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LCLS Delta undulator for polarization control
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Polarization control in an X-ray free-electron laser

Alberto A. Lutman'™, James P. MacArthur', Markus lichen'?3, Anton O. Lindahl*4, Jens Buck?,

Ryan N. Coffee'*, Georgi L. Dakovski', Lars Dammann®, Yuantao Ding', Hermann A. Diirr'35,

Leif Glaser®, Jan Griinert?, Gregor Hartmann®, Nick Hartmann'’, Daniel Higley', Konstantin Hirsch',
Yurii I. Levashov', Agostino Marinelli’, Tim Maxwell', Ankush Mitra', Stefan Moeller', Timur Osipov’,
Franz Peters', Marc Planas?, lvan Shevchuk®, William F. Schlotter', Frank Scholz®, Jérn Seltmann?,
Jens Viefhaus®, Peter Walter®, Zachary R. Wolf', Zhirong Huang'? and Heinz-Dieter Nuhn'

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

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



Beam diverting to obtain high polarization degree
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First X-ray Magnetic Circular Dichroism taken at LCLS
(Nearly 100% degree of polarization measured)
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Femtosecond X-ray magnetic circular dichroism absorption
spectroscopy at an X-ray free electron laser
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Background: Delta Undulator

* 4 independent
+ Installed Sept. 2014 Nd,Fe,,B magnet row

« 3.2 mtotal, 100 periods

* 4 magnets per 3.2 cm

* |ncludes phase shifter .
y P undulator period



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
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Reverse Taper

Reverse Taper + Afterburner Simulation
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Beam diverting: Substantial Separation Achieved

y [mm]

Delta OFF; CorrectorY =0 Gas Detector = 0.015453 uJ

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
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Saldin, Geloni, & co Showed Interest
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DESY 16-128 Gianluca Geloni,

July 2016 European XFEL GmbH, Hamburg

Vitali Kocharyan and Evgeni Saldin
Deutsches Elektronen-Synchrotron DESY, Hamburg

Evidence of Wigner Rotation Phenomena in the
Beam Splitting Experiment at the LCLS
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Fig. 1. Illustration of the problem, which arises according to classical particle track-
ing when a microbunched electron beam is deflected by a dipole magnet by an
angle 1. (@) According to particle tracking results, after passing the dipole the mi-
crobunching is preserved, but only along its original direction. (b) Using a different
convention the orientation of the microbunching wavefront is always perpendicu-
lar to the electron beam velocity.




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 ¢,,.

« The dipole correctors supply 0.006 kGm,
limiting the kick to 10s of uRad
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Microbunch tilt develops due to quad + dipole effects

W Yo

o e

 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

i (et

uad + Dipole
Normal Quad Q P

« This effect is relevant when the R_43 of the quadrupole is large (at
low energy)



Trajectory In Delta Undulator
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The corrector kicks the beam in the +y direction by an angle « and
the quad is defocusing in the y dimension:
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3D Maxwell-Vlasov Equations

In principle, the Maxwell-Vlasov equations should be solved
self-consistently with the trajectories given before:
detune from FEL observation
resonance wavenumber angle / E-field
G, \ 3 o
+ 1Avk, —|— qb = —K1Ne | dX'dnkF,
oz
d . k 4
— +1 21"’?}*&15__}{;2 FL-’:_Xl ' y
dz 2
l ‘ Negligible due to
reverse taper and
scaled electron weak interaction in a
electron distribution short Delta undulator

energy



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
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T. Tanaka, H. Kitamura, and T. Shintake, Nucl. Instrum
Methods Phys. Res., Sect. A 528, 172 (2004).

The angle at which |bunching|? reaches a maximum yields the

we have




Microbunch tilt comes at a cost

Smearing occurs due to emittance effects. The bunching reduction at
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Result #2: Coherent radiation and optimal detune
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* Ignoring energy spread effects, we can find
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Genesis Simulations

9 planar undulator reverse taper

1 helical undulator afterburner

K scanned
0-60 uRad deflection

Far field & spectrum analyzed
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Typical Simulation Output (850 eV)
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Far-field radiation evolution of 30 uRad kick afterburner radiation. Only the
radiation produced in the afterburner is plotted (seed subtracted from output)

a_w = 2.4848, 0.5 meter le16 a_w = 2.4848, 3.2 meter

 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



Theory vs. Simulation (850 eV)
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« 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.

« Theory predicts closely where the optimal K should be.



Theory vs. Simulation (500 eV)
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500 eV Data Comparison

The radiation angle is
predicted reasonably
well
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500 eV detune (K) scans

Power

2.5x 10V

2.0 1000

Lax 1ot

1.0 101

S0 100

Optimal K-Value

3.449

40
— D uRad g a0
o g
- T gof
— 18 T o1
— 28 £ o
— 3 ‘—ﬂ:JU -10f
— 46 B
— 55 ~anbe 4 :
242 2.44 246
rms K
| | | -
e - . ’-
. - ]
\"\ L]
LY
"\-\.\ *
b
™
"«. —]
b
A
. %
s experimnent \
b
«  Genesis Yo
—— theory "
. R
- == theory (no tilt) 3
l 1 | l
10 20 30 40 50

kick angle (pRad)

248

2.52

0 uRad
9

18

28

ar

46

55



Summary

o1 AR

» 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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