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PAUL SCHERRER INSTITUT

«=(H» Aim

* Give a quick introduction to lasers and necessary terminology

* Give an overview of where lasers are used in FEL's
(timing, injector, experiments, beam diagnostics)

* Show the most important parameters for each of these
applications

* Give examples of laser systems from existing FEL facilities

e Give an outlook of how lasers could be used in the future for
compact FELs

* Keep everyone awake!
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=)= Outline

* Small introduction to lasers (laser vs FEL)
* Lasers used in FEL's
* Requirements/parameters/examples
—Photo-injector lasers
—Laser heater
—Experimental lasers
—Seeding laser
—Diagnostics lasers
* The future of lasers in FEL's
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(= Laser vs FEL

A laser is a device that emits light through a process of optical amplification based on
the stimulated emission of electromagnetic radiation. The term "laser" originated as an
acronym for "light amplification by stimulated emission of radiation".
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A free-electron laser (FEL), is a type of laser whose lasing medium consists of very-
high-speed electrons moving freely through a magnetic structure, hence the term free
electron.

en.wikipedia.org We could call lasers ‘bound-electron’ lasers!
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(/== Lasers/ stimulated emission

Einstein postulated that photons prefer to travel together in the same state. If one
has a large collection of atoms containing a great deal of excess energy, they will be
ready to emit a photon randomly. However, if a stray photon of the correct
wavelength passes by (or, in the case of a laser, is fired at an atom already in an
excited state), its presence will stimulate the atoms to release their photons early—
and those photons will travel in the same direction with the identical frequency
and phase as the original stray photon. A cascading effect ensues: as the crowd of
identical photons moves through the rest of the atoms, ever more photons will be
emitted from their atoms to join them.
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(=)= Essentials/ amplifier material

The choice of material is determined by many different parameters:

the available pump sources for the given absorption band will determine the efficiency of the
pumping

the pulse shape and length and rise time are important for low emittance machines for FEL,
thus broadband laser materials are needed for spectral manipulation or stacking of several
short pulses

the fluorescence lifetime of the material will set the limit of the longest extractable macropulse,
although pre-pumping techniques could slightly extend beyond this timescale

stimulated emission cross-section and small signal gain for given a pump will determine the
number of stages required for the laser amplifier chain

the thermal properties of the crystal will determine the scalability of the system to high average
powers and ultimately the complexity of the final system as well as the quality of the beam

the available oscillators with high repetition rate and their power level will also have a net effect
on the complexity of the system.

saturation fluence together with available crystal sizes and their thermal fracture limit will
determine the maximum fluence which can be extracted efficiently from a single amplification
stage

the difference between the pump and the emission band determines the proportion of the
power converted into thermal losses and will limit the average power or complicate the cooling
required
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—

HE Essentials/ amplifier material

* Picosecond Neodymium-doped lasers (Nd:YLF, Nd:YVO4, Nd:YAG)
generating both single pulses and pulse trains (macropulses), can be pumped by diodes
* Femtosecond Titanium Sapphire (Ti:Sa) lasers

For shorter pulses and for generation of shaped pulses, but for long trains it is not suitable, needs
pump laser

» Lasers based on Ytterbium-doped materials
(Yb:YAG, Yb:KGW, Yb:glass Fibre lasers) directly diode pumped sub-ps; in between the two above

Fibre lasers, a new emerging technology which promises reliable compact systems, but are presently
restricted to low pulse-energy applications. Part for the system could be in fiber to improve the beam
profile.

crystals Nd:YAG Yb:YAG Ti:Sapphire
fluorescence lifetime(ms) 0.23 0.96 0.0032
stimulated-emission cross section(x1072° cm™) 20to 30 2.1 30
luorescence wavelengths(nm) 1064 1030 660-1100
absorption wavelengths(nm) 808 941 514 to 532
fluorescence bands(full width at half maximum) (nm)  0.67 to 10 440
absorption bands(full width at half maximum) (nm) 1.9 >10 200
pumping quantum efficiency 0.76 0.91 0.55

saturation fluence(J/cm?) 0.67 9.2 0.9


http://laser.photoniction.com/lsource-index/laser-index/lasers/solid/ndlaser/
http://laser.photoniction.com/tutorial/4.4.2
http://laser.photoniction.com/tutorial/4.4.3
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(== Essentials/ Excited amplifier material
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2.

TJ=» Essentials/ Laser system

_I> Put a cavity with the right length to make

an oscillator to produce a train of short pulses
synchronized to the machine

Throw away unwanted pulses, create the right pulse structure,
using acousto- or electro-optical switches

e > Amplify th Ises further t h ired
— mplify the pulses further to reach required energy

Convert the wavelength to the desired one, using
birefringent nonlinear crystals or gas

Harmonic generation or optical parametric
amplification
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(== Essentials/ Oscillators

( -
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Deposited Laser Output
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E i 'i E Breck Hitz Optics Letters, March 1, 2006, pp. 592-594 W'’s of power 10ps.

W1/W2 oC
http://www.iqo.uni-hannover.de/591.html, 4fs octave-spanning oscillator

e Cavity length to match sub-harmonics of the RF
* Low noise architecture for low jitter

* Wavelength and bandwidth to match application Page 11
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(> Amplifiers

* Multipass amplifiers for :
high gain materials
final low gain amplification
amplifying multiple pulses External pump source

Wj A

Master A JROLd }Vi//;/—’—%

oscillator i—’\\jﬁ‘ w’
Amplifier :

crystal

* Regenerative amplifier for:
amplifying single pulses
to obtain high gain from a single stage of amplification

r
EEIIE amplifier
[ crystal

laser o
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CAS CERN Accelerator School , 31st May-10t" June 2016 M.Divall Page 12



PAUL SCHERRER INSTITUT

(/= Ultrashort pulse amplifiers (<ps)

