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1.51.5‐‐Å FEL Saturation at 65 m (of 112 m)Å FEL Saturation at 65 m (of 112 m)

This success motivates This success motivates 
an extension ofan extension of thethean extension of an extension of the the 
capacity, capabilities, capacity, capabilities, 
and quality of this and quality of this 
revolutionary new light revolutionary new light e o ut o a y e g te o ut o a y e g t
source.source.



UltraUltra‐‐Short Pulses in Operation at Short Pulses in Operation at LCLSLCLSgungun
Measurements at 20 pC

BC2
4 3 GeV

BC2
4 3 GeV

BC1
250 MeV

BC1
250 MeV

L1SL1S

L2-linacL2-linac L3-linacL3-linac
DL1

135 MeV
DL1

135 MeV

μμ
w

al
l

w
al

l

undulator
4-14 GeV
undulator
4-14 GeV4.3 GeV4.3 GeV250 MeV250 MeV135 MeV135 MeV 4 14 GeV4 14 GeV

EEpeak currentpeak current
monitormonitor (CSR)(CSR)

EE

tt

d

monitor monitor (CSR)(CSR)

ggas detectoras detector

tt

under-
compressed

ΔΔϕϕ = = ++0.6º0.6º

ggas detectoras detector
(FEL power)(FEL power)

overover--
compressedcompressed

ΔΔϕϕ = = −−0.5º0.5º

EE
fullyfully

compressedcompressed

P EmmaP Emma

1.5 1.5 ÅÅ tt

ΔΔϕϕ

P. EmmaP. Emma



ΔΔϕϕ = +1= +1°°ΔΔϕϕ = +1= +1°°UltraUltra‐‐Short Short XX‐‐ray Pulseray Pulse
Simulations SuggestSimulations Suggest

ΔΔττ = 5 0 = 5 0 fsfsΔΔττ = 5 0 = 5 0 fsfsΔΔττ = 5 0 = 5 0 fsfs

ΔΔϕϕ = +0.5= +0.5°°ΔΔϕϕ = +0.5= +0.5°°
Simulations Suggest Simulations Suggest 
<10 fs FWHM<10 fs FWHM

ΔΔττ = 5.0 = 5.0 fsfsΔΔττ = 5.0 = 5.0 fsfsΔΔττ = 5.0 = 5.0 fsfs

ΔΔττ = 2 3 = 2 3 fsfsΔΔττ = 2 3 = 2 3 fsfsΔΔττ = 2 3 = 2 3 fsfs

ΔΔϕϕ = 0= 0°°ΔΔϕϕ = 0= 0°°

ΔΔττ = 2.3 = 2.3 fsfsΔΔττ = 2.3 = 2.3 fsfsΔΔττ = 2.3 = 2.3 fsfs

ΔΔττ = 1 1 = 1 1 fs FWHMfs FWHMΔΔττ = 1 1 = 1 1 fs FWHMfs FWHMΔΔττ = 1 1 = 1 1 fs FWHMfs FWHM

ΔΔϕϕ = = −−0.50.5°°ΔΔϕϕ = = −−0.50.5°°

ΔΔττ = 1.1 = 1.1 fs FWHMfs FWHMΔΔττ = 1.1 = 1.1 fs FWHMfs FWHMΔΔττ = 1.1 = 1.1 fs FWHMfs FWHM

ΔΔττ = 1 9 = 1 9 fsfsΔΔττ = 1 9 = 1 9 fsfsΔΔττ = 1 9 = 1 9 fsfs

ΔΔϕϕ = = −−11°°ΔΔϕϕ = = −−11°°

XX--ray pulse duration ray pulse duration should should 
P. EmmaP. Emma

ΔΔττ = 1.9 = 1.9 fsfsΔΔττ = 1.9 = 1.9 fsfsΔΔττ = 1.9 = 1.9 fsfs

ΔΔττ = 4 2 = 4 2 fsfsΔΔττ = 4 2 = 4 2 fsfsΔΔττ = 4 2 = 4 2 fsfs

y py p
be be <10 <10 fs (FWHM), fs (FWHM), but no but no 
measurement possible yetmeasurement possible yet

nownow delivered to usersdelivered to usersΔΔττ = 4.2 = 4.2 fsfsΔΔττ = 4.2 = 4.2 fsfsΔΔττ = 4.2 = 4.2 fsfs
20 pC bunch charge20 pC bunch charge
3 keV initial rms slice energy spread3 keV initial rms slice energy spread
0.230.23--mm initial rms bunch lengthmm initial rms bunch length

