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Sub-Picosecond Pulse SourceSubSub--Picosecond Pulse SourcePicosecond Pulse Source



Linac Coherent Light Source (Linac Coherent Light Source (LCLSLCLS))

•• 1414--GeV electronsGeV electrons
•• 1.21.2--µµm emittancem emittance
•• 200200--fsec FWHM pulsefsec FWHM pulse
•• 22××10103333 peak brightnesspeak brightness**

* photons/sec/mm* photons/sec/mm22/mrad/mrad22/0.1%/0.1%--BWBW

new bunch compressorsnew bunch compressorsnew bunch compressors

120-m undulator in research yard120120--m undulator in research yardm undulator in research yard

new RF-gun at 2-km pointnew RFnew RF--gun at 2gun at 2--km pointkm point

SASE radiation at 1.5 ÅSASE radiation at 1.5 ÅSASE radiation at 1.5 Å

44thth--Generation Generation XX--ray SASE ray SASE 
FEL Based on FEL Based on SLACSLAC LinacLinac



Linac Coherent Light Source Stanford Synchrotron Radiation Laboratory
Stanford Linear Accelerator Center

LCLS - Estimated Cost, ScheduleLCLSLCLS -- Estimated Cost, ScheduleEstimated Cost, Schedule
$220M-$260M Total Estimated Cost range
$265M-$315M Total Project Cost range

FY2005   Long-lead purchases for injector, undulator
FY2006 Construction begins
FY2007 FEL Commissioning begins
September 2008  Construction complete – operations begins

J. GalaydaJ. Galayda

20022002 20032003 20042004 20052005 20062006 FY2008FY2008 FY2009FY2009

Construction OperationOperation

FY2001FY2001 FY2002FY2002 FY2003FY2003 FY2004FY2004 FY2005FY2005 FY2006FY2006 FY2007FY2007

CDCD--11 CDCD--2a2a
CDCD--2b2b

CDCD--3a3a

CDCD--3b3bCDCD--00 Title ITitle I
DesignDesign
CompleteComplete

XFELXFEL
CommissioningCommissioning

CDCD--44



LCLS – Current Layout and Future Expansion CapacityLCLSLCLS –– Current Layout and Future Expansion CapacityCurrent Layout and Future Expansion Capacity

TransportTransport
UndulatorUndulator
Hall AHall A
TunnelTunnel
Hall BHall B
3 Beams/mirror3 Beams/mirror
ExpansionExpansion J. GalaydaJ. Galayda



Coulomb Explosion of Lysozyme (50 fs)Coulomb Explosion of Lysozyme (50 fs)

J. HajduJ. Hajdu

Atomic and Atomic and 
molecular molecular 
dynamics occur dynamics occur 
at the at the fsecfsec--scalescale



Exploit Exploit PositionPosition--TimeTime Correlation on Correlation on ee−− bunch at Chicane Centerbunch at Chicane Center
0.1 mm (300 fs) rms0.1 mm (300 fs) rms

Access to Access to timetime
coordinate coordinate 
along bunchalong bunch
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zz, longitudinal position (mm), longitudinal position (mm)

50 50 µµmm

LCLSLCLS BC2 bunch compressor chicane BC2 bunch compressor chicane 
(similar in other machines)(similar in other machines)



Add thin slotted foil in center of chicaneAdd thin slotted foil in center of chicane

2∆2∆xx

yy

ee−−

xx ∝∝ ∆∆EE//E E ∝∝ tt

coulomb coulomb 
scattered scattered ee−−

unspoiled unspoiled ee−−

coulomb coulomb 
scattered scattered ee−−

1515--µµm thick Be foilm thick Be foil

P. Emma, M. Cornacchia, K. Bane, Z. Huang, H. Schlarb (DESY), G.P. Emma, M. Cornacchia, K. Bane, Z. Huang, H. Schlarb (DESY), G. Stupakov, D. Walz, Stupakov, D. Walz, PRLPRL



Track 200k macroTrack 200k macro--particles through entire particles through entire LCLSLCLS up to 14.3 GeVup to 14.3 GeV

200 fs200 fs

∆∆EE//EE



2 fs fwhm2 fs fwhm

zz ≈≈ 60 m60 m

xx--ray ray 
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Genesis 1.3Genesis 1.3 FEL codeFEL code