Amplifying single pulse at high energy
Chirped Pulse Amplification

At high intensities the refractive index becomes function of the intensity

Nonlinearities will cause self-focusing and damage

To reduce the intensity in the amplifier we stretch the pulse

Oscillator Amplifier

Stretcher

Compressor

AE—::-F_

CAS CERN Accelerator School , 31st May-10t" June 2016 M.Divaleite 13
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BS Master oscillator power amplifiers

Burst mode operation

e

FWHM: few ps

.
OSC" |at0r — \ /> Micropulse
cw amplifier L

|
T

Synched to the RF with sub-multiple frequency
Steady-state build up of pulse train envelope
~— Every 0.01-1s
Burst mode
amplifiers — :
~few 100 s -
Macropulse, containing
the micropulses, also called pulse train
O t' | t Energy in macropulsef duration of macropulse=
ptical gate :
pulse train mean power
<>
Single to

100s of ps
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RS Optical parametric amplifiers (OPA)

Amplify in a nonlinear optical material using a parametric process

Transfer the pump light of a laser working at a shorter wavelength into the
signal beam. The transfer is instantaneous, there is no energy storage.

Chirped pulse used to: avoid damage and unwanted non-linear effects

efficiently match and overlap with the length of
the pump pulse

OPA’s can cover a wide range of wavelengths from 300nm-4um. Most of the
commercially available tunable wavelength sources are based on parametric
oscillators or amplifiers.

®,$ () p‘ s
el

Signal o,

Nonlinear crystal

pump ©Op
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(= Extras

* 4-D pulse shaping

~10 =5 0

* Pulse-shortening techniques

to reach pulse-lengths below 20fs

* Carrier-envelope stabilization

-5 0 5 50 0 50 5 0
time [fs] time [fs] time [fs]

* Programmable pulse-trains

https://indico.cern.ch/event/177701/contributions/1441170/attachments/232573/325458/beam_shaping_Marta_Divall.pdf
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=)= Outline
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e Lasers used in FEL's/ general requirements
—Photo-injector lasers
—Laser heater
—Experimental lasers
—Seeding laser
—Diagnostics lasers
* The future of lasers in FEL's
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= Lasers in FEL’s

D=

el aser-wire

Laser heater Pump-probe

lasers
THz sources

- Laser induced

Source: modulation

*EO monitor

eBunch Arrival
Monitor

Photo-injector

 Wavelengths range from X-UV to THz
* Pulse energies from pJ to multi-mJ

* Pulse length from single cycle to many ps
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= Requirements in general
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[==1J» Requirements in general/ Timing-gun-LINAC

Timing of laser 2 timing of the released electrons

Arrival time and bunch energy at
compressor chicane entry is
crucial for good compression

» Reference distribution
e L aser

* RF at the gun

l Q y
Directly related to FEL
performance v
4 -~ =)

2 ~ (BRs56 042 C—1\2 T¢ 2 | 13\2v2
Mo a2+ 55 ) e ) (B) 780
t'?t“ng Jitter cavity field cavity phase injector timing
arter amplitude jitter jitter jitter
compressor

- /

B. Beutner, S. Reiche Sensitivity and tolerance study for the SwissFEL Proc FEL2010 WEPB17, Malmé, Sweden (2010)

CAS CERN Accelerator School , 31st May-10t" June 2016
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—

HE Requirements in general/ Timing-experiment

Ultimate goal: Arrival-time stability between x-ray pulses and
pump-probe laser pulses to be fraction of pulse duration

— 2 2 2
At = AR + Ay + AL

tter”

Only measure timing — sort data after by binning

Measure and correct timing — fs scans online

CAS CERN Accelerator School , 31st May-10t" June 2016 M.Divall
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S

1550nnf ~200fs
/’42/.8MH2
Optical
master
oscillator

Gun laser
oscillator

Amplifier
chain+
conversion

A»‘

Requirment: 40fs rms
CAS CERN Accelerator School , 31st May-10th June 2016

booster

Timing and synchronization

10fs jitter distribution of master clock (active stabilization)

30fs jitter synchronization of laser oscillators (active stabilization)

100fs jitter of amplifiersfeerversion and transport (not yet actively stabilized)

No luxury of doing intra-pulse feedback!

wWish [ could turn back time!

Pump laser

Beam arrival oscillator

monitors

e vs reference

RF distribution Amplifier chain

LAM
Accelerating
modules

Requirement:10fs rms
M.Divall
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S

Architecture

Booster

Pulse

AEENAN

N

W/ —

@ coHERENT Ve

To the

weios  Stretcher
= e ST
= 3 y 3
: — e eeet———2 | l e — --——--—%) i
Total propagation path of 86m from which ~4m in vacuum ~63m is covered 1z

3 electro-optical switches
2 AO shapers
—| ~140 mirrors and other reflective optics
| 7 crystals+ stacking
£ 1 pointing stabilization system
7 cameras
5 energy measurement points

]

[

REQUIRED: 12um accuracy over 86m in a single shot at 100Hz lﬁy
L202 L2D'~1NP201
L203
FM207 FM208 FM204 U v FM203
cAMRHN Accelerator SCP\.LH.’I_W th 2015 pmp—— , M.Divall
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S

Timing of the whole laser

Regenerative amplifier

The thermal expansion:

1-m-long standard stainless-steel

base plate is approximately
15um/°C

0.1°CWith 20 round trips this gives

100fs drift.