…now …now delivered to usersdelivered to users



enclosure existsenclosure exists

LCLSLCLS‐‐II:II: New Injector & AcceleratorNew Injector & Accelerator

RFRF
gungun--11

L0L0

enclosure exists enclosure exists 
at sector 10at sector 10RFRF

gungun--22

L0L0′′

33--7 GeV 7 GeV ee−− bypass bypass lineline
33--7 GeV7 GeV

new undulatorsnew undulators

XX
undulatorundulatorL1L1 L2L2 L3L3BC1BC1 BC2BC2

33--15 GeV15 GeV
L3L3′′

XX

L1L1′′ L2L2′′BC1BC1′′ BC2BC2′′
33 15 GeV15 GeV

sectorsector--1010 sectorsector--2020 sectorsector--2424sectorsector--1414
existing LCLSexisting LCLS

undund--hallhallsectorsector--3030
SectorSector--20 wall20 wall

UseUse 22ndnd kmkm ofof SLACSLAC linaclinac (sector(sector 1010 toto 2020))UseUse 22ndnd kmkm ofof SLACSLAC linaclinac (sector(sector--1010 toto 2020))

33--77 GeVGeV energyenergy (no(no SLED)SLED) allowsallows possiblepossible 360360--HzHz beambeam raterate

22ndnd injector,injector, linac,linac, && bypassbypass lineline allowsallows 22++ independentindependent FELsFELs servingserving 22 experimentsexperiments
simultaneouslysimultaneously withwith flexibleflexible parametersparameters

CombiningCombining beamsbeams allowsallows xx--rayray probeprobe withwith decoupleddecoupled wavelengths,wavelengths, pulsepulse width,width,
energy,energy, andand timingtiming

PreservesPreserves possibilitypossibility forfor upup toto 3030 GeVGeV (and(and stillstill oneone moremore km!)km!)

P. EmmaP. Emma



Phased Enhancement Plan for LCLS‐II FELsPhased Enhancement Plan for LCLS‐II FELs

full polarization full polarization 
controlcontrol

66--60 60 ÅÅ
adjust. gap adjust. gap 

66--60 60 ÅÅ
adjust. gap adjust. gap 

3-7-GeV SXR and 
3-15-GeV HXR 
simultaneous op’s 
with bypass line

22--pulse pulse 
22--colorcolorEEHG*?EEHG*?

full polarization full polarization 
controlcontrol

FEE-2
SXR2 (36 m)

5 mSXR1 (36 m)
33--77--GeV GeV bypassbypass

240 nm 240 nm 
66

5 m

33--15 15 GeVGeV

SHAB

selfself--seeding seeding 
optionoption

→→ 6 nm6 nm

PhasePhase--11

FEE-1
Existing 112-m Undulator (1.2-25 Å)SHAB

30 mShortened 80-m (1.2-25 ÅÅ)

ExistingExistingPhasePhase--22PhasePhase--33

Increased fixed-gap: 112 m (0.62-12 ÅÅ)0.62-12 ÅÅ (54 m) 0.62-12 Å (54 mÅ (54 m)

selfself--seeding seeding 
HXR optionHXR optionPhasePhase 11

0.620.62--12 Å12 Å
1010 20 GW20 GW

ExistingExistingPhasePhase 22PhasePhase 33 HXR optionHXR option
(2 bunches)(2 bunches)

