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OutlineOutline

�� SPARC SPARC OverviewOverview

�� SPARC SPARC SeedingSeeding LayoutLayout

�� Low Low powerpower seedingseeding: : amplificationamplification ofof harmonicsharmonics
generatedgenerated in gas in gas 
�� DirectDirect seedingseeding
�� Single stage Single stage cascadecascade 266nm 266nm --> 133nm> 133nm

�� High High powerpower seedingseeding
�� High High harmonicsharmonics generationgeneration
�� SuperradiantSuperradiant cascadecascade



1.6 cells RF injector UCLA/BNL/SLAC 
design

Three TW S-band sections 100 – 200 
MeV & Focusing solenoids (vel. bunching)



6 undulator modules
(ACCEL Gmbh)
77 periods
Period 2.8cm 
K max ~2.3

6 undulator modules
(ACCEL Gmbh)
77 periods
Period 2.8cm 
K max ~2.3



Streak Camera
In vacuum spectrometer (Luxor)

FROG diagnostic

Streak Camera
In vacuum spectrometer (Luxor)

FROG diagnostic (UCLA)
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6UM6UM

Spectrometer

SASE
Spectra measurements

Summer 2009

Orbit kicks to selectively inhibit SASE 
in the first undulators



Average over 100 spectra:

Energy 140 uJ (max 380 uJ)

Rel Linewidth 0.8% rms

~40 nm

SINGLE SPIKE (SINGLE SPIKE (CombinationCombination ofof ee--beambeam chirpchirp & & tapertaper))

TWINS (TWINS (TwoTwo simultaneoussimultaneous spikesspikes ~500 ~500 fsfs separationseparation))

SASE SASE experimentsexperiments in 2010 in 2010 ……



SeededSeeded OperationOperation

Seed λ
FEL FEL AmplifierAmplifier

FEL FEL HarmonicHarmonic GenerationGeneration

Seed λ1

Modulator Radiator

λ2= λ
1
/n, n=2

• Seed modes:

– Low pulse energy seeding: 266 nm & 160 nm generated in gas

– High pulse energy seeding: 400 nm in BBO crystal

Seed λ
FEL FEL AmplifierAmplifier

Seed λ
FEL FEL AmplifierAmplifier



SeededSeeded SPARC LayoutSPARC Layout

Ti:Sa 
Regenerative Amplifier

HHG generation Chamber

Periscope & 
injection chicane

In vacuum
spectrometer
550-40nm

+ MUR



TransverseTransverse AlignmentAlignment
e- 400nm

FLAG1
(after first UM)

FLAG2
(after second UM)



TemporalTemporal alignmentalignment
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Energy Energy ““alignmentalignment”” (11(11--0202--2010)2010)

SASE SEED

SASE + SEED

SASE + SEED
@ resonance

Beam energy tuning

4 x brightness

SEEDED FEL !!!
Delay line tuning



SeedingSeeding withwith harmonicsharmonics generatedgenerated in gasin gas

Seed λ
FEL FEL AmplifierAmplifier

Seed generated in gas



Infrared

DecDec. 2007. 2007

Infrared

GAS Cell

Differential vacuum

to Undulators

Focusing mirrors



SeedingSeeding -- BeamBeam parametersparameters (3(3--4/6/2010)4/6/2010)

TransverseTransverse emittances ~ 2 mm emittances ~ 2 mm mradmrad

Low peak current, but relatively good beam quality



Seed @ 266 nm (Ar), ~50 nJ (±20nJ)
6 UM 266 nm

Spectrometer slit @ 5 um
CCD saturated with nbw filter @ 266nm, 17% T



ComparisonComparison ofof currentcurrent shapeshape measuredmeasured withwith RF RF 
deflectordeflector &&

““gaingain”” profileprofile measuredmeasured withwith cross cross correlationcorrelation
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(2010/06/04)(2010/06/04) SeedSeed @ 160nm@ 160nm
�� SeedSeed intensityintensity & SASE & SASE tootoo low low toto bebe detecteddetected at the at the 

spectrometerspectrometer (< 1 (< 1 nJnJ))
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The seed @ 266 measured 1 day
before shows the same double
peak structure

Seeded FEL – 4 nJ



CascadedCascaded FEL FEL seededseeded withwith
harmonicsharmonics generatedgenerated in gasin gas

•• SeedSeed @ 266 @ 266 nmnm / / ~~50 50 nJnJ

••55--44--3 UM 3 UM tunedtuned @ 266 @ 266 nmnm / 1/ 1--22--3 UM 3 UM tunedtuned @133 @133 nmnm

Seed λ1

Modulators

λ2= λ
1
/n, n=2

Radiators



Output Output energyenergy (@133nm) (@133nm) asas a a functionfunction ofof
modulatorsmodulators//radiatorsradiators ##
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FEL FEL HarmonicHarmonic GenerationGeneration

Seed λ1

Modulator Radiator

λ2= λ
1
/n, n=2
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FEL FEL HarmonicHarmonic GenerationGeneration

Seed λ1

Modulator Radiator

λ2= λ
1
/n, n=2
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High High intensityintensity seedingseeding ofof a single a single 
pass pass amplifieramplifier at SPARCat SPARC