+ vibration of the mirrors

T. Miura et al. Timing jitter in a kilohertz
regenerative amplifier of a femtosecond-
pulse Ti:Al203 laser Opt. Lett. Vol. 25,

No. 24 (2000)

Beam transport

40 |
® 0-(a
Stretcher and compressor e @
=10 - B
g Al “‘M\ W M
- 3 — g = | iy
100 b) without stretcher- COHIpIebeI — lusdelay  o=33 f P l""W‘W " ’ H“ﬁ'r
— > — same pulbeb c=14fs g -0 l
50 A 2 g . g &’ 230
- 40
0 0 500 _}_UUO 0 lSOU] 2000 2500
10
-50 o) ©
_100 1 1 1 1 N 1 1 1 1 g
0 10 20 30 40 a0 60 70 80 90 100 5 ;
time [s] R
‘e |
& 03
1500 F —— 2
1000 [ c) full system, reduced air turbulence o =205 fs b Pt m"‘.,‘“,‘ e
500 0 10 20 é?cqignsu[lff] 70 80 Y0
0%
-500 |
_1000 j o 60 120 180 240 300 360
'1500 L L L 1 0.08 T T T T T 0.08
0 50 100 150 200 250 008 i
time |[s] g oo oos
£ oo Stabilized m Ho02
600 - d) free running stabilized o = 105 fs Zf; ::: WWWMW _10:2
400 [ * v g -0.04 - -0.04
200¢ ) \ v“ M -0.06 |- Unstabilized -0.08
0 -0.08 - -0.08
-200 % M " V 010 - L - : - 0:40
- 40 O 0 60 120 Tim;ﬂomin 240 300 360
-600 B . . L ) o »
0 200 400 600 200 Ti:saphire amplifier
time |[s] Main contribution is temperature

7ps/°C drift

S. Lingebiel et al.: Experimental and theoretical investigation of timing jitter inside a

CAS CERN Accelerator School

stretcher-compressor setup Opt. Exp. Vol. 20, No. 4 p3444 (2012)

, 315t May-10t" June 2016
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30fs/°C drift

P.Singalotti et al.: Ultrafast Laser Synchronization at the
FERMI@Elettra FEL Proc. SPIE Vol. 8778 87780Q (2013)
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5 Outline

* Laser vs FEL
e Lasers used in FELs/ general requirements

* Requirements/parameters/examples
» Photo-injector/gun lasers
—Experimental lasers
—Laser heater
—Seeding laser
—Diagnostics lasers

* The future of lasers in FEL's
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(=)= Parameters for gun lasers

* Electrons produced through photo-emission have the

N

‘imprint’ of the laser pulse structure from which they are \ZLA _ e
produced and hence allow for great flexibility Ty /‘E'Hg;';;m_
@G) @O e 06
clCHCHNCRC,

* Short laser pulses with 4D shaping have the potential to
deliver ultra-bright electron beams

* The electron bandgap of the photo-cathode material will define the laser wavelength

* The quantum efficiency of the cathode will determine the energy per pulse required
from the laser;

* The application will determine the average current and pulse structure, having a direct effect
on the laser average power requirements and its architecture.
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(=)= Parameters for gun lasers

* Wavelength (tuned close to the work-function of the material)
— Cs,Te and Cu require UV ~260nm,
— GaAs IR (also polarized)
— New type of alkaline cathodes, requiring visible light
* Timing
— Synchronized to external reference/sub-harmonic of the RF
— Noise of the oscillator architecture, active elements
* Single pulse/burst mode to match machine operation
— Determines the chosen laser architecture (regenerative amplifier or multipass)
* 3D shaping to reduce emittance
— Beer-can/ truncated Gaussian/ ellipsoidal
* Pulse length
— To mitigate space-charge effects at the gun
— To allow for shaping techniques
* Pulse energy
— Dependent on cathode choice/QE and operational charge + transport losses
* Reliability/reproducibility/stability
— Used architecture
* Running cost/service support
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[ Cathodes

Long lifetime

Photo cathode Advantage Disadvantage
Cs3Sh, CsK,:Sb v' High quantum efficiency Difficult to prepare
v" 500 nm laser Short lifetime
Not sustain very high fields
Expensive preparation chamber
Expensive transport system
Need very good vacuum
Cs,Te v" High quantum efficiency Needs UV
v' Long lifetime Expensive preparation chamber
v" Sustains high fields Expensive transport system
Questionable response to pulsetrain
Cu, Y, Mg v No preparation chamber needed Needs UV
v' Long lifetime (> 1 year) Low quantum efficiency (Mg better 0.3%)
v'  Fast response
v' Sustain very high fields
v' Sustain bad vacuum
LaBs, WcaOBaO v No preparation chamber needed Needs UV
v

Low quantum efficiency

Need to be heated prior to operation

C: charge to be produced

n. quantum efficiency

C[}? C] =87 [%]- W[,u] ] ﬂ,[}?m]

W: laser energy on the cathode

A: laser wavelength

Page 28



PAUL SCHERRER INSTITUT

[(TJ}» Example SwissFEL

e GUN 2.5 cells
RF:

Repetition rate

Cavity peak acceleration:
Maximum charge:

Peak current:

Cathode:

Pr. norm.emittance oopcii0pc):

Thermal emittance @oopcriopc):

LASER

Wavelength: ~260nm

Energy on the cathode: up to 60ud

Pulse length: 4-10ps with risetime <700fs
Repetition rate: 100 Hz, double pulse (28nsec)
Spot size: Variable flattop 0.1-0.27mm
Energy stability : <0.5%rms

Pointing stability/size: <1%rms

Timing jitter vs RF ref.: <40fs rms (<10fs*)

CAS CERN Accelerator School , 31st May-10th June 2016

2998.8 MHz
100 Hz.

120 MV/m
200 pC

20A
Copper

0.275/0.114 um
195/92 nm

M.Divall
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(=)= SwissFEL gun laser

Directly diode pumped compact laser system:

» Low noise fiber seed (same as our optical reference laser)
* Fiber preamplifier

