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LCLS Delta undulator for polarization control  

X-ray 

beam 

Four independent rows of permanent magnets move longitudinally at fixed gap. 

Polarization state of the radiation can be controlled over the full range. 



Beam diverting to obtain high polarization degree 

Delta ON: 200 uJ 

Delta OFF: 1 uJ 

A. Lutman et al., Nature Photonics (May 2016) 

707 eV 



First X-ray Magnetic Circular Dichroism taken at LCLS 

(Nearly 100% degree of polarization measured) 



Background: Delta Undulator 

• 3.2 m total, 100 periods 

• Installed Sept. 2014 

• Includes phase shifter 

• 4 independent 

Nd2Fe14B magnet row 

• 4 magnets per 3.2 cm 

undulator period 

Delta’s Axial View Girder 33: Delta Undulator 



Delta Undulator Detailed View 

Quadrupole & Cavity BPM Phase Shifter 

Quadrupoles before and after Delta 

(Details: H.-D. Nuhn et al., FEL 2013) 



Delta in the Afterburner Configuration  

Beam Diverting 

Electron 

 Picture 

Photon 

 Picture 

Linear Undulator Delta RCP 

RCP 

LCP 

Reverse Tapered 



Reverse Taper 

Bunching still grows 

Power is suppressed 

Regular Taper Reverse Taper Reverse Taper + Afterburner Simulation 

Rapid increase  

in power 

Reverse taper suggested by Schneidmiller and Yurkov, PRSTAB 16, 110702 (2013)  

Reverse taper power suppression depends on E-energy spread (J. MacArthur, FEL2015)  



Beam diverting: Substantial Separation Achieved 

• Direct imager is 87 

meters downstream 

from Delta 

• Separations of order 

30-40 uRad are 

observed at lower 

energies 

• Significantly easier 

to kick in y-axis than 

x-axis 

• Polarization 

components are 

separable 



Fit to Both Centroid and Integrated Strength 

• Two-spot centroid and 

integrated intensity may be 

extracted 

• Can we simulate and predict 

such observations? 



Saldin, Geloni, & co Showed Interest  





Our Approach: J. MacArthur et al., in preparation 

Coherent Undulator Radiation + Beam Dynamics 

• A pre-bunched beam is deflected at z=0 

• The kick provides no immediate 

microbunch rotation, but microbunch 

tilt develops due to beam dynamics 

 

• An observer sits at an angle 𝜙𝑦. 

• The dipole correctors supply 0.006 kGm, 

limiting the kick to 10s of uRad 

 



Microbunch tilt develops due to quad + dipole effects 

• LCLS Quads can provide up to +/- 4 T integrated field strength, 

though 3 T is typical operation 

• The quadrupole and dipole effects conspire to re-orient the 

microbunch direction for free 

 

 

 

 

 

• This effect is relevant when the R_43 of the quadrupole is large (at 

low energy) 

Normal Quad 
Quad + Dipole 



Trajectory In Delta Undulator 

The corrector kicks the beam in the +y direction by an angle a and 

the quad is defocusing in the y dimension: 

Assume periodic FODO lattice: in middle of the quad, transverse 

position and angle are uncorrelated with the distribution function 

(f is focal length of the quad, defocusing in y) 



3D Maxwell-Vlasov Equations 

In principle, the Maxwell-Vlasov equations should be solved 

self-consistently with the trajectories given before: 

detune from 

resonance 

observation  

angle 

scaled 

electron 

energy 

electron 

distribution 

E-field 

Negligible due to 

reverse taper and 

weak interaction in a 

short Delta undulator 

FEL 

wavenumber 



Result #1: Microbunch Tilt Angle 

• With no FEL interaction in DELTA and the trajectories given before, 

the bunching has an expression that generalizes Tanaka’s result 

• The angle at which |bunching|2 reaches a maximum yields the 

amount of microbunching tilt 

• In typical FEL regime we have 



Microbunch tilt comes at a cost 

Smearing occurs due to emittance effects. The bunching reduction at 

the tilt angle ab is  

LCLS tilt angle ab when kick angle a=fc 

Critical angle 



Result #2: Coherent radiation and optimal detune 

• Ignoring energy spread effects, we can find  

Microbunching  

tilt at ab 

Single e- emits along 

the kicked angle 

• Detune can be used to offset difference between a and ab  

when 

• Detune in DELTA                                                    (a moving target with z!) 



Genesis Simulations 

K vs z (850 eV) Bunching vs z (850 eV) 

• 9 planar undulator reverse taper 

• 1 helical undulator afterburner 

• K scanned 

• 0-60 uRad deflection 

• Far field & spectrum analyzed 



Typical Simulation Output (850 eV) 

• After z=0.5 m, no microbunch rotation or off-axis radiation have 

happened 

• As z increases to 3.2 , microbunch tilts and more radiation appears off-

axis 

Far-field radiation evolution of 30 uRad kick afterburner radiation. Only the 

radiation produced in the afterburner is plotted (seed subtracted from output) 

z=0.5 m  z=3.2 m  



Theory vs. Simulation (850 eV)  

• Simulated DELTA  power vs. rms K at z=3.2 m. Theoretically predicted 

optimal K is plotted as the vertical line for different kick angles. 

Kick angle (urad) 

rms K 

• Theory predicts closely where the optimal K should be. 



Theory vs. Simulation (500 eV) 

Kick angle 

a=54 urad 

Microbunch  

tilt angle ab 



500 eV Data Comparison 

• The radiation angle is 

predicted reasonably 

well 

• Power reduction agrees 

with theory (Data/theory 

at 3 kA but simulations 

were done at 4 kA) 



500 eV detune (K) scans 



Summary 

• Our experimental results appear to be consistent 

with a classical theory of coherent radiation 

• A new way to tilt microbunches was described 

and verified in simulations 

 

 

 

• Such effects may be useful for FEL manipulations 

in afterburners, multiplexing beamlines, or 

radiation outcoupling in an oscillator cavity  
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