Saldin,
Schneidmiller,
Yurkov

Saldin,Saldin,
Schneidmiller,Schneidmiller,
YurkovYurkov

FEL instability needs very “FEL instability needs very “coldcold” ” ee−− beams (small beams (small εε and and EE--spread)spread)
Such a cold beam is subject to other “undesirable” instabilitiesSuch a cold beam is subject to other “undesirable” instabilities in the in the 
accelerator (accelerator (CSRCSR, Longitudinal Space, Longitudinal Space--Charge=Charge=LSCLSC, wakefields), wakefields)

MicroMicro--Bunching InstabilitiesBunching Instabilities

LCLSLCLS simulations simulations 
(M. Borland)(M. Borland)

tt

current modulationcurrent modulation

1%1% 10%10%
Gain=10Gain=10

Z(k)



How cold is the photoHow cold is the photo--injector beam?injector beam?
Parmela SimulationParmela Simulation TTF measurementTTF measurement

simulationsimulationmeasuredmeasured∆∆ EE
// EE

3 keV3 keV

∆∆tt (sec)(sec)

H. Schlarb, M. HueningH. Schlarb, M. Huening

3 keV, accelerated to 14 GeV, and compressed 3 keV, accelerated to 14 GeV, and compressed ××36 36 ⇒⇒
3/143/14××101066××36 < 36 < 11××1010−−55

Too small to be useful in FEL (no effect on FEL gain when <Too small to be useful in FEL (no effect on FEL gain when <11××1010−−44))



Laser Heater for Landau DampingLaser Heater for Landau Damping

2 cm2 cm

10 cm10 cm

10 cm10 cm 50 cm50 cm

~120 cm~120 cm

θθ ≈≈ 5.75.7ºº 10 per. undulator10 per. undulator

800 nm, 1.2 MW800 nm, 1.2 MW

LaserLaser--electron interaction in undulator induces energy electron interaction in undulator induces energy 
modulation (at 800 nm) modulation (at 800 nm) ⇒⇒ 40 keV rms40 keV rms
Inside weak chicane for laser access and timeInside weak chicane for laser access and time--coordinate coordinate 
smearing (Emittance growth negligible)smearing (Emittance growth negligible)

Z. Huang, M. Borland (ANL), P. Emma, J. Wu, Z. Huang, M. Borland (ANL), P. Emma, J. Wu, R. Carr,R. Carr, C. Limborg, G. Stupakov, J. WelchC. Limborg, G. Stupakov, J. Welch



laser spot much bigger than laser spot much bigger than ee−− spot laser spot similar to laser spot similar to ee−− spotspot spot
PP0 0 = 1.2 MW= 1.2 MW
ww00 = 350 = 350 µµmm
matched spotmatched spot
σσxx,,yy ≈≈ 200 200 µµmm

PP0 0 = 37 MW= 37 MW
ww00 ≈≈ 3 mm3 mm
large laser spotlarge laser spot
σσxx,,yy ≈≈ 200 200 µµmm

+60 keV+60 keV

−−60 keV60 keV
In ChicaneIn ChicaneIn Chicane

800 800 nmnm

800800--nm structure then gets smeared by chicane: nm structure then gets smeared by chicane: ∆∆σσzz ≈≈ 〈〈xx''22〉〉1/2 1/2 ||ηηxx|| >> >> 
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The GOODThe GOOD ((ww00 = 350 = 350 µµm, m, PP00 = 1.2 MW),= 1.2 MW),

andand
the UGLY (no heater) the UGLY (no heater) 

the BADthe BAD (( ww00 = 3 mm, = 3 mm, PP00 = 37 MW),= 37 MW),

small spotsmall spot doubledouble--hornhorn

no heaterno heaterFinal long. phase Final long. phase 
space at 14 GeV for space at 14 GeV for 

initial 15initial 15--µµm, 1% seed m, 1% seed 
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Ming Xie scalingMing Xie scalingλλ00 = 15 = 15 µµm, m, ∆∆I/II/I00 = 1%= 1%

to be published in PRSTABto be published in PRSTAB



Damping Ring Damping Ring 
((γεγε ≈≈ 30 30 µµm)m)

add 14-meter chicane compressor 
in linac at 1/3-point (9 GeV)

add 14add 14--meter chicane compressor meter chicane compressor 
in linac at 1/3in linac at 1/3--point (9 GeV)point (9 GeV)

