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Optical Klystron (OK) proposed by Optical Klystron (OK) proposed by VinokurovVinokurov and and SkrinskySkrinsky, , 
successfully applied in many FEL oscillatorssuccessfully applied in many FEL oscillators

IntroductionIntroduction
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Neil & Freund (NIMA, 2001), Neil & Freund (NIMA, 2001), 3D seeded simulation for 3D seeded simulation for LCLS at 1.5 LCLS at 1.5 ÅÅ

XX--ray OK is extremely ray OK is extremely 
sensitive to chicane B field sensitive to chicane B field 
at 1at 1××1010--4 4 level (0.2 Gauss level (0.2 Gauss 
for every OK)for every OK)

Same sensitive to energy jittersSame sensitive to energy jitters

11--D steadyD steady--state theorystate theory
R. R. BonifacioBonifacio et al., PRA 1992.et al., PRA 1992.
N. N. VinokurovVinokurov, NIMA 1996., NIMA 1996.
K.K.--J. Kim, NIMA 1998J. Kim, NIMA 1998..
……

HighHigh--gain OK studiesgain OK studies

δσ ρ<<

We find that SASE OK is not sensitive to phase matching   We find that SASE OK is not sensitive to phase matching   
Y. Ding et al., PRST-AB 9, 070702, 2006



SASE OK theorySASE OK theory
We generalize KimWe generalize Kim’’s 1s 1--D OK theory to SASE D OK theory to SASE 

F is energy distributionF is energy distribution
with with rmsrms spreadspread σσδδ

Note Note kRkR5656σσδδ ~ 1 ~ 1 
is optimal gainis optimal gain

Phase termPhase termρσν =bandwidthbandwidth
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Optimal OK Optimal OK RR5656 is whenis when

Chicane delays eChicane delays e--beam bybeam by

No need for phase matching after shifting a few spikesNo need for phase matching after shifting a few spikes

phase is correlated within a spike of lengthphase is correlated within a spike of length

phase is uncorrelated from spike to spikephase is uncorrelated from spike to spike

SASE fieldSASE field

tt

Phase matching Phase matching 
------------Overall phase shift unimportant in SASEOverall phase shift unimportant in SASE



Simulations and TTF experiments show slice energy Simulations and TTF experiments show slice energy 
spread from spread from rfrf guns at 3 or 4 guns at 3 or 4 keVkeV levellevel
3 3 keVkeV ((rmsrms), accelerated to 14 GeV, & compressed ), accelerated to 14 GeV, & compressed ×× 3232

σσδδ ~ 1~ 1××1010--5 5 << LCLS<< LCLS ρρ ~ 5~ 5×× 1010--44

Ti:saphTi:saph
800 nm800 nm Injector at 135 MeVInjector at 135 MeV0.5 m0.5 m

LCLS layoutLCLS layout

To suppress instability, a laser heater in LCLS will  increaseTo suppress instability, a laser heater in LCLS will  increase
EE--spread to 40 spread to 40 keVkeV andand control control σσδδ at at undulatorundulator to 1to 1××1010--44

MicrobunchingMicrobunching instability due to compression amplifies instability due to compression amplifies 
unwanted modulations unwanted modulations increase increase σσδδ beyond 1beyond 1××1010--44

Slice Energy spreadSlice Energy spread

For OK enhancement, run laser heater at 20 For OK enhancement, run laser heater at 20 keVkeV and and 
control control σσδδ at at undulatorundulator to 5to 5××1010--55



Energy spread increase due to quantum diffusion of Energy spread increase due to quantum diffusion of 
spontaneous radiationspontaneous radiation
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Lower K and Lower K and γγ reduce Ereduce E--
spread diffusionspread diffusion

Energy spread in Energy spread in undulatorundulator
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at at λλ = 1.5= 1.5ÅÅ

K=3.5

K=2.7
Small increase of Small increase of 

saturation length (a few %) saturation length (a few %) 
from from KK=3.5 to =3.5 to KK=2.7  =2.7  



