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The VisionThe Vision……

John Madey, 1971

“…possibility of partially coherent radiation sources in the … x-ray 
regions to beyond 10 keV.”
“…possibility of partially coherent radiation sources in the … x-ray 
regions to beyond 10 keV.”



Hard X-ray FELs

Euro X-FEL at DESY (0.1-6 nm)

SCSS at Spring8 in Japan (0.1-3.6 nm)

PSI-FEL in Switzerland (0.1-7 nm)

LCLS at SLAC in USA (0.15-1.5 nm)

……and many soft xand many soft x--ray ray FELsFELs taking shape around the globetaking shape around the globe

This talk will concentrate on LCLS, with first lasing and 
FEL saturation at 1.5 Å…
This talk will concentrate on LCLS, with first lasing and 
FEL saturation at 1.5 Å…



Good UpGood Up--Time and Performance (24Time and Performance (24--hr plot)hr plot)



X-ray FEL requires extremely bright e- beam

Power grows exponentially with undulator distance, z

…but only if time-sliced energy spread << 0.1%
and the transverse emittance is ~λ1/4π (<1 μm)

FEL power reaches saturation at ~20LG
SASE performance depends exponentially on e-

beam quality (emittance & peak current) !

local peak currentlocal peak current

…power gain length:

timetime--sliced sliced emittanceemittance

Z. HuangZ. Huang



Paul Emma has shown this slide many 
times over the years…

LCLSLCLS requires very bright electron beam (requires very bright electron beam (emittanceemittance))……

courtesy S. Reiche

P ≈ 10 GWεN = 1.2 μm

P ≈ 0.1 GWεN = 2.0 μm

SASE FEL is not forgiving — instead of mild luminosity 
loss, power nearly switches OFF

electron beam must meet brightness requirements

Finally, these worries 
have been relieved



LinacLinac Coherent Light Source at Coherent Light Source at SLACSLAC

Injector (35Injector (35ºº))
at 2at 2--km pointkm point

Existing 1/3 Existing 1/3 LinacLinac (1 km)(1 km)
(with modifications)(with modifications)

Near Experiment HallNear Experiment Hall

Far ExperimentFar Experiment
HallHall

UndulatorUndulator (130 m)(130 m)

X-FEL based on last 1-km of existing 3-km linacX-FEL based on last 1-km of existing 3-km linac

New New ee−− Transfer Line (340 m)Transfer Line (340 m)

1.51.5--15 15 ÅÅ
(14(14--4.3 4.3 GeVGeV))

XX--ray ray 
Transport Transport 
Line (200 m)Line (200 m)

UCLAUCLA



BC2
4.3 GeV

BC2
4.3 GeV

BSY
14 GeV

BSY
14 GeV
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5.0 GeV
TCAV3
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DL2
14 GeV

DL2
14 GeV

undulator
14 GeV

undulator
14 GeV

4 wire
scanners
+ 6 coll’s

4 wire
scanners
+ 6 coll’s vert.

dump
vert.
dumpstopperstopper

LCLS Machine Layout

Accelerator is last 1Accelerator is last 1--km of SLAC km of SLAC linaclinac (14 (14 GeVGeV))
RF photocathode gun and offRF photocathode gun and off--axis injectoraxis injector
Two bunch compressors + Two bunch compressors + ‘‘laser heaterlaser heater’’
Two transverse RF deflectors for timeTwo transverse RF deflectors for time--resolved beam measurementsresolved beam measurements
XX--band (12 GHz) compression band (12 GHz) compression linearizerlinearizer
4 4 emittanceemittance diagnostic stations + 4 spectrometersdiagnostic stations + 4 spectrometers
Primary and secondary collimation sectionsPrimary and secondary collimation sections
Fixed gap, planar, 132Fixed gap, planar, 132--m m undulatorundulator at 14 at 14 GeVGeV + 1+ 1--μμmm res. RF res. RF BPMsBPMs
Near and Far Experimental Halls + 500 m of xNear and Far Experimental Halls + 500 m of x--ray transportray transport



