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LCLS A l t L t
6 MeV6 MeV

σσz z ≈≈ 0.83 mm0.83 mm
σσδδ ≈≈ 0 05 %0 05 %

135 MeV135 MeV
σσz z ≈≈ 0.83 mm0.83 mm
σσδδ ≈≈ 0 10 %0 10 %

250 MeV250 MeV
σσz z ≈≈ 0.19 mm0.19 mm
σσδδ ≈≈ 1 6 %1 6 %

4.30 GeV4.30 GeV
σσz z ≈≈ 0.022 mm0.022 mm
σσδδ ≈≈ 0 71 %0 71 %

13.6 GeV13.6 GeV
σσz z ≈≈ 0.022 mm0.022 mm
σσδδ ≈≈ 0 01 %0 01 %

LCLS Accelerator Layout

LinacLinac--00
L L =6 m=6 m

σσδδ ≈≈ 0.05 %0.05 % σσδδ ≈≈ 0.10 %0.10 % σσδδ ≈≈ 1.6 %1.6 % σσδδ ≈≈ 0.71 %0.71 % σσδδ ≈≈ 0.01 %0.01 %

LinacLinac--XX
L L =0.6 m=0.6 m
ϕϕrfrf= = −−160160°°

rfrf

beam
 parked

beam
 parked

LinacLinac--11
L L ≈≈9 m9 m
ϕϕrf rf ≈≈ −−2525°°

LinacLinac--22
L L ≈≈330 m330 m
ϕϕrf rf ≈≈ −−4141°°

LinacLinac--33
L L ≈≈550 m550 m
ϕϕrf rf ≈≈ 00°°

undulatorundulator21 1existing

rfrf
gungun

21 3b 25 1a

d here
d here

BC1BC1
L L ≈≈6 m6 m

RR5656≈≈ −−39 mm39 mm

BC2BC2
L L ≈≈22 m22 m

RR5656≈≈ −−25 mm25 mm DL2  DL2  
LL =275 m=275 m

DL1DL1
L L ≈≈12 m12 m
RR5656≈≈00

undulatorundulator
L L =130 m=130 m

21-1
b,c,d

...existing
linac

21-3b
24-6dX 25-1a

30-8c

undulatorundulator

SLAC linac tunnelSLAC linac tunnel research yardresearch yard

L L =275 m=275 m
RR56 56 ≈≈ 0 0 

RR56 56 0 0 

Commission MarCommission Mar--Aug 2007Aug 2007 Commission JanCommission Jan--Aug 2008Aug 2008 Nov 2008…Nov 2008…

Henrik Loos
LINAC 08 loos@slac.stanford.edu
3 October 2008

3

XX--rays in spring 2009rays in spring 2009



LCLS I j t L t
OTR screens (7)OTR screens (7)
YAG screens (7)YAG screens (7)
Wi (7)Wi (7)

6 MeV6 MeV
LCLS Injector Layout

Wire scanners (7)Wire scanners (7)
Dipole magnets (8)Dipole magnets (8)
Beam stoppers (2)Beam stoppers (2)
SS--band RF acc. sections (5)band RF acc. sections (5)

RF GunRF Gun
SolenoidSolenoid

GunGun
SpectrometerSpectrometer

EmittanceEmittance
Screens/WiresScreens/Wires

EmittanceEmittance
S /WiS /Wi

RFRF
DeflectorDeflector

L1SL1S22 k i t i 3k i t i 3 k SLAC lik SLAC li

Screens/WiresScreens/Wires Screen/WiresScreen/Wires

XX--band RFband RF
acc. sectionacc. section

BC1BC1
L1SL1S22--km point in 3km point in 3--km SLAC linackm SLAC linac

135135--MeVMeV
SpectrometerSpectrometer

135 MeV135 MeV 250 MeV250 MeV

TD11TD11
stopperstopper
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135 MeV135 MeV 250 MeV250 MeV



