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LCLS commissioning highlightLCLS commissioning highlight

DL1 & BC1 observationsDL1 & BC1 observations

BC2 observationsBC2 observations

SummarySummary

OutlineOutline



LCLSLCLS Installation and Commissioning TimeInstallation and Commissioning Time--LineLine
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Energy: 4.3 to 14 GeVEnergy: 4.3 to 14 GeV
Charge: 20pC to 1nC. Typical operation is 250 Charge: 20pC to 1nC. Typical operation is 250 pCpC
Typical peak CurrentTypical peak Current

Gun to 250 MeV: 30~40 AGun to 250 MeV: 30~40 A
After BC1: ~300 AAfter BC1: ~300 A
After BC2: ~2500 AAfter BC2: ~2500 A

Most OTR screens after DL1 are compromised by strong Most OTR screens after DL1 are compromised by strong 
coherent effects due to beam structures at optical wavelengthscoherent effects due to beam structures at optical wavelengths

EmittancesEmittances after bends are measured with wire scanners after bends are measured with wire scanners 

TheThe LCLSLCLS AcceleratorAccelerator



Bunch Compression & CSR Measured after BC2 (0.25 nC)Bunch Compression & CSR Measured after BC2 (0.25 nC)

σσzz > 25 > 25 µµmm

BC2BC2
(4.3 GeV)(4.3 GeV)

BSYBSY
(14 GeV)(14 GeV)

TCAVTCAV
(5.0 GeV)(5.0 GeV)

550 m550 m

σσzz < 5 < 5 µµmm

old screen usedold screen used

L2L2

4 wires4 wires

σσzz ≈≈ 2 2 µµmm
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Beam Appears Bright Enough for FEL Saturation at 0.15 nmBeam Appears Bright Enough for FEL Saturation at 0.15 nm

Calculation (using M. Calculation (using M. XieXie’’ss formulas) is based formulas) is based 
on measured endon measured end--ofof--linac linac projectedprojected emittance emittance 
values, measured peak current, and design values, measured peak current, and design 
undulator parameters (undulator parameters (assuming und. alignment assuming und. alignment 
andand ≤≤0.01% rms slice energy spread 0.01% rms slice energy spread –– not yet not yet 
measurablemeasurable) ) 

FEL Power
3D Gain Length

FEL Power
3D Gain Length

Measured over long weekend Measured over long weekend 
with no tuning, 0.25 with no tuning, 0.25 nCnC chargecharge

γγ((εεxxεεyy))1/21/2 = 1.04 = 1.04 µµmm

EndEnd--ofof--Linac Emittance Linac Emittance PseudoPseudo--FEL FEL ““Power/Gain lengthPower/Gain length””



•• Initial density modulation induces energy modulation through Initial density modulation induces energy modulation through 
longitudinal impedance longitudinal impedance Z(kZ(k), converted to more density modulation ), converted to more density modulation 
by chicane. Space charge impedance is typically more at fault heby chicane. Space charge impedance is typically more at fault here re 
than CSR (Borland than CSR (Borland et. alet. al. 2001; . 2001; SaldinSaldinet. alet. al., 2002;., 2002;……) ) 
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�� growth of slice energy spread (and possibly emittance)  growth of slice energy spread (and possibly emittance)  

Microbunching InstabilityMicrobunching Instability



Slice energy spreadSlice energy spread

RF GunRF Gun

GunGun
SpectrometerSpectrometer

RFRF
DeflectorDeflector

L0a
L0a

L0b
L0b

22--km point in 3km point in 3--km SLAC linackm SLAC linac
135135--MeVMeV
SpectrometerSpectrometer

6 MeV6 MeV
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Laser heater (under installation) will be used to control sliceLaser heater (under installation) will be used to control slice
energy spread (P. Emmaenergy spread (P. Emma’’s talk) s talk) 
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Profile Monitor YAGS:IN20:995 15−Jul−2007 21:29:48
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Longitudinal phase space at 135 MeV spectrometerLongitudinal phase space at 135 MeV spectrometer

YAGS2YAGS2 energyenergy

5 keV (resolution limited)5 keV (resolution limited)

slice energy spread at 150 slice energy spread at 150 pCpC

H. H. LoosLoos, C. , C. LimborgLimborg



Drive Laser ProfileDrive Laser Profile
Bandwidth of Bandwidth of Ti:SapphireTi:Sapphire laser (760 laser (760 

nm) is 3 nm, After frequency tripling, nm) is 3 nm, After frequency tripling, 
UV BW 1 nm UV BW 1 nm �� laserlaser--induced beam induced beam 
modulation wavelength >~ 50 modulation wavelength >~ 50 µµmm