Commissioning of the LCLS

Laser, gun, & injector commissioned: 2007
Linac & bunch compressors commissioned: 2008
First beam through undulator beamline: Dec. 13, 2008
21 undulator magnets installed & ready: April 7, 2009
First lasing at 1.5 Å: April 10, 2009 (first try!)
1.5 Å FEL saturation observed:  April 14, 2009 (after 
BBA)
First user run: AMO  Oct.-Dec. 2009
Second user run: AMO;SXR  May-Sept. 2009

2 s
hots!

2 s
hots!



Injector Transverse Projected Emittance <0.5 μm

135 135 MeVMeV
0.25 0.25 nCnC

35 A35 A

γεγεxx ≈≈ 0.43 0.43 μμmm

γεγεyy ≈≈ 0.46 0.46 μμmm

D. DowellD. Dowell

Exceptional beam Exceptional beam 
quality from Squality from S--band band 
CuCu--cathcath. RF gun. RF gun……

TimeTime--sliced sliced emittanceemittance:  0.3:  0.3--0.4 0.4 μμmm



132 meters of FEL Undulator Installed

All 33 All 33 undulatorsundulators
installed installed 

July 22, 2009July 22, 2009



Cavity BPM (<0.5 μm)Cavity BPM (<0.5 μm)
Quadrupole
magnet
Quadrupole
magnet

3.4-m
undulator
magnet

3.4-m
undulator
magnet

Beam Finder Wire (BFW)Beam Finder Wire (BFW)

CAM-based 
5-DOF 
motion 
control

CAM-based 
5-DOF 
motion 
control

beam
direction
beam
direction

X-translation 
(in/out)

X-translation 
(in/out)

Wire Position 
Monitor
Wire Position 
Monitor

Hydraulic Level 
System
Hydraulic Level 
System

sand-filled, 
thermally 
isolated 
supports

sand-filled, 
thermally 
isolated 
supports

Undulator Girder with 5-DOF Motion Control + IN/OUT



First Attempts at FEL Lasing – April 10, 2009…
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21 undulator magnets installed (slots 13-33)

Insert one undulator magnet at a time.  Correct orbit, 
check field integrals, & spontaneous radiation pattern
After 10 undulators inserted, we begin to see a 
smaller spot at center of screen (still 500 A)

Use beam screen installed 50 meters past undulator
(FEE diagnostics not ready until late June)

Reduce peak current to 500 A (normally 3000 A)

So we insert 12 undulators and then slowly raise the 
peak current back to 3 kA…

FEL light!



Undulator Gain Length Measurement at 1.5 Å:  3.3 m
γεγεx,yx,y ≈≈ 0.4 0.4 μμm (slice)m (slice)
IIpkpk ≈≈ 3.0 kA3.0 kA
σσEE//EE ≈≈ 0.01% (slice)0.01% (slice)
(25 of 33 (25 of 33 undulatorsundulators installed)installed)



Also monitor 
and calibrate 
gas detector 
readings

←← ~100 meters  ~100 meters  →→

vary FEL power with oscillations & record e− energy loss

1.5 1.5 ÅÅ

FEL e− Energy-Loss Shows >2 mJ per X-ray Pulse

HorizontalHorizontal
DogDog--LegLeg
BPMsBPMs

DumplineDumpline
BPMsBPMs

vertical bendsvertical bends

10 MeV/e− (2.4 mJ)10 10 MeV/MeV/ee−− (2.4 (2.4 mJmJ))



Normalized phase space Normalized phase space centroidcentroid jitter jitter after BC1after BC1 (~4% of (~4% of rmsrms beam size)beam size)

D. D. RatnerRatner

Stability is Stability is 
not so far off not so far off 
of our goals of our goals 

(~10%)(~10%)

…… near near end of end of linaclinac (~12% of (~12% of rmsrms beam size, but sometimes larger)beam size, but sometimes larger)

Thanks to Thanks to 
ControlsControls
group for group for 
new BPM new BPM 

electronics!electronics!