C i i i Hi hli htCommissioning Highlights
Done: Injector commissioning & Phase II commissioningDone: Injector commissioning & Phase II commissioning
G t d iG t d i l ti (l ti (99%99%) d f) d fGreat driveGreat drive--laser uptime (laser uptime (99%99%) and performance) and performance
Projected emittances Projected emittances 0.70.7--1.6 1.6 μμmm near linac endnear linac end
Routine 30Routine 30--HzHz ee−− to 14 GeV (~24/7 with ~90% upto 14 GeV (~24/7 with ~90% up--time)time)Routine 30Routine 30--Hz Hz ee to 14 GeV ( 24/7 with 90% upto 14 GeV ( 24/7 with 90% up--time)time)
BC1 dipoles & chicane motion fixed!BC1 dipoles & chicane motion fixed!
BC2 compression fully demonstratedBC2 compression fully demonstratedp yp y
CSR effects measured and agree with codesCSR effects measured and agree with codes
Cathode replaced and design QE achievedCathode replaced and design QE achieved
Many beam & RF feedback systems running wellMany beam & RF feedback systems running well
Coherent OTR compromises most screensCoherent OTR compromises most screens
El t b b i ht h fEl t b b i ht h f 1 51 5 ÅÅ FELFEL
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Electron beam bright enough for Electron beam bright enough for 1.51.5--ÅÅ FELFEL



LCLS B Di ti ( U d l t )
3 wires,3 wires,
1 OTR1 OTR

L1XL1X 4 wire4 wire
scannersscannersL0L0

gungun TCAV0TCAV0 oldold
screenscreenOTROTR

4 wire4 wire
scannersscanners OTROTR2 OTRs2 OTRs

LCLS Beam Diagnostics (no Undulator)

BC2BC2 BSYBSYTCAV3TCAV3BC1BC1

L1SL1S
1 OTR1 OTR

L2L2--linaclinac L3L3--linaclinacDL1DL1
σσzz11 σσzz22

3 wires,3 wires,
3 OTRs3 OTRs

2 Transverse RF cavities (135 MeV & 5 GeV)2 Transverse RF cavities (135 MeV & 5 GeV)
~120 BPMs and toroids (75 more coming)~120 BPMs and toroids (75 more coming)

4.3 GeV4.3 GeV 14 GeV14 GeV5.0 GeV5.0 GeV250 MeV250 MeV135 MeV135 MeV

•• YAG screensYAG screens
•• OTR screensOTR screens( g)( g)

7 YAG screens (at 7 YAG screens (at EE ≤≤135 MeV)135 MeV)
9 OTR screens at 9 OTR screens at EE ≥≥ 135 MeV (3 more coming at 14 GeV)135 MeV (3 more coming at 14 GeV)
11 wire scanners (each with x & y wires, with 4 more coming)11 wire scanners (each with x & y wires, with 4 more coming)

•• Wire scannersWire scanners
•• Phase monitorsPhase monitors

e sca e s (eac t & y es, t o e co g)e sca e s (eac t & y es, t o e co g)
CSR/CER pyroelectric bunch length monitors at BC1 & BC2CSR/CER pyroelectric bunch length monitors at BC1 & BC2
3 beam phase monitors (2856 3 beam phase monitors (2856 –– 51 MHz, 1 more coming)51 MHz, 1 more coming)
Gun spectrometer line + injector spectrometer lineGun spectrometer line + injector spectrometer line
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Gun spectrometer line  injector spectrometer line Gun spectrometer line  injector spectrometer line 



I j t D i LInjector Drive Laser
Temporal Pulse ShapingCathode Laser Spot
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S. Gilevich, G. Hays, P. Hering, A. Miahnahri, W. White 



