
spatial & 30fs ’

temporal
shaping

-_OOM I Experiments

superconducting undulator
MHz accelerator

73
& 2
O o
= 1

photoinjector

~800nm

heater laser 1um tunable Z bulSEmode high
’ >1mJ, rgy afast laser

S0 50 kHz —
1 MHz, 1 MHz
2 ps |  30fs
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Pulsed femtosecond timing distribution

Optical Master Oscillator Microwave/Optical
Mode-Locked Laser Standard

/]
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Timing Stabilized Optical Fiber Links
Z / \ \

/ S — oy ~
Optical-to-RF { Optical-to-Optical (’;ptical-to-RF Optical-to-Optical Optical-to-Optical

Synchronization \_: Synchronization Synchronization Synchronization Synchronization

Photo-Injector Low-Level RF ’
Pulsed Klystron Laser Systems Seed Laser Probe Laser |

l —~ ~—

High-Level RF
Systems

Electron Gun Linear Accelerator Undulator

J. Kim et al, FEL 2004.

ol ,CFEL Other approaches: R. Wilcox, LBNL,
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Pulsed timing and synchronization

Femtosecond lasers are very low jitter:

- High intracavity pulse energy
- High Q Cavity
-10 - 100 fs pulses, good time markers

-> sub-femtosecond jitter for f > 1kHz

Balanced optical cross correlation:

- High timing sensitivity (zeptoseconds)

- low drift (only dielectrics involved)

- attosecond laser to laser locks

- attosecond laser-to-laser locks and fiber links

Balanced optical microwave phase detection:
- sub-femtosecond jitter microwaves

UH .
% CF_EL III I J. Kim, et al. Nat. Photonics 2, 733 (2008). 9
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Timing Jitter of Femtosecond Lasers

Electronic Oscillator Dissipation-Fluctuation
Theorem

2 2
—<A1RF >zTO

dt
T

period
~100ps

amplitude

cavity

Femtosecond Laser lifetime

pulse width

— ~100fs
| [ I /. S~
Optical Cavity ‘ ha, ~ S0kT

kT = thermal energy

ho, = photon energy

CFEL UH I I I W BN H. A.Haus and A. Mecozzi, IEEE JQE 29, 983 (1993).
T CCIENC .‘t{ I J. Kim and F. X. Kartner, Laser & Phot. Rev., 1-25 (2009). 10
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How Do We Measure Low Jitter?

Sensitive Time Delay Measurements

by
Balanced Optical Cross Correlation

320 -<CEEL §A i



Single-crystal balanced cross-correlator

T. Schibli et al, OL 28, 947 (2003)

> ©O—

Type-ll phase-matched PPKTP crystal T

_ Reflect fundamental
Transmit fundamental Transmit SHG

Reflect SHG

J. Kim et al., Opt. Lett. 32, 1044 (2007)
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Single-crystal balanced cross-correlator

Type-ll phase-matched
PPKTP crystal

_ eflect fundamental
Transmit fundamental Transmit SHG

Reflect SHG

J. Kim et al., Opt. Lett. 32, 1044 (2007)
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Single-crystal balanced cross-correlator

Type-ll phase-matched
PPKTP crystal

! Reflect fundamental

Transmit fundamental Transmit SHG
Reflect SHG

J. Kim et al., Opt. Lett. 32, 1044 (2007)
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Single-crystal balanced cross-correlator

4000 | . | | I I
=== Polynomial Fit

220 mVlfs slope
. Effi C|ency~ 0.4 %

>
£
- 0
=
2
(7))

4000
-2000 -1500 -1000 - 500 1000 1500 2000

AT (fs)

80 pJ, 200 fs In comparison:
1550nm input pulses Typical microwave mixer

at 200 MHz rep. rate Slope ~1 uVifs @ 10 GHz
Greatly reduced thermal drifts!
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Timing jitter of lasers