RMS RMS AAxNxN = 14%= 14% RMS RMS AAyNyN = 9%= 9%

ΔΔEE//EE jitter jitter ≈≈ 0.03%0.03%
ΔΔQQ//QQ jitter jitter ≈≈ 1.5%1.5%

RMS RMS AAxNxN = 3.9%= 3.9% RMS RMS AAyNyN = 3.4%= 3.4%

11--σσ
beam beam 
sizesize

QQ = 0.25 = 0.25 nCnC

Transverse Electron Jitter (position & angle)Transverse Electron Jitter (position & angle)



Now measure BPM jitter with Now measure BPM jitter with 
deflector OFF, and then ON deflector OFF, and then ON 

(at constant phase)(at constant phase)

ΔΔtt ≈≈ ±±0.6 0.6 psps

slope = slope = −−2.34 mm/deg2.34 mm/deg

9 9 μμm m rmsrms 110 110 μμm m rmsrms

TCAV ONTCAV ONTCAV OFFTCAV OFF

B
PM
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m
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m
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Measuring Bunch Arrival Time Jitter with an RF Deflector

ee−−

VV((tt))

SS--band (2856 MHz)band (2856 MHz) BPMBPM

Timing Jitter = (110 μm)/(2.34 mm/deg) = 0.047 deg ⇒ 46 fsec rms



Photon beam characteristicsPhoton beam characteristics

•• FELsFELs
– Short pulse fs to as
– ‘Full’ transverse coherence
– High peak power
– High field strengths
– Unmatched peak brilliance

AmpGeVsat IEP ρ≅ ~ ~ GWsGWs



Atomic, molecular and optical 
science

High energy density science

Coherent-scattering studies of 
nanoscale fluctuations

Nano-particle and single 
molecule (non-periodic) 
imaging

Diffraction studies of stimulated 
dynamics (pump-probe)

Aluminum plasma

10-4 10-2 1 102 104

classical plasma

dense plasma

high density 
matter

G=1

Density (g/cm-

3)

G=10
G=100

t=0
t=τ

Oct. 2009
Summer 2010

Soft X-ray ScienceSpring 2010

Summer 2011

Spring 2011

Spring 2013

LCLS Experimental
Program

Near Experimental Hall

Far Experimental Hall

X-ray transport

Instrument Suite
Complete 2013 

John Bozek
William Schlotter
David Fritz
Sébastien Boutet
Aymeric Robert
Hae Ja Lee



LCLS Update 23

Atomic Molecular Optical (AMO) Science InstrumentAtomic Molecular Optical (AMO) Science Instrument

The AMO instrument is 4 distinct vacuum chambers with different functions



Texas Center for High Intensity Laser Science, University of Texas
H. Thomas
K. Hoffmann
N. Kandadai
A. Helal
B. Erk
J. Keto
T. Ditmire

Uppsala University, Uppsala, Sweden
B. Iwan
N. Timneanu
J. Andreasson
M. Seibert
J. Hajdu (also Stanford)

Institut für Optik und Atomare Physik, Technische Universität Berlin
S. Schorb
T. Gorkhover
D. Rupp
M. Adolph
T. Möller

Department of Physics, The Ohio State University
G. Doumy
L.F. DiMauro

LCLS, Stanford Linear Accelerator Center
C. Bostedt
J. Bozek

Department of Physics, Western Michigan University
M. Hoener
B. Murphy (formerly at UT)
N. Berrah

Methane cluster

Well known simulation of exploding protein 
molecule in an XFEL pulse

CH4 clusters to explore the physics relevant to protein imaging
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Exploding methane clusters of 100,000 
molecules with hν = 850 eV: strong proton peak 
appears but carbon ions are mysteriously absent

Irradiation of methane clusters yielded surprising results



At high int. nothing but protons

Possible explanation: recombination of the carbon ions in a 
cluster nanoplasma



LCLS / SLAC
Christoph Bostedt (PI), John Bozek, et al.

