
1

Measurements of CSRMeasurements of CSR
and its impact on the LCLS beamand its impact on the LCLS beam

Z. Huang, K.L.F. Bane, F.Z. Huang, K.L.F. Bane, F.--J. Decker, Y. Ding, D.J. Decker, Y. Ding, D. Dowell, P.Dowell, P. Emma, Emma, 
J.J. Frisch, R.Frisch, R. Iverson, C.Iverson, C. LimborgLimborg--DepreyDeprey, H., H. LoosLoos, H., H.--D. D. NuhnNuhn, D. , D. 

RatnerRatner, G. , G. StupakovStupakov, J., J. Turner, J.Turner, J. Welch, J.Welch, J. WuWu

Stanford Linear Accelerator CenterStanford Linear Accelerator Center

0505--2929--20082008

Zeuthen Workshop on HighZeuthen Workshop on High--brightness beamsbrightness beams



2

OutlineOutline

IntroductionIntroduction

CSR studies at BC1CSR studies at BC1
@250 @250 pCpC
@  1 @  1 nCnC

CSR studies at BC2 CSR studies at BC2 
@ 250 @ 250 pCpC
Direct observation of CSR at optical wavelengthsDirect observation of CSR at optical wavelengths

SummarySummary
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Magnetic Bunch CompressionMagnetic Bunch Compression
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Coherent Synchrotron Radiation in BendsCoherent Synchrotron Radiation in Bends
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OTR screens (7)OTR screens (7)
YAG screens (7)YAG screens (7)
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

GunGun
SpectrometerSpectrometer

RFRF
DeflectorDeflector

L1X (XL1X (X--bandband
RF cavity)RF cavity)

BC1BC1
L1SL1S

L0a
L0a

L0b
L0b

22--km point in 3km point in 3--km SLAC linackm SLAC linac

LCLS Injector LayoutLCLS Injector Layout

135135--MeVMeV
SpectrometerSpectrometer

EmittanceEmittance
Screens/WiresScreens/Wires

EmittanceEmittance
Screen/WiresScreen/Wires

135 MeV135 MeV
σσzz ≈≈ 1 mm1 mm

6 MeV6 MeV

250 MeV250 MeV
σσzz ≈≈ 0.2 mm0.2 mm

TD11TD11
stopperstopper

(not to scale)(not to scale)

22ndnd Transverse RF Deflector in SectorTransverse RF Deflector in Sector--25 (400 m)25 (400 m)
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LCLS BC1 and diagnosticsLCLS BC1 and diagnostics

BunchBunch--CompressorCompressor--11
(BPM, OTR, collimator)(BPM, OTR, collimator)

BX11BX11 BX14BX14BX13BX13BX12BX12 WS12

Bunch length monitor, deflecting cavity Bunch length monitor, deflecting cavity bunch length;bunch length;

QM13

BPMM12BPMM12

QM13 + WS12 QM13 + WS12 Emittance ;Emittance ;

BPM21301BPM21301 BPMM14BPMM14

BPMsBPMs after BC1 after BC1 energy loss.energy loss.

L1XL1X
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BC1 CSR studies at 250 BC1 CSR studies at 250 pCpC
•• Machine setup:Machine setup:

Energy = 250 MeV (held constant by EEnergy = 250 MeV (held constant by E--feedback); feedback); 
BC1 R56 = BC1 R56 = --45.5mm, dipole radius = 2.17m, 45.5mm, dipole radius = 2.17m, θθ ~ 5~ 5°° ;;
L1X: 20MV, L1X: 20MV, --160 deg;160 deg;
BC2 offBC2 off

•• Injector beam conditions (at 135 MeV) Injector beam conditions (at 135 MeV) 
γεγεxx ~ ~ γεγεyy ~ 0.7 um (WS02, asymmetric Gaussian method) ~ 0.7 um (WS02, asymmetric Gaussian method) 
σσzz ~ 750 um (OTR2)~ 750 um (OTR2)

BC2BC2
OFFOFF

BSYBSY
(14 GeV)(14 GeV)

TCAVTCAV
(5.0 GeV)(5.0 GeV)

BC1BC1
(250 MeV)(250 MeV)

L1SL1S
BPMBPM

•• Scan L1S phase to Scan L1S phase to 
Control EControl E--chirp before BC1chirp before BC1

σσzz = 741 um= 741 um
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Bunch compression measurementsBunch compression measurements
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BC1 03-23-2008 measurements

 

 

meas. 10 Hz
meas. 1 Hz
Elegant

•• Absolute bunch length measured by Absolute bunch length measured by 
downstream deflecting cavitydownstream deflecting cavity

•• A Phase shift of A Phase shift of --0.4 deg is added 0.4 deg is added 
to the to the ElegantElegant simulationssimulations

bunch length monitor (BL11A) signalbunch length monitor (BL11A) signal

20 kA20 kA

Full compressionFull compression
((ElegantElegant simulation)simulation)
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Longitudinal phase spaceLongitudinal phase space

BC1 endBC1 end

csrcsr offoff
csrcsr onon

L1S = L1S = --25.5 deg, 25.5 deg, ElegantElegant simulationssimulations

BPMsBPMs after the chicane could be after the chicane could be 
used to measure this energy loss.used to measure this energy loss.