1010--20 GW20 GW

No civil construction.  Uses existing beam energy and No civil construction.  Uses existing beam energy and qualiltyqualilty..
* G. * G. StupakovStupakov, Phys. Rev. , Phys. Rev. LettLett. . 102102, 074801, 074801 (2009) (2009) 



Fast Path to Producing FEL 2Fast Path to Producing FEL 2ndnd HarmonicHarmonic
16 16 keV keV == 0.75 0.75 Å  (up to 20 keV at 15 GeV)Å  (up to 20 keV at 15 GeV)

1 5 Å ( d 0 5 Å)1 5 Å ( d 0 5 Å) KK 3 53 5 0 750 75 ÅÅ KK 2 262 26

λλ/2/222ndnd harm.harm.
bunchingbunching

1.5 Å (and 0.5 Å), 1.5 Å (and 0.5 Å), KK = 3.5 = 3.5 0.75 0.75 Å, Å, KK = 2.26= 2.26
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chicanechicane

Self-Seeded FELSelf-Seeded FEL
chicanechicane

11stst undulatorundulator 22ndnd undulatorundulatorgrazing grazing 
mirrorsmirrors FELFEL

electronelectron
SASE FELSASE FEL

gratinggrating

Seeded FELSeeded FEL

mirrorsmirrors

slitslit

electron electron gratinggrating e ec oe ec o
dumpdump

FEL spectrum at ~26 m in FEL spectrum at ~26 m in 22ndnd

FWHM FWHM 

undulatorundulator for seed of 0.1 MW for seed of 0.1 MW 
((black) and 0.01 MW () and 0.01 MW (redred))J. WuJ. Wu

6 nm6 nm
3.13.1××1010−−44

0.01 MW0.01 MW0.1 MW0.1 MW

10 MW10 MW

11stst undulatorundulator 22ndnd undulatorundulator



LCLSLCLS Beam Beam Supports Supports 2525‐‐keVkeV (0.5 (0.5 ÅÅ) FEL at 14 GeV) FEL at 14 GeV
increase undulator increase undulator gap furthergap further
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The next 6 slides will The next 6 slides will 

graphically outline 6 graphically outline 6 LCLSLCLS‐‐IIII

operating modes…operating modes…

11 Hard XHard X--ray SASEray SASE1.1. Hard XHard X--ray SASEray SASE
2.2. Soft XSoft X--ray SASEray SASE
3.3. Soft XSoft X--ray Self Seedingray Self Seeding3.3. Soft XSoft X ray Self Seedingray Self Seeding
4.4. TwoTwo--pulse, twopulse, two--color soft xcolor soft x--rays (one rays (one ee−− bunch)bunch)
5.5. TwoTwo--pulse, twopulse, two--color soft xcolor soft x--rays (two rays (two ee−− bunches)bunches)pp y (y ( ))
6.6. Seeded soft xSeeded soft x--ray FEL (‘Echo’)ray FEL (‘Echo’)
7.7. Self Seeding of hard xSelf Seeding of hard x--rays (two rays (two ee−− bunches)bunches)



l i ti t ll i ti t l

1.  1.  LCLSLCLS--II:II: Hard XHard X--Ray SASERay SASE1.  1.  LCLSLCLS--II:II: Hard XHard X--Ray SASERay SASE
polarization controlpolarization control polarization controlpolarization control

66--60 60 ÅÅ
adjust. gap adjust. gap 

66--60 60 ÅÅ
adjust. gap adjust. gap 

22--pulse pulse 
22--colorcolor

polarization controlpolarization control

FEE-2
SX2 (36 m)

A
PU
j g pj g p j g pj g p

SectorSector--10 10 Gun Gun 
SX1 (36 m)

A
PU

A
PU

A
PU

selfself--seeding optionseeding option

SectoSecto 00 GuGu
33--77--GeV GeV BeamBeam

SectorSector--20 20 Gun Gun polarization controlpolarization control

FEE-1

3.43.4--1515--GeV GeV BeamBeam SHAB
(0.62-12 Å)