TU-Berlin
Marcus Adolph, 
Daniela Rupp, 
Sebastian Schorb, 
Tais Gorkover, 
Thomas Möller

Max-Planck  ASG
Sascha Epp, 
Lutz Foucar, 
Robert Hartmann, 

Daniel Rolles, 
Artem Rudenko, et al.,
Project leaders: I. Schlichting, L. Strüder, J. Ullrich

Dynamics in ClustersDynamics in Clusters



Non-linear cluster ionization

λ=  100nm (2002)  13 nm (2005) 1 nm (now)  

Infrared
T. Ditmire et al.
M.Vrakking et al.
Meiwes-Broer et al.

Cluster physics yields insight into the fundamental 
questions on light – matter interaction

Clusters as “nanolab”
bulk density
no energy dissipation
intr- vs. interatomc effects

Driving questions:
mechanism of absorption and
ionization

are non-linear / multi-photo
processes observed?

time scale of electron emission
and of ion motion



Dynamics in ClustersDynamics in Clusters

Scatter pattern
Small angles
Scatter patternScatter pattern
Small anglesSmall angles

Scatter pattern
Large angles 
Scatter patternScatter pattern
Large angles Large angles Xe++Xe+++

Xe15+

Ion spectra Ion spectra Ion spectra 

Electron ImagingElectron ImagingElectron Imaging

Fluorescence Fluorescence Fluorescence 

All information from a single nanocluster in one 

shot: electrons, ions, photons

All information from a single nanocluster in one 

shot: electrons, ions, photons



CAMP-Chamber

+

-

simultaneous detection of ions, electrons
and scattered light

Single shot recording

Spectrometer

Cluster jet

pnCCD
imaging 
detector

L. Strüder et al.
Nucl. Instr. Meth. A 610, 483 (2010)



Singe cluster ionisation vs scattering

Xe+

Xe+

Xe2+

~Xe+25

Xen+

• Correlation between scattering intensity and 
ionization dynamics

• Scattering yields information about cluster 
size and position in focus; electron dynamics

• Single shot – single particle information 
about explosion (ion) dynamics

Only low q

Distribution of q

Only high q

Combination of scattering and spectroscopy 
yields unique insight into ionization dynamics, 
i.e., light – matter interaction with a single 
nanoparticle

Ion tof

From scattering intensity:
“position in focus”



Intense X-ray ionisation and expansion of large clusters

< 1 fs

20 nm radius, 800.000 Xe atoms

1 keV

30000 electrons
removed

~1 fs

surface layer
positivly charged

~5-100 fs

many electrons
removed by collisional
autoionisation

explosion of surface monolayer
free ions charge up to Xe25+

electrons move to cluster center

50 -200fs

What is the fate of the hot cluster core?
90 % of the all atoms !

?
electrons
Xe ion

Conclusions on cluster ionization so far

Deviates from current understanding
of short-wavelength laser – matter 

interaction
Challenge for theory



UltraUltra‐‐Short Pulses in Operation at Short Pulses in Operation at LCLSLCLS

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

gungun

μμ
w

al
l

w
al

l

undulator
4-14 GeV
undulator
4-14 GeV

1.5 1.5 ÅÅ

EE

tt

under-
compressed
ΔΔϕϕ = = ++0.60.6ºº

EE

tt

fullyfully
compressedcompressed

peak currentpeak current
monitor monitor (CSR)(CSR)

ggas detectoras detector
(FEL power)(FEL power)

Measurements at 20 pC

EE

tt

overover--
compressedcompressed
ΔΔϕϕ = = −−0.50.5ºº

ΔΔϕϕ



UltraUltra‐‐Short Short XX‐‐ray ray 
PulsePulse
Simulations Suggest Simulations Suggest 
<10 fs FWHM<10 fs FWHM