Phase detector method - Timing Detector method

Single crystal

PBS _

Modelocked I_’ @* balanced S Rznpaﬁc;g:'m
Laser 1 cross- y

correlator

Modelocked
Laser 2

1
0 -
-1

Oscilloscope

Detector output

-800 0

[ Loop Time delay (fs)
filter |

J. Kim, et al. , Opt. Lett. 32, 3519 (2007).
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Timing jitter of OneFive:Origami Laser
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Two 10-fs Ti:Sapphire Lasers Synchronized within 13 as

Timing jitter / Phase noise Integrated
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Timing-stabilized fiber links

Fiber link ~100m - 5km
SMF/DCF or PM/PMDCF

PZT-based fiber
stretcher

isolator
Mode-locked laser —

i\

Timing Faraday
Comparison rotating
mirror

Cancel fiber length fluctuations slower than the pulse travel time (2nL/c).

1 km fiber: travel time =10 ys 2> ~100 kHz BW

%0 -<CrEL @A T




60 hours operation in commercial system

Out-off loop timing titter between two 150 m PM-links in a 16-link system
10

I | |

0.73 fs RMS
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Courtesy !b‘ CYCIG GmbH
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Fiber network stabilization with sub-fs precision
)
['n-loop 'l ------------- [
BOC 1 Fiber Link
N Fiber
i I Stretcher
I\, Master N
Laser

o Fiber
In-loop ] Timing Link 1 (3.5 km) Ampilifier
BOC 2

RF

Feedback
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High prec
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Laser-to-Laser Remote Synch.: 100 as RMS & 0.6 fs Pk-Pk drift (< 1Hz) over 44 h
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Balanced Optical-Microwave Phase Detector

Microwave | | I

Signal " \ 'ﬁ N '{ :

Optical Pulse
Train

Iinlfz)oquut Oe (BOM-PD)

Convert
Phase /Timing
information in
optical domain
into intensity

modulation

T

DC

=D
current

Electro-optic sampling of microwave signal with optical pulse train

UH u - J. Kim et al., Opt. Lett. 29, 2076 (2004),
@ CFEL Ui 31, 3659 (2006). 23



Optoelectronic Phase-Locked Loop (PLL)

Regeneration of a high-power, low-jitter and drift-free microwave
signal whose phase is locked to the optical pulse train.

Optical input .
(Reference) Loop Filter

Balanced Optical-
Microwave Phase Phase —— »> \ ’@ ........ ’ ........................................... >

Detector (BOM-PD) | output . Regenerated
: Microwave

. Signal Output

Balanced Optical- Modelocked l
Microwave Phase N >
Phase error Laser

Detector (BOM-PD Stable Pulse
( ) [t Train Output

»
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Long-term stability: <1 fs rms drift over 10 hours

— Qut-of- Ioop
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Rel. Drift (fs)
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M. Y. Peng, A. Kalaydzhyan, F. X. Kartner, Opt. Express, 22:(22) pp.27102 (2014).
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q&@% Integrated Waveguide BOCs

= Packaged waveguide BOC module with miniaturized coupling optics:

Double-pass scan:

Forward Si Detector 600—— : - .
// Foculsing Lens 5 :' : I t_
/AQVR PPKTP Waveguide 400¢ nput:
/ »Waveguide Coupling Lens Pan - 1 Omw
Back SHG Si Detector oy 200y frep = 80MHZ
//Dichroic Beam Splitter i ol T= 200fs
/-Collimaling Lens %
4 ~ 200}
_ PM1550 Fiber Input :
InGaAs IR Monitor 00} |
Slope 3mVIfs
e e : 0 : 4
Time Delay [ps]
= Next generation devices: KTP waveguides with integrated WDM
couplers .
250 - Single-pass
- scan: : :
bwd SH n
PUEN—
% 150
s
FH input =
pulses sol
Poled region B H R B T

Time Delay [ps]

26
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European XFEL Timing Distribution System