CSR energy lossCSR energy loss

BPMBPM
Chicane 4Chicane 4thth BendBend

ee−−

bunch bunch 
headheadEnergy loss in BC1Energy loss in BC1

γγ
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CSR ECSR E--loss as seen by loss as seen by BPMsBPMs

BPMsBPMs

Trajectory change due to CSR seen by three Trajectory change due to CSR seen by three BPMsBPMs after BC1 after BC1 
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BC1 03-23-2008 measurements

 

 

meas.-1, x+0.10
meas.-2, x+0.10
elegant
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BC1 03-23-2008 measurements

 

 

meas.-1, x-0.01
meas.-2, x-0.01
elegant
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BC1 03-23-2008 measurements

 

 

meas.-1, x+0.27
meas.-2, x+0.27
elegant

( Red ( Red trajtraj: : ElegantElegant at L1S = at L1S = --22 deg )22 deg )
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BC1 END,  BC1 END,  t t –– x’x’

•• CSR ECSR E--loss in bends leads to transverse distortion of the bunch loss in bends leads to transverse distortion of the bunch 
and emittance growth; and emittance growth; ElegantElegant BC1 simulations at L1S = BC1 simulations at L1S = --25.5 deg25.5 deg

XX--plane properties affected by CSRplane properties affected by CSR

CSRCSR OFFOFF

WS12 (3.3 m down stream), WS12 (3.3 m down stream), t t -- xx

CSRCSR ONON

CSRCSR ONONCSRCSR OFFOFF

200 200 μμradrad

300 300 μμmm
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ElegantElegant
simulated simulated 
xx--profilesprofiles

WS12 xWS12 x--profilesprofiles

ϕϕ = = −−2222ºº
σσxx = 38 = 38 μμmm σσxx = 55 = 55 μμmm σσxx = 246 = 246 μμmm

ϕϕ = = −−2626ºº ϕϕ = = −−2727ºº

σσxx = 251 = 251 μμmm

ϕϕ = = −−2727ººσσxx = 34 = 34 μμmm

ϕϕ = = −−2222ºº
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•• ElegantElegant (1D CSR with transient ) shows good agreement with data(1D CSR with transient ) shows good agreement with data

•• CSRtrackCSRtrack (2D self(2D self--field) uses 100k particles, g2m, reads field) uses 100k particles, g2m, reads ElegantElegant
output at BC1 entrance, tracks BC1 up to WS12; agrees with output at BC1 entrance, tracks BC1 up to WS12; agrees with ElegantElegant
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meas.-1
meas.-2
elegant
CSRtrack g2m
elegant+Impact-T
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BC1 03-23-2008 measurements

 

 

meas.
elegant
CSRtrack g2m
elegant+Impact-T

CSR Emittance growth after BC1 (250pC)CSR Emittance growth after BC1 (250pC)

operatingoperating
pointpoint

•• ImpactImpact--TT (3D space charge, no CSR) reads (3D space charge, no CSR) reads ElegantElegant output at BC1 output at BC1 
exit, compute to WS12 (3.3 m downstream) exit, compute to WS12 (3.3 m downstream) suggests that small suggests that small 
vertical emittance growth due to space charge at full compressiovertical emittance growth due to space charge at full compression n 
(need to rule out instrumental effects)(need to rule out instrumental effects)
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Emittance still gold when overEmittance still gold when over--compressed compressed 
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full-compression
over-compression

σσx x = 112 = 112 μμmm
σσs s = 9.9 = 9.9 μμmm

σσx x = 4.25 mm= 4.25 mm
σσs s = 10.9 = 10.9 μμmm

•• Very short interaction length at Very short interaction length at 
minimum bunch length (in the 3minimum bunch length (in the 3rdrd

dipole) when over compresseddipole) when over compressed

Full compressionFull compressionOver compressionOver compression

s

x

σ
σ

At overAt over--compression compression 
minimum bunch length:minimum bunch length:

>>

3D CSR may further reduce 3D CSR may further reduce 
1D estimation 1D estimation 

•• Dispersion at 3Dispersion at 3rdrd dipole makes dipole makes 
horizontal beam size largehorizontal beam size large
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BC1 CSR studies at 1 BC1 CSR studies at 1 nCnC
•• Machine setup:Machine setup:

Energy = 250 MeV; Energy = 250 MeV; 
BC1 R56 = BC1 R56 = --45.5mm;45.5mm;
L1X: 20MV, L1X: 20MV, --160 deg;160 deg;
BC2 off.BC2 off.