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

X-ray pulse duration should 
be <10 fs (FWHM), but no 
measurement possible yet

XX--ray pulse duration ray pulse duration should should 
be be <10 <10 fs (FWHM), fs (FWHM), but no but no 
measurement possible yetmeasurement possible yet

……now now delivered to usersdelivered to users

fully 
compressed
fully 
compressed



LCLS-II RequirementsLCLS-II Requirements

Build new soft x-ray line from 200 to 2000+ eV
Extend hard x-rays out to ~20 keV
Include seeding options for narrow BW
Incorporate 2-pulse, 2-color schemes
Provide polarization control
Take advantage of 3-km SLAC linac to provide 
separate sources for independent FELs
Explore multi-bunch operations
Find ways to increase capacity (user access)!

Build new soft x-ray line from 200 to 2000+ eV
Extend hard x-rays out to ~20 keV
Include seeding options for narrow BW
Incorporate 2-pulse, 2-color schemes
Provide polarization control
Take advantage of 3-km SLAC linac to provide 
separate sources for independent FELs
Explore multi-bunch operations
Find ways to increase capacity (user access)!



X
undulatorundulatorL1L1 L2L2 L3L3BC1BC1 BC2BC2

RFRF
gungun--11

L0L0

33--15 15 GeVGeV

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

enclosure exists enclosure exists 
at sector 10at sector 10

undund--hallhallsectorsector--3030

L3L3′′
X

RFRF
gungun--22

L1L1′′ L2L2′′BC1BC1′′ BC2BC2′′

L0L0′′

SectorSector--20 wall20 wall

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

new undulatorsnew undulators

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

Use 2Use 2ndnd km of SLAC linac (sectorkm of SLAC linac (sector--10 to 20) 10 to 20) –– greater flexibilitygreater flexibility
33--7 GeV energy (no SLED) allows 7 GeV energy (no SLED) allows possiblepossible 360360--Hz beam rateHz beam rate
22ndnd injector, linac, & bypass line allows 2+ independent FELs injector, linac, & bypass line allows 2+ independent FELs 
serving 2 experiments simultaneously with flexible parametersserving 2 experiments simultaneously with flexible parameters
Combining beams allows xCombining beams allows x--ray pump/probe with decoupled ray pump/probe with decoupled 
wavelengths, pulse width, energy, and timingwavelengths, pulse width, energy, and timing
Preserves possibility of 22Preserves possibility of 22--30 GeV (and still 1 more km left!)30 GeV (and still 1 more km left!)



PhasePhase--1 (2010)1 (2010)

0.620.62--12 12 ÅÅ
1010--20 GW 20 GW 

33--15 15 GeVGeV

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

30 mShortened 80-m (1.2-25 ÅÅ)

FEE-2
SXR2 (36 m)

5 m
full polarization full polarization 
controlcontrol

selfself--seeding seeding 
optionoption

66--60 60 ÅÅ
adjust. gap adjust. gap 

66--60 60 ÅÅ
adjust. gap adjust. gap 

SXR1 (36 m)
33--77--GeV GeV bypassbypass

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

22--pulse pulse 
22--colorcolor

No civil construction.  Uses existing beam energy and quailty.No civil construction.  Uses existing beam energy and quailty.

ExistingExistingPhasePhase--22PhasePhase--33

EEHG*?EEHG*?