1.1 mm1.1 mm σσzz ≈≈ 50 50 µµmm σσzz ≈≈ 12 12 µµmm

σσzz ≈≈ 6 mm6 mm
SLAC LinacSLAC Linac

1 GeV1 GeV 30 GeV30 GeV
FFTBFFTBRTL RTL 
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P. Emma P. Emma et al.et al., PAC’01, PAC’01
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Particle tracking in 2D…Particle tracking in 2D…
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Linac and FFTB HallLinac and FFTB Hall

add undulator to FFTB 
hall at end of linac
add undulator to FFTB add undulator to FFTB 
hall at end of linachall at end of linacSLAC linacSLAC linac



Undulator,Undulator,
view upstreamview upstream

Dave Fritz, Soo Lee, David ReisDave Fritz, Soo Lee, David Reis

Undulator parameters:Undulator parameters: LLuu ≈≈ 2.5 m,2.5 m, λλuu == 8.5 cm, 8.5 cm, KK ≈≈ 4.3, 4.3, BB ≈≈ 0.55 T, 0.55 T, NNpp ≈≈ 3030



Source comparisonsSource comparisons
PeakPeak

brightness**brightness**
Pulse length Pulse length 

(fsec)(fsec)
Average flux Average flux 
(photons/sec)(photons/sec)

Photons per Photons per 
pulse per pulse per 
0.1% BW0.1% BW

Rep. Rate Rep. Rate 
(Hz)(Hz)

Table topTable top
laser plasmalaser plasma

11××101099 500500 11××101066 100100 11××101044

ESRFESRF 11××10102424 88××101044 33××10101010 33××101077 900900

ALS* (streak ALS* (streak 
camera)camera)

55××10101717 44××101044 22××101088 22××101044 11××101044

ALS slicing ALS slicing 
(undulator)(undulator)

11××10101717

(6(6××10101919))
100100 11××101055

(3(3××101044))
1010

(300)(300)
11××101044

SPPSSPPS 11××10102525 8080 22××101077 22××101066 1010

** ** photons/sec/mmphotons/sec/mm22/mrad/mrad22/0.1%/0.1%--bwbw
*   streak camera resolution 1 psec, dqe 0.01J. HastingsJ. Hastings *   streak camera resolution 1 psec, dqe 0.01
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Sub-Picosecond Pulse SourceSubSub--Picosecond Pulse SourcePicosecond Pulse Source



R&D at SPPS Towards LCLSR&D at SPPS Towards LCLS

•• Wakefields of microWakefields of micro--bunch in RF structuresbunch in RF structures

•• Develop bunch length diagnosticsDevelop bunch length diagnostics

•• RF phase and voltage stability of linacRF phase and voltage stability of linac

•• Emittance growth in compressor chicane (CSR)Emittance growth in compressor chicane (CSR)



φφ1 1 (deg)(deg)

Chicane energy constant Chicane energy constant 
to <5 MeV (0.06%) rmsto <5 MeV (0.06%) rms

Wakefield Wakefield 
energyenergy--loss used loss used 
to confirm bunch to confirm bunch 
length…length…

K. Bane K. Bane et al.et al., PAC’03, PAC’03



Bunch length confirmed with strong Bunch length confirmed with strong wakefieldwakefield--induced induced 
energy loss of 1870energy loss of 1870--m of SLAC linac: m of SLAC linac: σσzzminmin ≈≈ 50 50 µµm.m.



FarFar--Infrared Detection of Wakefields from UltraInfrared Detection of Wakefields from Ultra--Short BunchesShort Bunches

Linac RF phase (chirp)Linac RF phase (chirp)

H. Schlarb (DESY), H. Schlarb (DESY), et alet al..



Bunch length is also measured with transverse Bunch length is also measured with transverse deflecting rfdeflecting rf : : σσzz ≈≈ 50 to 70 50 to 70 µµmm

28 GeV28 GeV
50 50 µµmm

62 62 µµm rms bunch lengthm rms bunch length
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P. Muggli, M. HoganP. Muggli, M. Hogan



80 fs rms 80 fs rms 
(15 kA)(15 kA)



SLAC LinacSLAC Linac

1 GeV1 GeV 30 GeV30 GeV9 GeV9 GeV

ee−− Energy (MeV)Energy (MeV)

BPM

Linac Phase Stability Estimate Based on Energy Jitter in ChicaneLinac Phase Stability Estimate Based on Energy Jitter in Chicane

〈〈∆∆φφ 22〉〉1/21/2 < 0.1 deg (100 fs)< 0.1 deg (100 fs)

σσEE/E/E00 ≈≈ 0.06%0.06%



Chicane ParametersChicane Parameters
14.3 m14.3 m

L. Bentson L. Bentson et al.et al., PAC’01, PAC’01



ee−−

1414--m chicane in m chicane in 
sectorsector--10 of 10 of 
SLAC linacSLAC linac



Small ‘tweaker’ quads included Small ‘tweaker’ quads included 
to control residual to control residual xx--dispersion.dispersion.