L Cl i d N C th dLaser Cleaning and New Cathode

Old Cathode New Cathode

Cl d ACleaned Area

1.5 mm

QE ~ 6·10-5QE ~ 8·10-6

Henrik Loos
LINAC 08 loos@slac.stanford.edu
3 October 2008

8



C th d Q t Effi iCathode Quantum Efficiency
0.35

05−AUG−2008 21:33:13,  QE=7.59×10−5,  R
eff

=0.157 mm
0.35

05−AUG−2008 21:33:13,  QE=7.59×10−5,  R
eff

=0.157 mm
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Laser Energy (μJ)Laser Energy (μJ)



D i d A hi d P tDesign and Achieved Parameters
Design Typical measured Unit

Repetition Rate 120 30 Hz
Energy 13.6 13.6 GeV
Charge 1 0.25 nCg
Bunch length 20 8-10 μm
Peak Current 3 3 kA
Projected emittance (injector) 1 2 0 7 1 μmProjected emittance (injector) 1.2 0.7-1 μm
Slice emittance (injector) 1 0.6 μm
Projected emittance (linac end) 1.5 0.7-1.6 μm
Laser energy 250 20-150 μJ
Gun field at cathode 120 115 MV/m
Cathode quantum efficiency 6 0.7-7 10-5
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I j t E itt C i i iInjector Emittance Commissioning
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Emittance measured at 
OTR screen with

50

100

ea
m

 S
iz

e 
 ( μ

m
)

0 5

0

0.5

N
or

m
. A

ng
le

50

100

ea
m

 S
iz

e 
 ( μ

m
)

0 5

0

0.5

N
or

m
. A

ng
le

E = 135 MeV OTR screen with 
upstream quad scan
for 95% charge

-8 -7 -6 -5
0

50

B
e

-1 -0.5 0 0.5 1

-1

-0.5

150 1

-8 -7 -6 -5
0

50

B
e

-1 -0.5 0 0.5 1

-1

-0.5

150 1

γεx = 0.83 μm Iterative Optimization 
with gun solenoid & 
quads, steering 

100

m
 S

iz
e 

 ( μ
m

)

0

0.5

1

or
m

. A
ng

le100

m
 S

iz
e 

 ( μ
m

)

0

0.5

1

or
m

. A
ng

le

q g
correctors, and matching 
to design Twiss

-8 -7 -6 -5
0

50

QUAD:IN20:525:BDES  (kG)

B
ea

-1 -0.5 0 0.5 1

-1

-0.5

Norm. Position

N
o

-8 -7 -6 -5
0

50

QUAD:IN20:525:BDES  (kG)

B
ea

-1 -0.5 0 0.5 1

-1

-0.5

Norm. Position

N
o

γεy = 0.86 μm
For 1 nC
γεx= 1.07 μm
γεy= 1.11 μm

Henrik Loos
LINAC 08 loos@slac.stanford.edu
3 October 2008

11

Q ( )Q ( ) γ y μ



L Ch Ti Sli E ittLow Charge Time Slice Emittance
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Laser Spot Ø 0.6 mm



B h C i i BC2Bunch Compression in BC2
2.44 m2.44 m
VV(( ))
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89.6 89.8 90 90.2
TCAV Phase  (Degree)

89.6 89.8 90 90.2
TCAV Phase  (Degree)
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TCAV Gradient  (norm.)

1 0.5 0 0.5 1
TCAV Gradient  (norm.)



CSR E itt G th i BC2CSR Emittance Growth in BC2
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120  
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Y. Ding, Z. HuangY. Ding, Z. Huang



L & El t B d F db k S t
Longitudinal Loops Stabilize:Longitudinal Loops Stabilize:

DL1 energyDL1 energy
Transverse Loops Stabilize:Transverse Loops Stabilize:

Laser spot on cathodeLaser spot on cathode

Laser & Electron-Based Feedback Systems

gygy
BC1 energyBC1 energy
BC1 bunch lengthBC1 bunch length
BC2 energyBC2 energy
BC2 bunch lengthBC2 bunch length

pp
Gun launch angleGun launch angle
Injector trajectoryInjector trajectory
XX--band cavity positionband cavity position
Linac trajectory (2)Linac trajectory (2) BC2 bunch lengthBC2 bunch length