240 nm 240 nm 
→→ 6 nm6 nm

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

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

5 m

full polarization full polarization 
controlcontrol

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

selfself--seeding seeding 
HXR optionHXR option
(2 bunches)(2 bunches)

0.620.62--12 12 ÅÅ
11--2 GW 2 GW H.-D. NuhnH.-D. Nuhn



1.5 1.5 ÅÅ (and 0.5 (and 0.5 ÅÅ), ), KK = 3.5 = 3.5 0.75 0.75 ÅÅ, , KK = 2.26= 2.26

λ/2λλ/2/2

Fast Path to Producing FEL 2Fast Path to Producing FEL 2ndnd HarmonicHarmonic
16 16 keV keV == 0.75 0.75 ÅÅ (up to 20 keV at 15 GeV)(up to 20 keV at 15 GeV)
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Z. Huang, S. ReicheZ. Z. Huang, S. ReicheHuang, S. Reiche

existing existing LCLSLCLS undulatorundulator

2nd harm.
bunching
2nd harm.
bunching
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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

γεγεx,yx,y = 0.4 = 0.4 μμm (slice)m (slice)
IIpkpk = 3.0 kA= 3.0 kA
σσEE//EE = 0.01% (slice)= 0.01% (slice)
0.5 0.5 ÅÅ

Same beam quality and energy as Same beam quality and energy as nownow

1.5 1.5 ÅÅ
KK = 1.65= 1.65



The next 6 slides will The next 6 slides will 

graphically outline 6 graphically outline 6 LCLSLCLS‐‐IIII

operating modesoperating modes……
((thanks to H.thanks to H.‐‐D. NuhnD. Nuhn))

1.1. Hard XHard X--ray SASEray SASE
2.2. Soft XSoft X--ray SASEray SASE
3.3. 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)
6.6. Seeded soft xSeeded soft x--ray FEL (ray FEL (‘‘EchoEcho’’))
7.7. Self Seeding of hard xSelf Seeding of hard x--rays (two rays (two ee−− bunches)bunches)



FEE-1

FEE-2
SX2 (36 m)

A
PU

polarization controlpolarization control

selfself--seeding optionseeding option

66--60 60 ÅÅ
adjust. gap adjust. gap 

66--60 60 ÅÅ
adjust. gap adjust. gap 

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

SX1 (36 m)

22--pulse pulse 
22--colorcolor

1.  LCLS-II: Hard X-Ray SASE1.  1.  LCLSLCLS--II:II: Hard XHard X--Ray SASERay SASE

A
PU

polarization controlpolarization control

SectorSector--20 20 Gun Gun 
3.43.4--1515--GeV GeV BeamBeam

A
PU

A
PU

SHAB
(0.62-12 Å)

LCLS-I Undulator
(1.2-25 Å)

22ndnd harmonic afterharmonic after--burner in 2010 (0.62burner in 2010 (0.62--12 12 ÅÅ, 1, 1--2 GW)2 GW)
Open all 33 undulator gaps for Open all 33 undulator gaps for LCLSLCLS--IIII (0.62(0.62--12 12 ÅÅ, 10, 10--20 GW)20 GW)
Or (?) replace all with variable gap (0.62Or (?) replace all with variable gap (0.62--25 25 ÅÅ, >20 GW), >20 GW)

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

Larger Gap Undulator (112 m)
(0.62-12 Å)
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polarization controlpolarization control
SectorSector--20 20 Gun Gun 

3.43.4--1515--GeV GeV BeamBeam Larger Gap Undulator
(0.62-15.5 Å)

A
PU

A
PUSHAB

(0.6-12 Å)
LCLS-I Undulator

(1.2-25 Å)

FEE-2
SX2 (36 m)

A
PU

polarization controlpolarization control

selfself--seeding optionseeding option

66--60 60 ÅÅ
adjust. gap adjust. gap 

66--60 60 ÅÅ
adjust. gap adjust. gap 

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

SX1 (36 m)

22--pulse pulse 
22--colorcolor

2.  LCLS-II: SX2 (or SX1) SASE2.  2.  LCLSLCLS--II:II: SX2 (or SX1) SASESX2 (or SX1) SASE

A
PU

polarization controlpolarization control

A
PU

A
PU

Simple use of new soft xSimple use of new soft x--ray line:  SASE from SX2 (or SX1)ray line:  SASE from SX2 (or SX1)
Full polarization control (fast at 80% or slow at ~100%)Full polarization control (fast at 80% or slow at ~100%)