European X-Ray Free-Electron Laser

Main Synch Sub-Synch
master laser . T G ST e ). 3 slave laser
osCillator  F e s e e e ey : i oscillator ]

IL1 G5 p>—fsie]

ITDS 2 TDS 3
BAM 3 BAM 5 EAM 8) I(BAM 9)!(BAM 10}
CRD 1 CRD 2
EOD 3 EOD 4
BCM 2 BCM 4 BCM 5 .
SRM 1 ISRM 2 Courtesy'
EBPM 1 EBPM 2 EBPM 3 M K Czwalinna
IR-OXC UV-OXC BAM 1 BAM 2 BAM 4 o
EOD1 EOD 2 BCM 3
BCM 1

= XTIN: 24 link stabilization units at injector site

> XHEXPL1: 2nd synchronization room in the experimental hall

= Slave laser oscillator

= 8 link stabilization units (space for up to 20)

% CEEL AT 27



THz streaking of FEL - pulses

FEL photon pulse

Timing experiment

Ne gas jet

Pump—probe laser system

Grating

WL

Optical
reference

Laser Laser
|: oscillator amplifier

N Cross .
correlator

Synchronization

2/ M2 LiNbO,

THz generation
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Number of shots

-100 O 100 200
Arrival time (fs)

0

Photoelectron
spectrometer

THz streaking

T T
Mean 90 fs
Width 18 fs

0 50 100 150 200
FWHM FEL pulse duration (fs)

UH T
ECFEL IJiI°  schuizetalNat.com.6,9538 (2015) 28



The Laser Challenge — High Repetition Rate FELs

Pulse Formats at FLASH / European XFEL
10Hz electron bunch trains (with 800 /2700 bunches a 0.1...1 nC)

— // //
/ \ // /]
100 ms

100 fs
Photon pulses

At = 220 ns - 200 m B
) FEL y

¢ / process

Burst mode: Thermal Transients

LCLS IllI: continuous 100kHz /1 MHz
-> Large Average Power Lasers

%0 -<CrEL AT




OPCPA Pump Laser Technology

Burst-mode
—_—> power —
amplifier
. Yb-Fibre + Yb:YAG Yb:YAG Thin-Disk Cryo-
Yb-Fibre coherent I S| Yb:XXX
combining nnoSlab Regen Multi-pass .
TEM,, av. power ++ ++ + + + +
CPA pulse energy - ?7? + + + +
Sub-ps capable + + + + + +
MHz rep-rate ++ ++ ++ — = ++ ++
Gain / amp-length ++ ++ ++ —— —— ++
Thermal
transients B ++ 0 0 0 0
Complexity + —— 0 - - LN2
Availability _ _
(near term) B + + + +
I
Courtesy Max Lederer (2011) EU- XFEL F. Tavella, DESY 30
European

XFEL

Today (2017)
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Tavella Group: Development

H0ppner et al. Ti:Sa Oscillator > I > YB: fiber
New J. Phys. 17,053020 Bainend) 1030nm ]
YB:YAG Innoslab

(201 5) | Booster: 2x500 W |

In burst mode:
>112 W

>1.2 mJ

> 30 fs tunable
@ 100 kHz

Thin Disk amplifier
6 - 13 kW in burst mode

M Third Harmonic FEL Seed

i 0 0 U

Bulk Compressor (variable) SHG TD N2 THG
SF11 and SiO,

%0 -<CrEL AT



XFEL PP-Laser Development by M. Lederer

| P XFEL/DESY 5" LAC-meeting, 15t /2" June 2015

European

XFEL | Pump-Probe laser concept and status:

sync via fiber x-ray - optical
v 45MHz MHz 200kHz  goon 02 . 3md,

4.5 ... OMHz,
\CI 15...80fs

prechirp

and OBC laser overlap
20W @
o I
XF2 4.5MHz
1030nm burst-mode A’E
Soliton all-fiber CPA

seeder front-end A@
XF1

control
system 4.5, 1 or 0.2MHz

Arbitrary pulse and burst selection for ,,pulse-on-demand‘ (PoD)