Two cases:Two cases:
λλ=1.5 =1.5 ÅÅ, , KK=3.5, =3.5, EE=13.6 =13.6 GeVGeV (nominal design)(nominal design)
λλ=1.0 =1.0 ÅÅ, , KK=2.7, =2.7, EE=13.5 =13.5 GeVGeV

44--dipole chicanes dipole chicanes 

Baseline SASEBaseline SASE11××1010--44

Needed for OKNeeded for OK55××1010--55

Smallest possibleSmallest possible11××1010--55

In all our GENESIS simulations, In all our GENESIS simulations, 

spontaneous energy spread diffusion is included;spontaneous energy spread diffusion is included;

Insert OKs in the Insert OKs in the undulatorundulator long breaks (~1m space) long breaks (~1m space) 
every three undulator sections (about 12 m)every three undulator sections (about 12 m)

Undulator entrance relative energy spread (Undulator entrance relative energy spread (σσδδ))

OK enhancement to LCLSOK enhancement to LCLS

undulatorundulatorundulatorundulator undulatorundulator undulatorundulator undulatorundulator
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no OK

σδ=1×10-5, with 4 OKs

σδ=5×10-5, with 4 OKs

Chicane parameters at Chicane parameters at σσδδ=5=5××1010--55::

RR5656~0.25~0.25μμm, m, BB~0.75T~0.75T

LLBB=6cm, =6cm, LLchicanechicane=51cm=51cm

LCLS at LCLS at λλ=1.5 =1.5 ÅÅ, K=3.5, , K=3.5, E=13.6 E=13.6 GeVGeV
13m13m
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σδ=1×10-4, no OK

σδ=1×10-4, with 3 OKs

1.5m1.5m
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no OK
σδ=1×10-5, with 4 OKs

σδ=5×10-5, with 4 OKs

LCLS LCLS λλ=1.0 =1.0 ÅÅ, K=2.7, , K=2.7, E=13.5 E=13.5 GeVGeV

26m26m

Output power not sensitive to Output power not sensitive to ±±220% 0% RR5656 variationvariation

Open up Open up undulatorundulator gap from 6 mm to ~8 mm, gap from 6 mm to ~8 mm, KK drops to 2.7drops to 2.7
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 I =  2 kA, no OK 
 I =  2 kA, w ith 4 OKs
 I =  3 kA, no OK

A compact xA compact x--ray FELray FEL
SCSSSCSS--type type undulatorundulator, , λλuu=1.5 cm, =1.5 cm, KK =1.3, need only =1.3, need only EE = = 
5 5 GeVGeV for for λλ =1.5 =1.5 ÅÅ
Assume 100 Assume 100 keVkeV local energy spread after compressing local energy spread after compressing 
the bunch to 2 kA is allowed by instability, the bunch to 2 kA is allowed by instability, εεnn = 1= 1μμmm
Small energy spread diffusion in Small energy spread diffusion in undulatorundulator

29 m29 m



SummarySummary
In contrast to a seeded FEL, SASE OK gain is not sensitive In contrast to a seeded FEL, SASE OK gain is not sensitive 
to phase mismatch due to chicane field errors / energy jittersto phase mismatch due to chicane field errors / energy jitters

May be useful to boost a compact xMay be useful to boost a compact x--ray FEL based on a ray FEL based on a 
modest beam energy and a shortmodest beam energy and a short--period period undulatorundulator

Slice energy spread is a crucial parameter for OK gain, Slice energy spread is a crucial parameter for OK gain, 

EE--spread diffusion in spread diffusion in undulatorundulator depends strongly on depends strongly on EE and and KK

With a controllable energy spread by laser heater, 4 OKs With a controllable energy spread by laser heater, 4 OKs 
significantly enhance LCLS gain and lead to earlier saturationsignificantly enhance LCLS gain and lead to earlier saturation

These OKs may help LCLS reaches 1.0 These OKs may help LCLS reaches 1.0 ÅÅ with a smaller with a smaller KK
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