6.56 6.56 psps

Typical laser profile Typical laser profile Smooth Smooth gaussiangaussian laserlaser

Smoothing the laser profile did not change microbunching Smoothing the laser profile did not change microbunching 
observations qualitativelyobservations qualitatively

W. White W. White et. al.,et. al.,
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OTR efficiency 09−Aug−2007 10:55:54

y = + A x1 + B x0 
A = 0.00112+−9.89e−06
B = 5.26e+04+−3.93e+04
χ2/NDF = 5.45e+09

 

 
OTRS:IN20:571:TMIT

OTR2 intensity vs. charge is linear OTR2 intensity vs. charge is linear 

No COTR observed before DL1No COTR observed before DL1

Incoherent radiation level Incoherent radiation level �� initial density modulation at initial density modulation at 
optical wavelengths come from shot noise fluctuations  optical wavelengths come from shot noise fluctuations  

Number of electronsNumber of electrons
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R. R. AkreAkre, et al., PRST, et al., PRST--AB 11, 030703 (2008)AB 11, 030703 (2008)

OTR12OTR12



OTR12 SpectrumOTR12 Spectrum
•• Diffraction grating installed in OTR12Diffraction grating installed in OTR12

•• Gives low resolution spectrum from ~400nm to ~800nmGives low resolution spectrum from ~400nm to ~800nm

10.7kG10.7kG

11kG11kG

No COTR (QB = 11 No COTR (QB = 11 kGkG, nonzero R51&R52 after DL1 suppress  , nonzero R51&R52 after DL1 suppress  µµ--bunching) bunching) 
COTR (QB = 10.7 COTR (QB = 10.7 kGkG, DL1 is linear , DL1 is linear achromatachromat and enhances and enhances µµ--bunching)bunching)

•• Gain analysis and comparison with theory (D. Gain analysis and comparison with theory (D. RatnerRatner’’ss talk)talk)

D. DowellD. Dowell

main beammain beam

diffracted beamdiffracted beam



BC1 onBC1 on
L1S offL1S off--crest to chirp and compress crest to chirp and compress 

the bunch, observed double peaks in the bunch, observed double peaks in 
OTR12 intensity vs. QB OTR12 intensity vs. QB 
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L1S Phase −22.7700
L1S Phase −24.7700

L1S Phase −26.7700
L1S Phase −20.7700

L1S Phase −18.7700

L1S Phase −16.7700

C. C. LimborgLimborg
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Coherence is reduced when DL1 is near Coherence is reduced when DL1 is near achromatachromat: High: High--frequency energy frequency energy 
modulations are amplified after DL1 but dissipated in BC1 (due tmodulations are amplified after DL1 but dissipated in BC1 (due to its o its 
stronger R56). This may increase effective energy spread and redstronger R56). This may increase effective energy spread and reduce uce 
longerlonger--wavelength gain   wavelength gain   

BC1BC1
250 MeV250 MeV

R56=R56=--45mm45mm

L1SL1S
L1XL1X

DL1DL1
135 MeV135 MeV

R56=6mmR56=6mm

L0L0

gungun

Due to compression, OTR12 Due to compression, OTR12 ““seessees”” longer initial modulation wavelengths, longer initial modulation wavelengths, 
which require larger QB range to suppress which require larger QB range to suppress µµ−−bunchingbunching



OTR11 suppresses COTR on  OTR12 OTR11 suppresses COTR on  OTR12 

•• OTR11 foil generates random angular scattering in middle of OTR11 foil generates random angular scattering in middle of 
BC1, which creates time smearing of microbunching after BC1, which creates time smearing of microbunching after 
transporting to OTR12 outside BC1.transporting to OTR12 outside BC1.