Compressor

sub-ps
1030nm, 4 ... 100mJ, 4.5 ... OMHz
sub-ns

Yb-pre-amp
(burst-mode)
Yb-booster 1
(burst-mode)
Yb-booster 2
Compressor

»
»

o

In burst mode: >1 mJ @ 200 kHz (15 fs); > 200 W

UH N .
@ CF_EL III I Courtesy Max Lederer
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SASE versus Seeding

Self-Amplified-Spontaneous-Emission (SASE):

Genesis Sim

Start-up from spontaneous radiation is x 10°
. g 1
a statistical process 8
E 0.8
> Temporal and spectral s6 5 o
[ 2 Ul
coherence not adequate. 5 S
4 £04
2 £ 02
Prems_e pump-_pr_obe 0ot = o ol HF M
experlments difficult. s (uwm) Wavelength (nm)
. 9
Seeding: AL 1F -:
External XUV source starts the process! ° 208 K
24 ; 0.6
External pulse imprints 5 3 i : | a
characteristics on e-bunch €, 1 204 f
i 02 -
1 . :
Driving laser tightly synchronized N T & S i 0 AN
to pump-probe laser 100 150 200 19.8 20 20.2

s (um) Wavelength (nm)

— —

< Courtesy of Franz Tavella 33



(

Successful UV Seeding at FERMI and HGHG

PIL :
\ _B/C\1_ Seed Radiator FEL \lu
e . ) ZIN AN
oh~ H Linact Linac2,3.4 —"" Modulator 21N
Gun
a 10 N b
- - - FEL 8th T
(32.5nm) / \
—— Seedin ! \
0.8 260 ) / \ 12
1.0 ¥~
0.8
’3 0.6 —
‘g’ 0.6
= 0.4 4!
S 04
0.2
0.0 |
027 830 ‘
38.25 500
Ay 3820 400
%y, 38115 300
Jhede ey, 3810 200 )
00 \ \ \ \ \ \ \ é’y(el/ 38.05 100 ot (o
-60 -40 -20 0 20 40 60 2 ’ 0 e
Photon energy offset (meV)
Single-shot and multi shot spectra at 32 nm.
F@Eelzml ’ E. Allaria et al., Nat. Photonics 6, 699 (2012)
; & Nat. Photonics 7, 913 (2013) 34



Photocathode Laser: UV ps laser system (Courtesy: |. Hartl)

gun solenoid
> 10 to 120 Hz systems: '
Cu cathode,
1md, 10ps, 260nm

laser injection cross

vacuum valve

g

> MHz burst mode: =

. Wy NN W (N

Cs:Te cathode i R T ——
N _’/ Z -7 g

3ud, 10ps, 260nm Wil e L 3

| |e : n\l/

> Spatial and temporal
shaping required for
good emittance

! |
i { | { |
| ’ | :
i ! | | |
'

> Instability directly translates
to FEL instability

> Laser failure directly translates ,,
to FEL failure ‘

> 24/7 operation,
(4hr access every 2 weeks)
radiation damage

e



Spatio-Temporal Pulse Shaping For Low Emittance

Standard

I (au) ° . - Time (ps)

Temporal Gauss, spatial flat-top
Standard config. (non ideal)

Straight forward to obtain

Ix (a.u.) - - ’ Time (ps)

Temporal & spatial flat-top
Better emittance

Requires moderate efforts

! ! L i i L 1
-15 -1.0 05 00 05 10 15

Future

10 Time (ps)

Ellipsoidal / Egg
Lowest emittance
Very hard to obtain

L L L L L L L
-15 -1.0 -05 0.0 05 10 15

z (mm)
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Is a laser driven

compact coherent X-ray source

possible?