* Yb:CaF, high power amplifiers

« Compact sub-ps system flattop
gun laser Canfig 1 o discrete T
ulse
stacking . .
i b osets
OneFive DL -+
Origami-10 CPA amplifier ‘ .
low noise seed regenerative) Pes| pp Compressor Canfig 2
sync mmhm‘“
500 fs gaussian
# var (3-10 ps)
| BRI  p s S S
%, CPAamplifier 1 p ‘ ‘ 1
(regenerative) LN
> =
Delay 28 ns kiw iT S
pulzes
|
laser ( . [ l
del
heater BR | —stretcher ﬁn? | 20-40 ps, 200 uT @ 1040 nm
laser
temporal diagnostics
<100 fs, = 10 uJ @& 1040 nm
it Synchronized with DUV pulses by
CPA lifi " MNaon linear del delay line
:____am_P_I I_er‘__‘l - compr‘ession STage |e|nc"e‘:,II — Y
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S

Nd:YLF system for FLASH

A
ute
AOM2 EOM AOM1 pulse shaper
[ (] | (different versions under test)
Tround tip= 27 MHZ ||
| ot o
_> —
mOdQIOCI_(Ed fiber-coupled
Nd:YLF oscillator pump diodes
J pre-
I amplifier
| Zrm 3N v W Vi ' ZHN va N
v Y pulse picker v g
e A <1 MHz double-pass ® o
= = amplifier = = ﬁber-co_upled
l l l l pump diodes
p — == =% 2400 pulses .
Y/ ZirmaN\— v B | ' Z4| > m I l ' A
= Y Y Faraday Y X
o s isolator four stage ® ) fiber-coupled
H B linear amplifier [1 [ pumpcioaes
— —_—
\ | Allb-ﬂl\ ‘ ) ZipmN__| el
— e LBO BBO
pulse picker Y \/ Vi wavelenath UV output
f<1MHz 'end to photo-
() . _ L) o conversion stage o
l l fiber-coupled l injector
pump diodes
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(=}» Emittance optimization

2 2 2 .
— tt
O = \/O-spacecharge T O thermal T ORrF STTAnee

With proper focusing, emittance due to linear space charge force can always be

compensated.

Space charge force of different geometries: Gaussian Space charge force of different geometries: Cylinder

Confining surface

-T<t<T
<R

Traditionally for high charge For running FEL’s

machines, like CLIC drive LCLS, FLASH, SPARC, PITZ,
beam injector .
SwissFEL

CAS CERN Accelerator School , 315t May-10t" June 2016

Space charge force of different geometries: Ellipsoid

Confining surface

On paper

Beer vs. rugby

@

M.Divall
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(=== Pulse shaping for emittance optimization

temperature

controlled

birefringent
crystal

motorized
rotation

¢ ulse shape

OSS s:gnal (UV) .-

W|II KJemz Qptics Express’
16(2008) 4922-14935 ~

-

Will et al.: Photocathode lasers for Cs2Te cathodes CERN, 20. - 23. Febr. 2013
Seite 33
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S

Yb:YAG
oscillator

pulse
selector

pulse shaper

QN HHHHHHAF
Yb:fiber amplifier E J .
G~100 Emicr0~ 10- M'J
Yb:YAG multipass amplif. | E ...~ 3 ud/,/’
G ~ 300 ﬁ -----
pulse
selector
Two-stage Yb:YAG
power amplifier
G~12
A B g0y LBO

train
Will et al.: Photocathaode lasers for Cs2Te cathodes

European XFEL gun drive laser

Nonlinear fiber amplifier
!
Scanning Yb:KGW regen

|

|

|

|

|

|
Spectrum :
=S 0IVEU I [ |
1

|

|

|

|

|

|

|

Cross correlator (UV)
Pulse shape

I

uv
output pulses

EwEmicroﬂ' 5..6 MJ
sso 7 | A = 263 nm

CERN, 20. - 23. Febr. 2013

Seite 34



PAUL[S‘:_H_ERRi:NSTITUT Thermal emittance

For X-FEL ultralow emittance is required for high brilliance:

Emittance/ Core slice Projected
Charge

10pC 0.18mm.mrad 0.25mm.mrad
200pC 0.43mm.mrad 0.65mm.mrad

Thermal emittance from the gun becomes significant

Contributions to thermal emittance:

» Cathode workfunction (material property)

» Cathode surface quality (varies from cathode to cathode)

 Schottky-effect (can be determined at fixed wavelength by changing gun phaseg or gun field or by keeping

gun parameters and scanning the well known photo energy)
l =N
2 sin|@s———
ep (M) —dw + \]ECS\-E-E -¢+p3 B
deqregy

2
Iem-c

 Laser wavelength/photon energ

* Laser beamsize

eth(A,E,$,B,p3,0l):=

One can scale photon energy to get lower intrinsic emittance at the cost of lower QE
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(== Wavelength tuning at SwissFEL Test Injector

Measure core-slice emittance at different wavelengths as a function of laser spot-size

Ti:Sapphire tunable laser system, 10 ps flattop (stacked)
10 pC @ ©=0.15 mm;

photon energy [eV]

400 ! ; ; ; ; 1300 5 ; ! ; ; 48 47 46 45 44 43
™ + ; A : : : : EYETI INETETETRE (EATIRTRTI AYRTINRRT ARTRIRTIRI AVRURNUTTE NN
- emit:= 75088 Iaser + 614 3laser = slope = 7248 Glaser? + 626 45 ]
............... i P Ny _
St = 6479 3acer + 594 03 aser £ slope = 6685 4"lager” + 584.72 | g Z 2000 « .
: : - : : c
=, : : : : : 3 : laser tuning range
E‘ 3DE| .................... ...................................... - 1‘]E|E| g - AE=330 meV
= o~ I~
< —260.0nrm : : o %2oooi
g 220F - BT 5nm ........ ....... P . T 1000 g ]
: : i3} T
S i 8 o
E oo L. Gun: .de_eJ_ atZOODC ...................... ooooal §_ ]
E] _ ] 1000 - ‘d J
4b] . = - oy "
=] : g T T T T T T T
T B0 gl = 800 255 260 265 270 275 280 285 290
D at 10pC g wavelength [nm]
= : a
L 1 ) e I 2 T e T g 700
ol
2 : : :
BO e G B onllnearbehaV|orst|IIto.beex lained
_ : P QE Emittance/beamsize
0 i i ! i 1 &00 i i
o 0.0& 0.1 0.15 0.z 0.25 0.3 o D.DE D.1 D.15 D.2 D.25 0.3 267 5nm 1 049'4 584 nm/mm
Laser rms beam size [mm)] Laser rms beam size [mm)] ) )