BC1BC1
250 MeV250 MeV

L1SL1S
L1XL1X

DL1DL1
135 MeV135 MeV

L0L0

gungun

OTR11OTR11 OTR12OTR12
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OTR11 inOTR11 in

O
T

R
12

 in
te

ns
ity

O
T

R
12

 in
te

ns
ity

Number of electronsNumber of electrons



J. FrischJ. Frisch

BC2BC2L2L2--linaclinacBC1BC1

OTR22OTR22
OTR21OTR21OTR11OTR11

COTR after BC2 on OTR22 COTR after BC2 on OTR22 

More COTR study (H. More COTR study (H. LoosLoos talk)talk)



OTR21 in BC2OTR21 in BC2

γεγεγεγεγεγεγεγεxx,,yy measured with measured with 
wirewire--scanners 300scanners 300--m m 
downstream of BC2downstream of BC2

QM21 = 21 kG

QM21 = 23 kG

QM21 = 27 kG

QM21 = 34 kG

Scan QM21Scan QM21



•• QM21 changes beam divergence at BC2 entrance, not much QM21 changes beam divergence at BC2 entrance, not much 
effect on transverse size thereeffect on transverse size there

BC2 optics functionBC2 optics function



smearing of microbunching when projected smearing of microbunching when projected 
to longitudinal direction in the first dipoleto longitudinal direction in the first dipole

rere--appears near the end of appears near the end of 
second dipole, but beam second dipole, but beam 
angular spread broadens itangular spread broadens it

•• Varying preVarying pre--BC2 beam divergence (by QM21) changes BC2 beam divergence (by QM21) changes 
sharpness of microbunching and sharpest location of sharpness of microbunching and sharpest location of 
microbunching in the second dipolemicrobunching in the second dipole

Dipole 1Dipole 1 Dipole 2Dipole 2

Microbunching evolution in a ChicaneMicrobunching evolution in a Chicane



•• Ignore further CSR amplification of microbunching in BC2 Ignore further CSR amplification of microbunching in BC2 
(BC2 gain is low <3, see (BC2 gain is low <3, see Heifets/Stupakov/KrinskyHeifets/Stupakov/Krinsky, PRST 2002, PRST 2002;;
also see also see Huang/Kim, PRST 2002Huang/Kim, PRST 2002))

•• Bunching evolution in a chicane is approximatelyBunching evolution in a chicane is approximately

Controlled by QM21Controlled by QM21

AnalysisAnalysis

Initial bunching (+energy modulation)Initial bunching (+energy modulation)
due to LSC instability in linac+DL1+BC1due to LSC instability in linac+DL1+BC1



QM21 = 27 kG

Optical bunching in the second dipoleOptical bunching in the second dipole

QM21 = 21 kG

13 cm13 cm

QM21 = 23 kG

10 cm10 cm

QM21 = 34 kG
µ−bunching suppressed

length of second dipole length of second dipole 



Effects on OTR21Effects on OTR21
•• COTR+CSR intensity COTR+CSR intensity 
changes drastically with QM21 changes drastically with QM21 
(QB(QB--like effect)like effect)

OTR21OTR21second dipolesecond dipole

COTRCOTR

CSRCSR

0.725 m0.725 m

xx
Location of sharpest Location of sharpest µµ--bunchingbunching•• CSR is emitted CSR is emitted 

near the bunching near the bunching 
maximum in second maximum in second 
dipoledipole
�� separation of separation of 
COTR and CSR on COTR and CSR on 
OTR21OTR21



Shift of CSR from COTRShift of CSR from COTR

QM21 = 21 QM21 = 21 kGkG
Calculated shift ~ 7 mmCalculated shift ~ 7 mm

QM21 = 27 QM21 = 27 kGkG
Calculated shift ~ 0 mmCalculated shift ~ 0 mm

7 mm

QM21 = 23 QM21 = 23 kGkG
Calculated shift ~ 5 mmCalculated shift ~ 5 mm

5 mm



SummarySummary

A highA high--brightness beam such as generated by LCLS tends to brightness beam such as generated by LCLS tends to 
microbunchmicrobunch itself in a bend system with nonzero Ritself in a bend system with nonzero R56 56 

(Shot noise can naturally start the process).(Shot noise can naturally start the process).

Strong COTR and CSR emissions at optical wavelengths are Strong COTR and CSR emissions at optical wavelengths are 
clear evidences of beam microbunching. clear evidences of beam microbunching. 

Studies are ongoing: some effects are understood, some Studies are ongoing: some effects are understood, some 
details are still missing.details are still missing.

Laser heater (to be commissioned soon) will mitigate Laser heater (to be commissioned soon) will mitigate 
microbunching and (hopefully) get rid of lots of COTR/CSR. microbunching and (hopefully) get rid of lots of COTR/CSR. 

We look forward to how it works out. We look forward to how it works out. 



Thank Bill Thank Bill FawleyFawley for putting for putting 
together this workshop!together this workshop!

Thank LCLS commissioning team Thank LCLS commissioning team 
for great team work and fun for great team work and fun 

experience!experience!