LCLS-I Undulator
(1.2-25 Å)

dd ÅÅ

Larger Gap Undulator (80 m)
(0.62-12 Å)

A
PU

A
PU

22ndnd harmonicharmonic afterafter--burnerburner inin 20102010 ((00..6262--1212 Å,Å, 11--22 GW)GW)
LCLSLCLS--IIII opensopens allall 3333 undulatorsundulators gapsgaps ((00..6262--1212 Å,Å, 55--2020 GW)GW)
OrOr (?)(?) replacereplace allall withwith variablevariable gapgap ((00..6262--2525 Å,Å, 55--2020 GW)GW)

Z. Huang, S. Reiche, FEL’04, 201, (2004).Z. Huang, S. Reiche, FEL’04, 201, (2004).



l i ti t ll i ti t l

2.  2.  LCLSLCLS--II:II: SX2 (or SX1) SASESX2 (or SX1) SASE2.  2.  LCLSLCLS--II:II: SX2 (or SX1) SASESX2 (or SX1) SASE
l i ti t ll i ti t l polarization controlpolarization control

66--60 60 ÅÅ
adjust. gapadjust. gap

66--60 60 ÅÅ
adjust. gapadjust. gap

22--pulse pulse 
22--colorcolor

polarization controlpolarization control

FEE-2
SX2 (36 m)

A
PU

adjust. gap adjust. gap adjust. gap adjust. gap 

SectorSector--1010 GunGun
SX1 (36 m)

22 colorcolor

A
PU

A
PU

A
PU

SectorSector--20 20 Gun Gun 

selfself--seeding optionseeding option

SectorSector 10 10 Gun Gun 
33--77--GeV GeV BeamBeam

polarization controlpolarization control

FEE-1

3.43.4--1515--GeV GeV BeamBeam SHAB
(0.62-12 Å)

LCLS-I Undulator
(1.2-25 Å)

A
PU

A
PU

SimplestSimplest useuse ofof newnew softsoft xx--rayray lineline withwith SASESASE fromfrom SXSX22
FullFull polarizationpolarization controlcontrol (fast(fast atat 8080%% oror slowslow atat ~~100100%%))

Y. Ding, Z. Huang, Y. Ding, Z. Huang, PhysPhys. Rev. ST. Rev. ST--AB AB 1111, 030702 (2008)., 030702 (2008).



LCLSLCLS--II:II: SX1/SX2 SX1/SX2 UndularUndular DesignDesign
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l i ti t ll i ti t l

3.  3.  LCLSLCLS--II:II: Soft XSoft X--Ray SelfRay Self--SeedingSeeding3.  3.  LCLSLCLS--II:II: Soft XSoft X--Ray SelfRay Self--SeedingSeeding
l i ti t ll i ti t l polarization controlpolarization control

66--60 60 ÅÅ
adjust. gapadjust. gap

66--60 60 ÅÅ
adjust. gapadjust. gap

22--pulse pulse 
22--colorcolor

polarization controlpolarization control

FEE-2
SX2 (36 m)

adjust. gap adjust. gap adjust. gap adjust. gap 

SectorSector--1010 GunGun
SX1 (36 m)

22 colorcolor

A
PU

A
PU

A
PU

A
PU

selfself--seeding optionseeding option

SectorSector 10 10 Gun Gun 
33--77--GeV GeV BeamBeam

SectorSector--20 20 Gun Gun polarization controlpolarization control

FEE-1

3.43.4--1515--GeV GeV BeamBeam SHAB
(0.62-12 Å)

LCLS-I Undulator
(1.2-25 Å)

A
PU

A
PU

SXSX11 pulsepulse passespasses monochromatormonochromator andand seedsseeds SXSX22 pulsepulse
NarrowNarrow bandwidthbandwidth SXRSXR pulsepulse BWBW toto <<1010−−44 FWHMFWHM ((66--6060 Å)Å)
CanCan alsoalso useuse chirpedchirped bunchbunch toto generategenerate shortshort pulsepulse (<(<5050 fs)fs)