260nm 1.62e-4 626 nm/mm

4t harmonic of Nd and Yb based materials
or
3'd harmonic of Ti:Saph
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List of lasers for FEL injectors

ELSA FLASH TESLA LCLS ELETTRA EuropeanXFEL SwissFEL
(FEL)

Cathode I K,CSSb Cs,Te Cs,Te Copper Copper Cs,Te Cs,Te/Copper

Wavelength on v 532nm 262 nm 263nm 253nm 261nm 262nm 260nm

cathode

Pulse length 30ps 4.4ps 20ps 3-20ps 6-15ps 6ps 4-10ps

on cathode square Flat top Flat top

Material Nd:YAG Nd:YLF Nd:YLF Ti:Saph Ti:Saph Nd:YLF Yb:CaF2
Nd:Glass

Harmonic 2nd 4th 34 and 3rd 3w 4th 4th
mixing

Macropulse reprate 1Hz Upto 10Hz | 10 Hz 30-12Hz Up to 50Hz 1-5Hz 100Hz

Micropulse reprate 14.44MHz 27 MHz 1 MHz 1.5 GHz Na (28ns multi-

bunch)
NA
Pulse train length 150ps 1 pulse- 800 pis 13 ps 2 pulses
800 s

Pumping FL D, FL FL L L L D

(FL:flashlamp;

D:diode; L: laser)

Energy/pulse IR 10 | 300 U 200 |J 25m) 15mJ 5w 2m)

Macrop. stability 3% ? 3% 0.8% 1.5-3% Na
(<10%) (<0.5% in IR)

Microp. stability ? 1-2% ? ? 0.7%

(.<5%)




PAUL SCHERRER INSTITUT

5 Outline

* Laser vs FEL
 Lasers used in FEL's
* Requirements/parameters/examples
—Photo-injector/gun lasers
» Laser heater
—Experimental lasers
—Seeding laser
—Diagnostics lasers
* The future of lasers in FEL's
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BS Why laser heater?

‘Laser heater’ suggested by Saldin et al., NIMA, 2004; LCLS design study: Z. Huang et al., PRST 2004
independently by J. Galayda (chicane suggested by T. Smith)
& 14 GeV Without Laser Heater 14 GeV With Laser Heater

0.5

o

1
&
O,

lative momentum deviation (%)

Relative momentum deviation

[
W
o

=1 0 15

. : : ')'“‘ -15 0 15
z(um) 1 Elegant simulations

Z(um)

The laser heater increases the uncorrelated momentum spread of the electron beam from
photocathode RF guns—> reduces micro-bunching instabilities

CAS CERN Accelerator School , 31st May-10t" June 2016 M.Divall Page 39
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S Laser heater/ requirements

. long 10’s of ps FWHM gaussian pulses

. beam-size to match electron beam

« wavelength to match undulator and noise to be eliminated (800nm to 1000nm)
* upto 100u)/pulse at the undulator

. pulse structure to match electron beam structure

Usually they can rely on the residual IR
(fundamental) radiation from the
photocathode drive laser

CAS CERN Accelerator School , 31st May-10th June 2016 M.Divall Page 40
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5 Outline

* Laser vs FEL
 Lasers used in FEL's
* Requirements/parameters/examples
—Photo-injector/gun lasers
—Laser heater
» Experimental lasers
—Seeding laser
—Diagnostics lasers
* The future of lasers in FEL's

CAS CERN Accelerator School , 31st May-10t" June 2016 M.Divall Page 41
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BS Requirements

Biological studies: visible and UV

fs-chemistry: 800nm

Study molecules: Mid-IR

Surface-magnetization: THz

Pump-probe crystallography

Need to be able to synchronize the laser to the X-rays
Needs to match pulse structure of the FEL

Need to be able to perform high resolution scans
Pulse-length to match X-ray pulse length

Some resonant experiments require tunable source and longer pulses

CAS CERN Accelerator School , 31st May-10t" June 2016 M.Divall Page 42



PAUL SCHERRER INSTITUT

S

European XFEL

The European XFEL mode of operation: 10Hz Burst

up to 2700 ,e- bunches“a 0.1...1 nC => eff. rep-rate: 27000 Hz

o0 s i il
_— — // V/ L
/N 4 t
:.// \\ 100 mS
/ <100 fs
/ A X-ray pulse
At=220ns S __ e
: . FEL \ -
45MHz t/ - process t

J 4 & 3

Match XFEL.:
800nm:

10Hz burst, 0 -4.5MHz
15 -300fs, mJ
Arbitrary pulse pattern selection

Frequency conversion

Talk: “Laser systems for science instruments”
M. J. Lederer. Laser Group WP78. European XFEL GmbH

CAS CERN Accelerator School , 31st May-10t" June 2016

M.Divall
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(== European XFEL experimental laser scheme

Sync 4.5MHz,
l 2 ul, 300fs
Seeder All-Fiber
1030nm —® CPA burst-mode [P AOM Compressor @
Front-End
SHGI1 NOPAI
1
15kW under SHGII NOPAII
investigation -
SHG III NOPA III

400W Innoslab 5kW Innoslab
Amplifier Booster

Compressor

Compressor (-D)
0.1...4.5MHz

40...1mJ l

400ps 800fs 0.1...4.5MHz
>2...0.08mJ

15...300fs

Page 44
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(=)= European XFEL experimental laser scheme