%0 -<CrEL AT



érc Frontiers in Attosecond X-ray Science:
Imaging and Spectroscopy
(AXSIS)

Franz Kartner

Ralph Assmann
DESY, CFEL and ‘;{;g DESY Hamburg
University of Hamburg } %ns 7%
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e S P
. (Pa=rcmmo<ro mt 6 BEmE N Do oo oess-tmed)

v i TR Z LR RN X S
—'--wcs»»;"llezxzs\\w:s‘n‘«

e "'/ 6‘ i ‘§ S, 0 S

RN o el A gn% 3w --
S {f,’a \?‘e‘!‘g\"
o o.o® ’ 3%?# L e
Henry Chapman !;; Petra Fromme
DESY, CFEL and i3 Arizona State
FE

University of Hamburg & University, DESY
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& Assoc. Scientists ffom Mid-Sweden University,
DESY and MIT




Photosynthesis

Photosynthesis transformed our planet
2.5B years ago producing oxygen,
capturing solar energy and CO,, that slowly
converted to fossil fuels.

What is exactly happening?

2H,0 + 4 photons —» O, + 4e™ + 4H*

Courtesy of P. Fromme 39




We must outrun electronic processes

Ejected K-shell

Incident electron@
X-ray o2

Auger
electron

Ejected K-shell‘
Incident electron@

X-ray *

3 . electron
O,
Auger decay rates
O:3fs
S:1fs
Mn: 0.2 fs

seoCrEL @i
" SCIENCE n

We require sub-fs exposures to
measure the chemical environment
at atomic scale.

Time scale is Auger decay rate

L. Young et al., Nature 466, 56-61 (2010)
S.-K. Son et al., Phys. Rev. Lett. 107, 218102 (2011) and
Phys. Rev. A 83, 033402 (2011).




X-rays are produced from accelerated electrons

Magnetic undulator

Traditional RF accelerator

Terahertz cylindrical waveguide

<—> 100 ym 10 MeV

20 cm Inverse Compton scattering
< >

AcreL NN v




THz is interesting for acceleration and strong-field physics

« Operation at higher frequencies

higher breakdown fields

Historically:
[1] Kilpatrick, W. D., Rev. Sci. Inst. 28, 824 (1957).

break ~

~ f

1
T

[2] Loew, G.A,, et al., 13th Int. Symp. on Discharges and Electr. Insulation in Vacuum, Paris, France. 1988.
[3] S. V. Dolgashey, et al. Appl. Phys. Lett. 97, 171501 2010.
[4] M. D. Forno, et al. PRAB. 19, 011301 and 111301 (2016).

 Reduced pulse energy for same cavity electric field:

stored energy: | [’ N)L-3
P

reduced pulsed heating:
—> higher repetition rates possible!

AT x

E

P

v

o _CAVITY o R oc )

A

SURFACE AS URFACE

 High-gradient accelerators: small size, short bunches and low emittance!

%0 -<CrEL AT
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THz driven FEL like source

e - compression
THz - pulses

Accelerating
THz - pulses

_ SCIENCE



CEP sensitive field emitter array

Focal spot
diameter = 4.1 um

Emitter

(ITO)
Pceo Pcro T

(ITO)
1 Optical Spectrum

0
1000 1200 1400
wavelength (nm)

| UH .
@ CF_EL I I I I W. Putnam et al., Nat. Phys. doi:10.1038/nphys3978 44
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Laser driven THz Sources

« Optical rectification: ~ 1 % energy conversion efficiency’,
~ mJ THz pulse energy?3

Egp (@) PTG

[Ernz (€2)]

cascading

~

0, 0,1+ W

* Intra-pulse difference frequency generation

« THz bandwidth can be as broad as optical pulse bandwidth

* Must satisfy phase-matching condition
Lithium Niobate

k(w+Q)-k(w)=k(Q) o (@)=2, 1 (=5

L . 1. S. W. Huang et al Opt. Lett. 38(5), 796-798 (2013).
C F_EL ati I I I I 2. C. Vicario, Opt. Lett., 10.1364/0L.99.09999 (2014). 45
SCIENCE n 3. J.