•• Injector beam conditions (at 135 MeV)Injector beam conditions (at 135 MeV)
γεγεxx ~ ~ γεγεyy ~ 0.9 um (WS02, asymmetric Gaussian method) ~ 0.9 um (WS02, asymmetric Gaussian method) 
σσzz ~ 1.1 mm (OTR2)~ 1.1 mm (OTR2)
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CSR ECSR E--loss and emittance growth at 1 nCloss and emittance growth at 1 nC

A Phase shift of A Phase shift of −−0.8 deg is added to the 0.8 deg is added to the ElegantElegant curvescurves

-32 -30 -28 -26 -24 -22
0

1

2

3

4

5

L1S phase (deg)

γε
y (μ

m
)

BC1 1nC 04-08-2008 measurements

 

 

meas.-1
meas.-2
elegant
CSRtrack g2m
elegant+Impact-T

-32 -30 -28 -26 -24 -22
0

5

10

15

20

25

L1S phase (deg)

γε
x (μ

m
)

BC1 1nC 04-08-2008 measurements
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BC1 1nC 04-08-2008 measurements

 

 

meas.-1,x+0.3mm
meas.-2, x+0.3mm
elegant
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BC1 1nC 04-08-2008 measurements

 

 

meas.-1,x+0.3mm
meas.-2, x+0.3mm
elegant
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BC2 CSR studies at 250 BC2 CSR studies at 250 pCpC

•• Machine setup:Machine setup:
L1S: L1S: --22 deg; L1X: 20MV, 22 deg; L1X: 20MV, --160 deg;160 deg;
BC1 R56 = BC1 R56 = --45.5 mm; Energy = 250 MeV;45.5 mm; Energy = 250 MeV;
BC2 R56 = BC2 R56 = --24.7 mm; Energy = 4.3 GeV.24.7 mm; Energy = 4.3 GeV.

•• Initial beam for simulations (at 135 MeV):Initial beam for simulations (at 135 MeV):
γεγεxx ~ ~ γεγεyy ~ 0.7 um (WS02) ~ 0.7 um (WS02) 
σσzz ~ 750 um (OTR2)~ 750 um (OTR2)

•• Scan BC2 chirp control instead of whole L2 linac phaseScan BC2 chirp control instead of whole L2 linac phase
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RMS bunch length and CSR energy loss RMS bunch length and CSR energy loss 
vs. BC2 compressionvs. BC2 compression

-500 -300 -100 100 300 500
-5

0

5

10

15

20

25

30

BC2 compression energy (MeV)

R
M

S 
bu

nc
h 

le
ng

th
 ( μ

 m
)

BC2 250pC measurements 03-23-2008
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elegant

A shift A shift --130 MeV is added to 130 MeV is added to ElegantElegant simulationssimulations
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X-Emittance vs BC2 compression
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Shift of -200 MeV added to Elegant

σx = 65 μm

σx = 265 μm

Emittance measured with four wire scanners
~300 m downstream of BC2
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XX--profiles at BC2 full compressionprofiles at BC2 full compression

WS27644WS27644 WS28144WS28144 WS28444WS28444 WS28744WS28744

4 wire scanners at 9 GeV4 wire scanners at 9 GeV

ElegantElegant simulationssimulations

σσxx=414=414μμmm σσxx=470=470μμmm σσxx=40=40μμmm σσxx=424=424μμmm



21

Direct observation of CSR at optical Direct observation of CSR at optical 
wavelength due to wavelength due to μμ--Bunching at BC2Bunching at BC2

OTR screen in BC2OTR screen in BC2
OTR21OTR21

γεγεxx,,yy measured with measured with 
wirewire--scanners 300scanners 300--m m 

downbeamdownbeam of BC2of BC2γεγεxx

γεγεyy

CSRCSRCOTRCOTR

More on this and μ-Bunching tomorrow…
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SummarySummary
We presented measurements of CSRWe presented measurements of CSR--induced energy loss induced energy loss 
and related transverse emittance growth in both compressorsand related transverse emittance growth in both compressors

Measurements are in good agreement with codes. BC1 Measurements are in good agreement with codes. BC1 
normally operates away from CSR problems.  normally operates away from CSR problems.  

BC2 emittance measurements are still tricky (wires ~300 m BC2 emittance measurements are still tricky (wires ~300 m 
downstream, downstream, μμ--Bunching may complicate things here), we Bunching may complicate things here), we 
hope to get improved data soon. hope to get improved data soon. 

No ‘slice’ emittance data yet available after compression (FEL No ‘slice’ emittance data yet available after compression (FEL 
is impacted by ‘slice’ emittance and not so much ‘projected’)is impacted by ‘slice’ emittance and not so much ‘projected’)
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Thanks for your attention!Thanks for your attention!
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