Seed λ
FEL FEL AmplifierAmplifier

Seed λ
FEL FEL AmplifierAmplifier

Seed λ
FEL FEL AmplifierAmplifier

Wavelength 400nm (II harmonic of Ti:Sa)

Tuned laser energy in the range 0.2 - 9 uJ



SolitarySolitary wavewave--likelike
superradiant superradiant pulsepulse
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High High harmonicsharmonics in in anan FEL (30/6/2010) FEL (30/6/2010) 
Seed @ 400 nm, 5 uJ - 1 UM tuned at 400 nm – 5 UM tuned @ 200nm

� Higher charge (420 pC) 
� Longer e-bunch
� Larger emittances (3 mm mrad)



DirectDirect seedingseeding aboveabove saturationsaturation

Seed Energy < 0.5 uJ

~ 0.7 uJ

~ 3 uJ

~ 9 uJ
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V. Petrillo & M. Serluca



MeanMean spectrumspectrum
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Regular pattern depending on the laser pulse structure & 
saturation position along the undulator



BunchingBunching coefficientscoefficients in the in the frontfront side side ofof the the pulsepulse

ExpectedExpected veryvery efficientefficient generation generation ofof high high orderorder harmonicsharmonics



harmonicsharmonics

�� Bunching Bunching peaks on the pulse front side at the higher order peaks on the pulse front side at the higher order 
harmonicsharmonics

�� Short bursts of harmonic radiationShort bursts of harmonic radiation
�� Dynamics for nonDynamics for non--linear harmonic evolution linear harmonic evolution ““fasterfaster”” by the by the 

harmonic factor n. (i.e. harmonic factor n. (i.e. LLg,ng,n ~ ~ LLgg /n )/n )
�� Pulse Pulse structrestructre preserved by the preserved by the ““solitary wavesolitary wave”” behavior of this behavior of this 

solutionsolution
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High High harmonicsharmonics down down toto 37 37 nmnm

Observation of 11° harmonic at 37nm

11h 10h 9h   8h      7h          6h               5h            4h                                         3h      2h          1h 

Measured energy per pulse, 
spot size & and bandwidth
of the first 11°harmonics



High High intensityintensity seedingseeding in a in a 
cascadedcascaded FEL at SPARCFEL at SPARC

Seed λ
FEL FEL AmplifierAmplifier

Seed λ
FEL FEL AmplifierAmplifier

Seed λ
FEL FEL AmplifierAmplifier

Tuned laser energy in the range 0.2 - 9 uJ



Evolution of a superradiant Evolution of a superradiant 
pulse in a cascadepulse in a cascade

Modulator Radiator

Exponential/superradiantExponential/superradiant
growthgrowth

Growth of theGrowth of the
harmonic &harmonic &

harmonic bunchingharmonic bunching

““Fresh Bunch Fresh Bunch IjectionIjection TechniqueTechnique”” by slippage:by slippage:
The pulse slips over the beam bunched at  The pulse slips over the beam bunched at  λλ

Short pulse at Short pulse at λλ/n/n
by CHGby CHG

Seed

e- beam

NEW superradiant NEW superradiant 
pulse pulse at λ/nThe pulse at The pulse at λλ in the radiator in the radiator 

is off resonanceis off resonance

No exponential gain !!No exponential gain !!



Seed λ1 = 400 nm

Modulator Radiator

λ2= 200 nm

(4/6/2010)(4/6/2010) Seed @ 400 nm
2 uJ - 1 UM tuned at 400 nm – 5 UM tuned @ 200nm

Delay line Scan
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Energy per pulse @ 200nm



IndicationIndication ofof saturationsaturation at 200nmat 200nm
Large energy jitter –> large energy fluctuations
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18 µJ - Structure in the spectrum

Saturation effect ? – confirmed 11/12/2010 

Typical diffraction
from vacuum pipe



200 200 nmnm –– single single shotshot



40 40 nmnm

50 50 nmnm

66 66 nmnm

Shift of 10/12/2010
Preliminary data

(single shot)

100 100 nmnm

HigherHigher harmonicsharmonics in the in the cascadecascade

(wavelength indicates
the center of the 
window
Window width ~10nm)



SeededSeeded SPARC SPARC spectralspectral rangerange
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ConclusionsConclusions

�� SPARC SPARC representsrepresents anan idealideal test test bedbed forfor studyingstudying single pass FEL single pass FEL 
and FEL and FEL cascadescascades in SASE and in SASE and seededseeded modemode

�� Conventional lasers and FEL are merged in a single deviceConventional lasers and FEL are merged in a single device

�� In vacuum spectrometer extend the observed SPARC spectral In vacuum spectrometer extend the observed SPARC spectral 
range down to 36nm range down to 36nm -- 540 nm540 nm

Future Future ExperimentsExperiments
MultistageMultistage cascadecascade
The The harmonicharmonic cascadecascade
HHG HHG eveneven harmonicsharmonics amplificationamplification

~~1 1 µµJJ

133 133 nmnm

~~100 100 nJnJ~~10 10 µµJJ~~100 100 µµJJEnergy/Energy/pulsepulse ((~ 100 ~ 100 fsfs))

66nm66nm200nm200nm500 500 nmnmWavelengthWavelength

Observed pulse energy at different wavelengths ( ~ 50-60A  / 178MeV )