800nm burst-mode NOPA:

= burst average power of >300W

= up to >2mJd single pulse energy

= <15fs ... 300fs, close to transform limited
» nearly diffraction limited beam quality

= 4 .5MHz, 1.1MHz, 200kHz, 100kHz, arbitrary pulse sequences

1030nm burst-mode:

= Burst average power of >4kW

= up to 40md single pulse energy

= 800fs or 400ps

= M2<15

= 4.5MHz, 1.1MHz, 200kHz, 100kHz, arbitrary pulse sequences

Page 45
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European X-FEL

Experiment Hall

MID HED
SASE 2 PP PP TW
SHOCK
U1 PP-type
high rep-rate, sync
HE/HI-type
U2 1DH:y g
FXE SPB
SASE 1 PP MAL PP MAL
SCS SQS
SASE 3 PP MAL PP MAL

Types of experimental lasers:

PP pump-probe:
sub-15...300fs, mJ-class, 0...4.5MHz, 800nm
UV...mid-IR, THz

MAL molecular alignment:

sub-20fs, 1...10mJ, 800nm (,kick®)
or

¥
<

1J-class, 10Hz ns (,adiabatic”)

100TW high intensity (HI):
<30fs, 10Hz, 100 TW—class laser, Tisa

100J high energy (HE):
100J ... kJ-class ns-laser, 10Hz,

green, exp. ramp

Talk: “Laser systems for science instruments”
M. J. Lederer, Laser Group WP78, European XFEL GmbH
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BS European X-FEL

Clean room,
+/-0.1° C

Prep-area
+-1° C

CAS CERN Accelerator School , 31st May-10t" June 2016 M.Divall Page 47
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Core laser system:

«  Commercial Ti:Sa System

« >20mJ compressed

« <30fs

« 100Hz

« Redundant layout for reliability

Local installation in experimental station:

OPA:

« 1100 nm - <15’'000 nm
ca.1mJ - ca. 10 uJ
ca. 40 fs -<100fs

THz[3!:

« 1-10THz
>1 MV/cm, ca. 10 uJ
single cycle

Short pulsel“!:;
e« <10fs @ 800 nm
ca. 500 pJ
Pulse diagnostics
User accessible space ca. 1m?
[1]: Hebling et al. Appl. Phys. B, 78, 593, 2004
[2]: Juranic et al. JINST 9, P0O3006, 2014
[3]: Ruchert et al. PRL 110, 123902, 2013
[4]: Nisoli et al. Appl. Phys. Lett. 68, 2763, 1996

*: Laser Arrival Time Monitor

(/== SwissFEL experimental laser

LHx Experimental laser room

Laser | Laser Il ESB:

FEL Beam

ESB:

<
N
1

iagnostics

| Pulse Arrival Time & :
\ Length Monitor2 | experiment

Page 48
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(H» SwissFEL experimental laser

CAS CERN Accelerator School , 31st May-10th June 2016 M.Divall Page 49
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BS IR FEL'’s

Table-top laser systems installed in the FELBE user labs

Palbde-top laser systems ensiglled in the FELBERuser labs

L .
aser system duration SR epetition rate Wavelength range
80 fs 10 nJ 730 - 870 nm
Femtosecond Ti-sapphire laser
with optical parametric 78 MHz
. 200 fs 1n) 1.1-3.2 um
oscillator
Picosecond Ti-sapphire laser 2 ps 30 nJ 78 MHz 730 —980 nm
40fs 5w 800 nm
50 fs 160 nJ 100 - 250 kHz 1.2-2.4pum
100 fs 10nJ 2.6 -10 um
Femtosecond Ti-sapphire laser
with regenerative amplifier,
optical parametric amplifier,
and difference frequency mixer 35 fs 30 nJ 78 MHz 800 nm
<35fs 6 mJ 800 nm
100 f 2 1.15-2.
<100 fs >200 W 1 kHz 5-2.6 um
Femtosecond Ti-sapphire laser <100 fs >40 W 470 nm - 1.15 pum
with amplifier, dual optical
parametric amplifier, and
difference frequency mixer
15 fs 4n) 78 MHz 800 nm

All lasers can be synchronized to the FEL.

In addition, the fs laser systems are suitable for generating broad-band THz pulses, which can be used for probing
the dynamics excited with FEL pulses (FEL-pump - broadband THz-probe).

Page 50
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=)= Outline

* Laser vs FEL
 Lasers used in FEL's
* Requirements/parameters/examples
—Photo-injector lasers
—Laser heater
—Experimental lasers
—Seeding laser
—Diagnostics lasers
* The future of lasers in FEL's
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Laser Seeding vs SASE

1.0
0.8
306
5 0.4
S
20.2

0.0

—HHG

_______ |

— SASE

a comparison with the output
of an FEL seeded using

High Harmonic Generation (HHG)

-500

-250

0

time (fs)

500

Very high peak flux and higher 6D brightness than SASE
Temporal and transverse coherence of the FEL pulse.

Control of the time duration, polarization, wavelength and bandwidth of the FEL pulse.

Close to transform-limit pulses provide excellent resolving power

Inherent synchronization of the FEL pulse to the seed laser.