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



FEE-2
SX2 (36 m)

polarization controlpolarization control

selfself--seeding optionseeding option

66--60 60 ÅÅ
adjust. gap adjust. gap 

66--60 60 ÅÅ
adjust. gap adjust. gap 

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

SX1 (36 m)

22--pulse pulse 
22--colorcolor

3.  LCLS-II: Soft X-Ray Self-Seeding3.  3.  LCLSLCLS--II:II: Soft XSoft X--Ray SelfRay Self--SeedingSeeding

A
PU

polarization controlpolarization control

A
PU

A
PU

A
PU

FEE-1

polarization controlpolarization control
SectorSector--20 20 Gun Gun 

3.43.4--1515--GeV GeV BeamBeam Larger Gap Undulator
(0.62-15.5 Å)

A
PU

A
PUSHAB

(0.6-12 Å)
LCLS-I Undulator

(1.2-25 Å)

SX1 pulse passes monochromator and seeds SX2 pulseSX1 pulse passes monochromator and seeds SX2 pulse
Narrow bandwidth pulse to <10Narrow bandwidth pulse to <10−−44 FWHM (6FWHM (6--60 60 ÅÅ))
Can also use chirped bunch to generate short pulse (<50 fs)Can also use chirped bunch to generate short pulse (<50 fs)

J. Feldhaus J. Feldhaus et alet al.., , Opt. Commun. Opt. Commun. 140140, 341 (1997)., 341 (1997).



FEE-1

FEE-2

polarization controlpolarization control

selfself--seeding optionseeding option

66--? ? ÅÅ
adjust. gap adjust. gap 

??--60 60 ÅÅ
adjust. gap adjust. gap 

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

SX1 (36 m)

delaydelay

polarization controlpolarization control

4.  LCLS-II: SX1 & 2 SASE, One-Bunch, Two-Color4.  4.  LCLSLCLS--II:II: SX1 & 2 SASE, SX1 & 2 SASE, OneOne--Bunch, TwoBunch, Two--ColorColor

A
PU

polarization controlpolarization control

SectorSector--20 20 Gun Gun 
3.43.4--1515--GeV GeV BeamBeam Larger Gap Undulator

(0.62-15.5 Å)

A
PU

A
PU

A
PU

A
PU

A
PUSX2 (36 m)SX2 (36 m)

One One ee−− bunch produces 2 SXR pulses (0bunch produces 2 SXR pulses (0--15 ps separation) 15 ps separation) 
for pump probefor pump probe
Deliver both pulses to one experiment or split them to twoDeliver both pulses to one experiment or split them to two
SX2 pulse color (SX2 pulse color (λλ22) must be longer wavelength than SX1 () must be longer wavelength than SX1 (λλ11))

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

λλ11
λλ22



FEE-1

66--60 60 ÅÅ
adjust. gap adjust. gap 

66--60 60 ÅÅ
adjust. gap adjust. gap 

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

SX1 (36 m)

5.  LCLS-II: SX1 & 2 SASE, Two-Bunch, Two-Color5.  5.  LCLSLCLS--II:II: SX1 & 2 SASE, SX1 & 2 SASE, TwoTwo--Bunch, TwoBunch, Two--ColorColor

SectorSector--20 20 Gun Gun 
3.43.4--1515--GeV GeV BeamBeam Larger Gap Undulator

(0.62-15.5 Å)

A
PU

A
PU

DC Dipole MagnetDC Dipole Magnet

FEE-2
SX2 (36 m)

Fast Kicker MagnetFast Kicker Magnet

ee−− DumpDump

colorcolor--11
colorcolor--22

Two Two ee−− bunches 10bunches 10--100 ns apart (no pump probe here)100 ns apart (no pump probe here)
One fast kicker & one DC One fast kicker & one DC –– each bunch lases in just one FELeach bunch lases in just one FEL
Allows 2 SXR experiments simultaneously (Allows 2 SXR experiments simultaneously (user doubleruser doubler))
Two colors can be any value (6Two colors can be any value (6--60 60 ÅÅ))