J. J. FeldhausFeldhaus et alet al.., , Opt. Opt. CommunCommun. . 140140, 341 (1997)., 341 (1997).



l i ti t ll i ti t l

4.  4.  LCLSLCLS--II:II: SX1&2 SASE, SX1&2 SASE, OneOne--Bunch, TwoBunch, Two--ColorColor4.  4.  LCLSLCLS--II:II: SX1&2 SASE, SX1&2 SASE, OneOne--Bunch, TwoBunch, Two--ColorColor

l i ti t ll i ti t l polarization controlpolarization control

66--? ? ÅÅ
adjust. gap adjust. gap 

??--60 60 ÅÅ
adjust. gap adjust. gap 

22--pulse pulse 
22--colorcolor

polarization controlpolarization control

FEE-2

j g pj g p j g pj g p

SectorSector--10 10 Gun Gun 
SX1 (36 m)

A
PU

A
PU

A
PU

A
PUSX2 (36 m) λλ11

selfself--seeding optionseeding option

SectoSecto 00 GuGu
33--77--GeV GeV BeamBeam

SectorSector--20 20 Gun Gun 

λλ22

polarization controlpolarization control

FEE-1

3.43.4--1515--GeV GeV BeamBeam

OneOne ee−− bunchbunch producesproduces 22 SXRSXR pulsespulses ((00--1515 psps separation)separation) forfor pumppump probeprobe

SHAB
(0.62-12 Å)

LCLS-I Undulator
(1.2-25 Å)

A
PU

A
PU

OneOne ee bunchbunch producesproduces 22 SXRSXR pulsespulses ((00--1515 psps separation)separation) forfor pumppump probeprobe
DeliverDeliver bothboth pulsespulses toto oneone experimentexperiment oror splitsplit themthem toto twotwo
SXSX22 pulsepulse colorcolor ((λλ22)) mustmust bebe longerlonger wavelengthwavelength thanthan SXSX11 ((λλ11))

Angled SX2 suggested by J. Hastings and P. HeimannAngled SX2 suggested by J. Hastings and P. Heimann



5.  5.  LCLSLCLS--II:II: SX1&2 SASE, SX1&2 SASE, TwoTwo--Bunch, TwoBunch, Two--ColorColor5.  5.  LCLSLCLS--II:II: SX1&2 SASE, SX1&2 SASE, TwoTwo--Bunch, TwoBunch, Two--ColorColor
DC Dipole MagnetDC Dipole MagnetFast Kicker MagnetFast Kicker Magnet

66--60 60 ÅÅ
adjust. gapadjust. gap

66--60 60 ÅÅ
adjust. gapadjust. gap

DC Dipole MagnetDC Dipole MagnetFast Kicker MagnetFast Kicker Magnet

adjust. gap adjust. gap adjust. gap adjust. gap 

SectorSector--1010 GunGun
SX1 (36 m)

FEE 2

colorcolor--11
SectorSector 10 10 Gun Gun 
33--77--GeV GeV BeamBeam

SectorSector--20 20 Gun Gun 

FEE-2

ee−− DumpDump
polarization controlpolarization control

FEE-1

3.43.4--1515--GeV GeV BeamBeam

TwoTwo ee−− bunchesbunches 1010--100100 nsns apartapart (no(no pumppump probeprobe here)here)

SHAB
(0.62-12 Å)

LCLS-I Undulator
(1.2-25 Å)

A
PU

A
PU

TwoTwo ee bunchesbunches 1010 100100 nsns apartapart (no(no pumppump probeprobe here)here)
OneOne fastfast kickerkicker && oneone DCDC –– eacheach bunchbunch laseslases inin justjust oneone FELFEL
AllowsAllows 22 SXRSXR experimentsexperiments simultaneouslysimultaneously ((useruser doublerdoubler))
TwoTwo colorscolors cancan bebe anyany valuevalue ((66 6060 Å)Å)TwoTwo colorscolors cancan bebe anyany valuevalue ((66--6060 Å)Å)