Reduction in undulator length needed to achieve saturation as compared to starting from noise

as in SASE FELs..
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(=J» Important requirements

» spatial overlap between electron bunch and laser pulse - good pointing
stability of optical laser

« stable harmonic parameter (pulse energy, chirp, frequency ...) from the
laser

« good temporal overlap between electron bunch and laser pulse

« time jitter between the laser and the electron bunch should be much
smaller than << g, for reliable operation

Lasersource
DAZILER s Half waveplate
| Aﬂmdulﬂq
- " h .-Fﬂ"-. EQ-probing ." falnrlnr

HHG-driving T .:_,_._. W

% Glass-block bulk stretcher 0
N — U EO crystak:
M Fiber spectrometer ;L'F R Znle
HHG chamber { A @ i
filled with xenon gas - s ] =
— ‘t -*'|fI In-vacuum undulator

Accelerator {3 EQ chamber

Tomizawa The first demonstration of EOS 3D-BCD monitor to maximize 3d-overlapping for HHG-seeded FEL

CAS CERN Accelerator School , 31st May-10th June 2016 M.Divall Page 53
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(=)= 30eV to 0.25keV laser needs for seeding

Table 17: Laser requirements for seeding 30 ¢V to 0.25 keV FELs. Yellow indicates that
some further development is needed; red indicates a need for significant R&D.

Laser Seed X-ray n Rep rate P.ve Comments
EEHG | 0.8 um 200nm | 2 nm >10"conv./ | 100 kHz and  10s W ~10s W] UV

100 GW up to 10 losses MHz burst 100s W for | and IR both

>10 fsec | GW burst required

(mlJ) CEP (evt.)
HGHG | 0.8 um 200nm | 20 nm >10"conv./ 100 kHz or 10s W CEP

10 GW 100 10 losses MHz burst 100s W for | stabilization

>10  fsec | MW burst required for

(100 wl) ultrafast pulses

<10 nm 10° HHG/ 100 kHz or kW R&D
1 MW 10 losses MHz burst 10s kW CEP (evt.)

>10 nm For burst
100 kW

Wim Leemans White Paper of the ICFA-ICUIL Joint Task Force — High Power Laser Technology for Accelerators
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0.25keV to 50 keV laser needs for seeding

Table 18. Laser requirements for seeding 0.25 keV to 50 keV FELs. Yellow indicates
that some further development is needed; red indicates a need for significant R&D.

>4 nm
1 PW
10 fsec
QUR))

4 pm
10 PW
10 fs
(100 J)

4 pm
10 PW
10 fs
(100 J)

4 nm
10 MW

0.025 nm

10°HHG/
100BW/
10 losses

(100 for narrower
bandwidth)

10°HHG/
100BW/
10 losses

10°HHG/
100BW/
10 losses

Wim Leemans White Paper of the ICFA-ICUIL Joint Task Force — High Power Laser Technology for Accelerators

Laser Seed X-ray n Rep rate | P, Comments
HHG+ 0.4-4 um | 20 nm I nm 10°HHG/ 100 kHz kW Possible n
HGHG or | 100 GW 100 kW 10 losses and MHz future - with
EEHG 10 fsec (burst) DPSS laser
(mlJ) pumped
OPCPA

Scalability  of
current  laser
amplifiers  to
higher reprate?

New laser

amplifier
technologies
needed

New laser
amplifier
technologies

needed
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Parameter
Tunability range (nm)
Peak power (MW)

Fermi ELETTRA HGHG

Tunable UV
210-280 (230-260)
100

Fixed UV
261, 197 (261)
>400

el

el

Pulse duration (fs) 100 (180) <150 (150-500)
Pulse Energy Stability RMS
5000 shots <4% <2%
Timing jitter (fs RMS) <50 (100) <50 (100)
Spot in modulator (mm, 1/e2) 1 1-1.2
Wavelength stability 10-4 <10-4
Beam quality (M2) <2 <1.5
Micra: & H égf’ % MKz H—f g:mF' L8
0-100 F;-I E#I /2: Balla:ced T e W
E=——————————— ”/ -. Ehl’nms. . 210-230 nm
owmn - $ : K mems
T @ % l J ‘ 1K
Seed . _-" @
Fain % ua \"-.,TH 260 nm I
Legend Ellte @ -‘ s
max. energy 6.5 mJ @ 50 Hz — 1 —H By
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[ HHG

* Higher-odd harmonics of the driving laser frequency (HHG)
* The HHG radiation forms ‘combs’ in frequency and time domains, resulting in as pulse
* Structures separated by half driving laser period

1. Laser field suppresses Cou- 2, Free electron gains momen- 3. Electron can recombine with

lomb barrier, thus electron tum in laser electric field parent ion and emit a photon
can tunnel out of the atom of higher energy
o
[
= \ ‘
2 i e ¥ }. - 10000 .
g T2, T2, H39
o / \
w N A / 8000 H45
B H33
Z
<
2 6000 ’ %
=
2
~
£z
£ 4000
£
[
2000 Al-Filter
o 0 LJ L)
) 50 55 60 65 70 75 80 85
ﬁ Energy [eV]

SFLASH 800 nm, 20mJ, 35 fs (off shelf system)

fs pulse

CAS CERN Acceler 315t May-10th June 2016
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(=)= Achievements with HHG

25
32
. + i
20 *
L}
|
2 15¢ \ T
£ ‘' 8 <
5 \\+ T | A
i \
|.|J10_ \\'I' T
.. 6 6 . .
u.:!":l' 5
°| Tt A |
NIRRTt
0 Y | ._‘ |
0 10 2 30 40 50

Wavelength (nm)

Figure 12: HHG state-of-the art, with the blue dashed line indicating 100 times the shot
noise at that wavelength. The number by the crosses indicate the number of QPM jets
needed. The triangles refer to HHG in Ar and Xe and the circles to QPM 1n capillaries.

The squares are achieved with two-colour mixing.