Suggested by J. Frisch and independently by R. Brinkmann Suggested by J. Frisch and independently by R. Brinkmann et al.et al.
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polarization controlpolarization control
SectorSector--20 20 Gun Gun 

3.43.4--1515--GeV GeV BeamBeam Larger Gap Undulator
(0.62-15.5 Å)

A
PU

A
PUSHAB

(0.6-12 Å)
LCLS-I Undulator

(1.2-25 Å)

FEE-2
SX2 (36 m)

A
PU

polarization controlpolarization control

selfself--seeding optionseeding option

66--60 60 ÅÅ
adjust. gap adjust. gap 

66--60 60 ÅÅ
adjust. gap adjust. gap 

22--pulse pulse 
22--colorcolor

6.  LCLS-II: Echo Seeding of SX1 or SX26.  6.  LCLSLCLS--II:II: Echo Seeding of SX1 or SX2Echo Seeding of SX1 or SX2
polarization controlpolarization control

A
PU

External seeding (~30External seeding (~30--60 60 ÅÅ) using Echo) using Echo--Enhanced Harmonic Enhanced Harmonic 
Generation (EEHG*) Generation (EEHG*) –– not in not in LCLSLCLS--IIII baseline at presentbaseline at present
Allows narrow BW and longitudinal coherenceAllows narrow BW and longitudinal coherence
Under study now at NLCTA (SLAC)Under study now at NLCTA (SLAC)

EEHGEEHG

240 nm 240 nm 
→→ 6 nm6 nm

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

A
PU

A
PU

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

SX1 (36 m)



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

Annual 3 month Annual 3 month 
summer downtimesummer downtime

FY12FY12FY12 FY13FY13FY13 FY15FY15FY15FY14FY14FY14 FY16FY16FY16 FY17FY17FY17

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

ED&IED&IED&I

FabricationFabricationFabrication

FY11FY11FY11

R&DR&DR&D

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

CDRCDR InstallationInstallationInstallation

FY10FY10FY10

CD CD 
00

Facilities Facilities 
InstallationInstallation

FY18FY18FY18



LCLS-II Accelerator SummaryLCLS-II Accelerator Summary

Soft XSoft X‐‐Rays:Rays:
22‐‐pulse, 2pulse, 2‐‐color, variable delay (6color, variable delay (6‐‐60 60 ÅÅ) using 1 ) using 1 ee−− bunch or 2bunch or 2
SelfSelf‐‐seeding  for narrow bandwidth (~10seeding  for narrow bandwidth (~10−−44 at 6at 6‐‐60 60 ÅÅ))
Full polarization control in SASE and selfFull polarization control in SASE and self‐‐seeded modes (fast & slow)seeded modes (fast & slow)
33‐‐77 GeV bypass  line allows  simultaneous  soft and hard xGeV bypass  line allows  simultaneous  soft and hard x‐‐ray operations  in ray operations  in 
two separate beamlines with completely independent parameterstwo separate beamlines with completely independent parameters
Single femtosecond nearSingle femtosecond near‐‐transform limited spike in lowtransform limited spike in low‐‐charge modecharge mode

Hard XHard X‐‐Rays:Rays:
Harder xHarder x‐‐rays (0.62 rays (0.62 ÅÅ) by modifying all undulators) by modifying all undulators
Few femtosecond pulses possible in lowFew femtosecond pulses possible in low‐‐charge modecharge mode
Full polarization controlFull polarization control
SelfSelf‐‐seeding with 2 electron bunches and short chicane (4 m)seeding with 2 electron bunches and short chicane (4 m)
AndAnd…… 2222‐‐30 GeV still possible using both 130 GeV still possible using both 1‐‐km linacs (+ 3km linacs (+ 3rdrd km still open)km still open)



Photon Beam Distribution
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