Last YLast Y--chamber was copper chamber was copper 
coated to limit resistivecoated to limit resistive--wake.wake.

Vacuum chamber too large Vacuum chamber too large 
for CSR shielding…for CSR shielding…

((ππσσzzRR1/21/2))2/32/3 ≈≈ 8 mm << 8 mm << rr



Dispersion is measured by energy variations correlated with BPM Dispersion is measured by energy variations correlated with BPM readingsreadings

ZZ/m/m

tweaker quadstweaker quads



Four wireFour wire--scanners scanners 
within 60 m of end within 60 m of end 
of chicane of chicane —— used used 
to measure to measure xx--
emittance.emittance.

Emittance Emittance 
measured with measured with 
precision of 2precision of 2--4%, 4%, 
over <1 hour.over <1 hour.

ββxx = 5 m= 5 m



Horizontal beta function through chicane effects Horizontal beta function through chicane effects 
emittance growth… has been matched and verified:emittance growth… has been matched and verified:

ββxx (m)(m) ααxx ζζxx

Design:Design: 47.247.2 −−2.032.03

−−2.17 2.17 ±± 0.080.08

1.0001.000

Measured:Measured: 50.6 50.6 ±± 1.71.7 1.002 1.002 ±± 0.0030.003



Residual Residual xx--dispersion (and its angle) is precision dispersion (and its angle) is precision 
minimized using ‘tweaker’ quads in the chicaneminimized using ‘tweaker’ quads in the chicane

Linear comb. of tweaker quadsLinear comb. of tweaker quads



CSR simulations with 1D model (unshielded)CSR simulations with 1D model (unshielded)
(good agreement with 3D(good agreement with 3D--model studied by F. Stulle model studied by F. Stulle -- DESY)DESY)

FWHM/2.35 FWHM/2.35 
≈≈ 35 35 µµmm

3.4 nC3.4 nC

9 kA9 kA0.3 kA0.3 kA



CSR simulations (1D) along chicaneCSR simulations (1D) along chicane

~10%~10%

~20%~20%

ISRISR = Incoherent Synch. = Incoherent Synch. RadRad..



All 4 individual beam sizes with asymmetricAll 4 individual beam sizes with asymmetric--gaussian fitsgaussian fits

wire-3

wire-1 wire-2

wire-4

chicane-OFF
chicane-ON

chicanechicane--OFFOFF
chicanechicane--ONON

wirewire--11 wirewire--22

wirewire--44wirewire--33

σσxx == 263 263 µµmm
σσxx == 335 335 µµmm

σσxx == 80 80 µµmm
σσxx == 90 90 µµmm

σσxx == 113 113 µµmm
σσxx == 142 142 µµmm

σσxx == 205 205 µµmm
σσxx == 245 245 µµmm



Chicane Chicane 
OFFOFF

Chicane Chicane 
ONON

γεγεxx = 34.2 = 34.2 ±± 0.7 0.7 µµmmγεγεxx = 27.6 = 27.6 ±± 0.6 0.6 µµmm



BendBend--Plane Emittance: Chicane Plane Emittance: Chicane ONON and and OFFOFF
BendBend--plane plane 
emittance emittance 
data is data is 
consistent consistent 
with with 
calculations calculations 
and sets and sets 
upper limit upper limit 
on CSR on CSR 
effecteffect

P. Emma P. Emma et al.et al., PAC’03, PAC’03



Concluding RemarksConcluding Remarks

Emittance growth consistent with Emittance growth consistent with 
calculations, but no calculations, but no radrad. measurements. measurements

SPPSSPPS will run until will run until LCLSLCLS displaces the displaces the 
beamline in ~2007beamline in ~2007

LCLSLCLS will begin operation at end of 2008will begin operation at end of 2008

Spontaneous device can be added to Spontaneous device can be added to 
LCLSLCLS to allow to allow SuperSuper--SPPSSPPS in longin long--termterm

Thanks Alex and Lia for invitationThanks Alex and Lia for invitation
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