Suggested by J. Frisch and independently by R. Brinkmann Suggested by J. Frisch and independently by R. Brinkmann et al.et al.



l i ti t ll i ti t l

6.  6.  LCLSLCLS--II:II: Echo Seeding of SX1 or SX2Echo Seeding of SX1 or SX26.  6.  LCLSLCLS--II:II: Echo Seeding of SX1 or SX2Echo Seeding of SX1 or SX2
l i ti t ll i ti t l polarization controlpolarization control

66--60 60 ÅÅ
adjust. gapadjust. gap

66--60 60 ÅÅ
adjust. gapadjust. gap

22--pulse pulse 
22--colorcolor

polarization controlpolarization control

GG

240 nm 240 nm 
→→ 6 nm6 nm

FEE-2
SX2 (36 m)

A
PU

adjust. gap adjust. gap adjust. gap adjust. gap 

SX1 (36 m)

22 colorcolor

A
PU

EEHGEEHG

A
PU

A
PU

SectorSector--20 20 Gun Gun 

selfself--seeding optionseeding option
SectorSector--10 10 Gun Gun 
33--77--GeV GeV BeamBeam

polarization controlpolarization control

FEE-1

3.43.4--1515--GeV GeV BeamBeam

ÅÅ

SHAB
(0.62-12 Å)

LCLS-I Undulator
(1.2-25 Å)

A
PU

A
PU

ExternalExternal seedingseeding ((3030--6060 Å)Å) usingusing EchoEcho--EnhancedEnhanced HarmonicHarmonic GenerationGeneration (EEHG*)(EEHG*)
AllowsAllows narrownarrow BWBW andand longitudinallongitudinal coherencecoherence

* G. Stupakov, Phys. Rev. * G. Stupakov, Phys. Rev. LettLett. . 102102, 074801, 074801 (2009) (2009) 



ss
ht

ne
ss

ht
ne

ss
k 

B
rig

h
k 

B
rig

h
P

ea
k

P
ea

k



LCLSLCLS‐‐IIII Timeline, Timeline, Compatible with OperationsCompatible with Operations

R&DR&D CDRCDR InstallationInstallation

ED&IED&I

FabricationFabrication

CD 1CD 1 CD 2 3CD 2 3 CD 3CD 3 CD 4CD 4CD 0CD 0

FY12FY12 FY13FY13 FY15FY15FY14FY14 FY16FY16 FY17FY17FY11FY11

CD 1CD 1 CD 2, 3aCD 2, 3a CD 3CD 3 CD 4CD 4

FY10FY10

CD 0CD 0

FY18FY18

Facilities Facilities 
InstallationInstallation

Annual 3 month Annual 3 month 
summer downtimesummer downtime

PhasePhase‐‐1 1 
InstallationInstallation PhasePhase‐‐2  2  InstallationInstallation



LCLS-II SummaryLCLS-II Summary
SoftSoft XX‐‐RaysRays::

Two‐pulse, two‐color, variable delay (6‐60 Å) using one e− bunch or two
Self‐seeding option for narrow bandwidth (~10−4 at 6‐60 Å)
Full polarization control in both SASE and self‐seeded modes (fast & slow)
Single femtosecond near‐transform limited spike in low‐charge mode
3‐7 GeV bypass line allows simultaneous soft and hard x‐ray operations in
two separate beamlines with completely independent parameters

H dH d XX RRHardHard XX‐‐RaysRays::
Shorter wavelength hard x‐rays (0.62 Å) by modifying all undulators
2‐10 femtosecond pulses possible in low‐charge mode
Full polarization control at any fundamental wavelength
Self‐seeding option with two electron bunches and a short chicane (4 m)
And… 22‐30 GeV still possible by using both 1‐km linacs (3rd km still open)



End of  Presentation