A. Fulop et al , Opt. Express 22(17), 20155-20163 (2014).




Optical rectification using Tilted Pulse Fronts

J. Hebling et al, Opt. Express 21:(10), 1161-1166 (2002). THz

k(@) o

k(Q)

£ lg(a)+9) 4

Image of the
grating

2mJ),680fs @

1030 nm <
/ e

LN, dewar

cLN

S. W. Huang et al Opt. Lett. 38(5), 796-798 (2013) —> 1% optical to THz conv.

- UH N . K. Ravi, et al., “Limitations to THz generation by optical
r :C F E |_ ati I I I ] I rectification using tilted pulse fronts,” Opt. Express 22,
"~ sCiENCE s 20239 (2014).




Cryogenic Yb:YLF laser 60 mJ, 1ps @ 90 K

200
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1 " 1 n 1
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IR pump fluence (mJ/cm?) Frequency (THz)

UH N -
CF_EI__ ai I I I I 0.5% conversion, not yet fully optimized -> 1% feasible 47
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Single-cycle e-guns and accelerators

2.5 0.5
(b)
3 2
=
15
= ~ 2X1 mJ
& 1l 0.0
C
o
50.5
L
% 1 2 3 4
Traveled distance (mm) -0.5

+8CFEL . IJi A Faltani, et al. PRSTAB 19, 081302 (2016) 48
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THz Acceleration and Streaking
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THz Acceleration

* Increasing operational frequency: higher breakdown fields, reduced pulse
energy ~ A3, reduced pulsed heating and average power load

* High-gradient accelerators: reduced size, short bunches and improved
electron beam quality

Dispersion Relation
600 . —

| wlo dielectric

l

Dielectrically loaded metal waveguide

\

w/dielectric

— Speed of Light| |
Copper Inner Diameter = 940 pm 7 | I 3 5

Fused Silica Inner Diameter = 400 pm x 10*

UH -
@ | CF_E'__ III I L.J. Wong et al., Opt. Exp. 21, 9792 (2013). 50
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THz Acceleration
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Quasi — phase matching for multi-cycle terahertz generation

PPMg'LN Lee, App. Phys. Lett. 77 (2000)
] ‘ Lee, App. Phys. Lett. 78 (2001)
A\: domain Yu, Opt. Comms. 284 (2011)

* ud-level energies
= 10-° conversion
efficiencies

* mJ -level energies
- 10-3 conv. eff.

Carbajo, Opt. Lett. 40, 5762 (2015).

Chirp and Delay with 100 mJ Ti:Sapphire pulse
THz EFT spgctra
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CFEL UH I NN K Ravi et al., Opt. Lett. 24, 25582 & Opt. Lett. 41, 3806 (2016).
= once IS l R. Ahr et al., Opt. Lett. 42, 2118 (2017). 52
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Quasi — phase matching for multi-cycle terahertz generation

PPMg:LN
= Poling period of 125um — 1200um feasible
= clear aperture of 10x15 mm?, 40 mm long
= clear aperture of 4x4 mm?, 40 mm long

F_ l— . III Thanks to Professor Taira, IMS Japan
SCIENCE



1 Joule, 1 kHz Cryogenic Yb:YAG Laser

e The CTD produced 100 mJ at 250 Hz
v ASE rejecting geometry enables high gain

* Beam quality at power
v 160 mJ@100 Hz

* 1-Joule, 1 kHz in procurement

Design by Luis Zapata and Matthias Schust



Summary

FELs are combined accelerator and laser facilities with
unique challenges to Ultrafast Optics

European

XF EL

Precision timing
High energy and power ultrafast sources

= Towards a laser driven compact coherent FEL source

* Modulated electron beams source

 THz generation & accelerators .y \/\

= \
- Joule class picosecond lasers /\/\

\O\O
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