Wim Leemans, LBNL : White Paper of the ICFA-ICUIL Joint Task Force — High Power Laser Technology for Accelerators
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=)= Outline

* Laser vs FEL

 Lasers used in FEL's

* Requirements/parameters/examples
—Photo-injector lasers
—Experimental lasers
—Laser heater
—Seeding laser
—Diagnostics lasers

* The future of lasers in FEL's
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Solenoid coil Scattered photon

Photocathode ;
detection cell

DC-Gun
Driving laser

Beam splitter Optic delay line

Interaction cell Electron
beam
L3 |

Plat mirror driven by
Piezoelectric ceramic

v
—
z

Laser focus position

Scattering photon detecto

Laser

Bending magnet

« Electron beam bunch

Optics and laser
scanning system

Electron beam
bunch

, Electron beam bunch

26,
z ,15@/
| \
\ /l

X Laser detector

26

Laser wire scanner at CAEP FEL

Electron Beam

Beam energy (Ek) 250 keV
Beam repetition rate (f) 54.167 MHz
RMS bunch length (0z) 15 ps
Charge per bunch (Q) 100 pC

Tr.e Emittance ( €x, €y) 1.5 mm.mrad

Transverse beam size (0x, oy) 1000 um
Laser Beam

Wavelength (AL) 532 nm
RMS waist size (ow) 50 ym
Repetition rate (f) 54.167 MHz

Pulsed energy at interaction point (W) 55.4 nJ

Focal length (fL) 1000mm
Beam quality (M2) 1.4
Pulse duration (oL) 5 ps
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(== EOM based bunch length measurements

GaP or
ZnTe
f""““—l"ﬁre?"'°'l—ﬂ'ﬂﬂ s {o]F 1. Sampling:

P P - multi-shot method
smmsmmm——— il ottt - arbitrary time window possible
Scanning Delay Sampling
grating
| Gfﬁr%’ ,t—mﬁ— 2. Chirp laser method, spectral
fs laser |2 QPUCAL encoding):

- laser bandwidth limited~ 250fs

"""""""""""" |. Wilke et.al., PRL Vol.88, No.12
Spectral Decoding

l cylindical

telescope

3. Spatial encoding:
. '. - imaging limitation ~ 30-50 fs
A. Cavalieri, et. al., PRL. 94, 114801

fs laser

Spatial Decoding

l fixed l l 4. Temporal decoding:
del . .
f5|a5er<|: s GaP or I l_ -laser pulse length limited ~ 30fs
optical ﬂ I = i 880 S.P. Jamison, et.al., PRL Vol.93, No.11
p P

Temporal Decodina X

T Lefevre CERN
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(/==)» THz streak camera

Electron kinetic energy (eV)

Time delay (ps)

Electron

detector \ R
Electron energy shift ™\
i distribution\ /
Laser light “ | |

/ field &

W |
-

Energy

Photoelectron

*“Electrons emission

X-ray pulse

Secondary-electron
—___~~ emission
500 0 -500

Time (attosec)

* The linear part of the electric field from the laser has to match the bunchlength

« The field has to be strong enough to deviate the electrons
“Single-shot Terahertz field driven X-ray streak-camera”, Nature Photonics doi: 10.1038/NPHOTON.2009.160.
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o Hj» AMO at LCLS

Infrared pulse

X-ray pulse

Vacuum chamber AMO

Helml et al. Nature Photonics Volume: 8, Pages:950-957 Year published:(2014) DOI:doi:10.1038/nphoton.2014.278

CAS CERN Accelerator School , 315t May-10th June 2016 M.Divall Page 63



PAUL SCHERRER INSTITUT

BS FERMI all in one

Stabllized optical reference distribution |—»| Sged

SN - 3

Injector " L L
Laser

{1111

Upﬁcal Masfer Oscillator >| User
Laser

UNDULATORS

GUN LINAC
Ti:S Oscillator Ti:S Amplifier
T™U A+ e Exp Stations

T _@ L I O . FEL sead

S 230_261 om.up o 0.1 . '
BOCC OPA [———2=25- FEL seed NFFA Workshop Dec 2014 Miltcho Danailov

tRef
Lt
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5 Outline

* Laser vs FEL
 Lasers used in FEL's
* Requirements/parameters/examples
—Photo-injector/gun lasers
—Laser heater
—Experimental lasers
—Seeding laser
—Diagnostics lasers
» The future of lasers in FEL’s
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BS Performance

1E36 T T | | ; | |
1E34 Phase- i
= 4p3p]| Matched ~ XFEL
m 1 Gas HHG N
==
= 1E30 4 35fs,10Hz 1
Loty
ﬁ ;;E 1E28 + -
cC T 1
G L 1E24 - v ps e Betatron(?) .
X 1 Solid HHG
3 E B2 W 500fs, <<1Hz & i
w  1E20 - 100fs,kHz i
S 1 Gas HHG e 1
S 1E18 0Afs,100kHz % . '{3[:9:"5;5"3?'“:9-
2 ] T ~ ot elecs) ps,Hz -
& E16]  Tetser N ps.Hz 1
1 Thermal \
1E14 47 _5=0.15kev ps,kHz \ Themson -
1 7 . 100fs, Hz
1E12 : ; i i L : :
0 1 2 3 4 5 i3 7
See also Smith and KE\. 10 10 1(:' 10 10 10 1‘:' 10
J.Phys. IV F e 11 Pr2-383
2001 o Photon Energy (eV)

Future challenges for the laser:

Higher repetition rates (enabled by RF)

Eventually J’'s of energy to drive laser plasma accelerators
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(/== FEL’s at laser facilities ©

* http://pbpl.physics.ucla.edu/Research/Theory/High_Power FEL/Laser Pumping/

BC1
Compressor
LC1 Linac U Remainder of LCLS Linac
)}
[[}:% =S = C]r"h/—\ D O to X-ray Undulator

TIi:S Amplifier

- ea:¢D-

Flashlamp Diode Laser FEL
Avg. : : :
Er, Very high High Low High
Peak Medium Low High  Very High
Energy 8 y e
Heat Load  High Low Low Very Low
Wa"ti'eng VIS IR-NIR  IR-UV  IR-UV
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()= Wir schaffen Wissen — heute fiir morgen
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“l==

Are you a-wake? What do you see?

e " o -
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