Final energyFinal energy
Linac trajectory (2)Linac trajectory (2)
Undulator traj. (future)Undulator traj. (future)

BPMsBPMsSteering LoopSteering LoopLaserLaser

gungun σσzz11

δδ11

σσzz22

δδ22
δδ33

δδ00
VV00

CER detectorsCER detectors

L3L3L2L2XX
DL1 BC1 DL2

L1L1

11ϕϕ11 VV11
22ϕϕ22 VV22 VV33

D. Fairley,D. Fairley,
J WuJ Wu BC2
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DL1 BC1 DL2J. WuJ. Wu BC2



N li d Ph S C t id Jitt
RMS RMS AAxNxN = 3.9%= 3.9% RMS RMS AAyNyN = 3.4%= 3.4%

Normalized Phase Space Centroid Jitter
After BC1
~ 4% of rms beam

11--σσ

 4% of rms beam 
size

RMSRMS AA 14%14% RMSRMS AA 9%9%

beam beam 
sizesize

Near end of linac
10-15% of rms beamRMS RMS AAxNxN = 14%= 14% RMS RMS AAyNyN = 9%= 9% 10-15% of rms beam 
size
Stability is not so far 
from the goal (~10%)

QQ 0 25 C0 25 C D R tD R t

ΔE/E jitter ≈ 0.03%
ΔQ/Q jitter ≈ 1 5%
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QQ = 0.25 nC= 0.25 nC D. RatnerD. Ratner ΔQ/Q jitter  1.5%



C h t R di ti Ob tiCoherent Radiation Observations
OTR of uncompressed beam DS of DL1 Spectrum of OTR & COTR

Gain factor for longitudinal space charge 
Scan dispersive quad → change R51 ≠ 0
Washout of micro-bunching time structure

g p g
instability agrees with theory assuming
3 keV energy spread
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QB Strength  (kG)QB Strength  (kG) Wavelength  (nm)Wavelength  (nm) D. RatnerD. Ratner



COTR T Di t ib tiCOTR Transverse Distribution
Observations for highly compressed 
beams after BC1 & BC2

Fully transverse coherent micro-structure 
explains doughnut shapebeams after BC1 & BC2

Little resemblance of transverse 
distribution of COTR to electron beam

explains doughnut shape

Light intensity increases up to 105

Destructive interference creates hole in 
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Light intensity increases up to 105 beam center
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Ult Sh t L Ch B h M dUltra Short Low Charge Bunch Mode
Utilize high brightness injector beam 
at 20 pC for ultra short electron and

Initial experiment
Small CSR increase to from 0 2 μm

1 6
 

x Emittance1 6
 

x Emittance

at 20 pC for ultra short electron and 
x-ray beam

Small CSR increase to from 0.2 μm 
to 0.4 μm at max compression
1 μm bunch length supported by 
COTR enhancement of 104 at max 

i
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E = 13 6 GeV
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FEL Simulations at 1.5 Å
3.6·1011 photons
300 GW power during
2 fs x-ray pulse
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E itt N E d f Li O W k dEmittance Near End of Linac Over Weekend
γγ((εεxxεεyy))1/21/2 = 1.04 = 1.04 μμmm

longlonglong long 
weekend weekend 

run at  run at  
0 25 nC0 25 nC0.25 nC 0.25 nC 
with no with no 
tuningtuning

(3 3 days) May 24 2008 00:01 to May 27 09:00(3 3 days) May 24 2008 00:01 to May 27 09:00
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(3.3 days) May 24, 2008 00:01 to May 27 09:00(3.3 days) May 24, 2008 00:01 to May 27 09:00



El t B R h B i ht f 1 5 ÅElectron Beam Reaches Brightness for 1.5 Å
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Gain length and saturation power calculated from measured electron beam parameters
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