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Outline

 Round-to-Flat Beam Transformation
– Theory;
– Experimental demonstration.

 Transverse-to-longitudinal Emittance EXchange (EEX)
– Theory;
– Experimental demonstration;
– Longitudinal phase-space shaping via EEX.

 Acknowledgements  
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Flat Beam Generation: Beam Matrix Formulation 
General form of the 
beam matrix of a 
round beam at 
waist location.
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Σ𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝑀𝑀Σ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 �𝑀𝑀 Going through a round-to-flat beam 
transformation matrix M which is symplectic
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Beam is decoupled 
in x and y and a flat 
beam with 
emittance ε- and ε+
is generated.
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Invariants of the Symplectic Transformation Flat Beam Emittances 

KJK 
Phys. Rev. St. 
Accel Beams 6, 
104002 (2003).
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Const. related to canonical 
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Flat beam emittances are given by:Round beam emittance:

e.g.    L=20 μm, εu=1 μm
ε+=47 μm; ε-=0.02 μm
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For 𝐿𝐿 ≫ 𝜀𝜀𝑢𝑢,
Flat beam emittance can be much smaller than the 
thermal emittance!
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rf gun
TESLA 

superconducting cavity
round-to-flat transformer

(skew quadrupoles)

4 MeV 16 MeV

Flat Beam Experiment at Fermilab/NICADD Photoinjector
Lab (A0)

Coherence in Particle and Photon Beams: Past, Present, and Future Symposium,  Argonne, March 15, 2019     Yine Sun



Measurements of the canonical angular momentum
as a function of magnetic field on cathode
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σc = 0.97 ± 0.04 mm

weighted least-squares linear 
fit: y=(0.98±0.03)x
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Removal of angular momentum  flat beam generation

experiment simulation
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εx (µm) 0.39±0.02 
εy (µm) 35.2±0.5
εy/εx 90±5



Round-to-Flat 
transverse phase-space manipulation

Emittance Exchange
transverse ↔ longitudinal phase-space 

manipulation

Coherence in Particle and Photon Beams: Past, Present, and Future Symposium,  Argonne, March 15, 2019     Yine Sun



 EEX therory: 
– 2002: Cornacchia and Emma, PRSTAB 5, 

084001.
• Partial exchange : chicane

– 2006: Kim, AIP Conf. Proc. No. 821.
• Complete Exchange: double-dogleg

 2010: Double-dogleg EEX experiment 
demonstration: 
– J. Ruan et al., PRL 106, 244801 (2011).

 2010: Applications of EEX in beam current 
profile modulation: 
– Y. Sun et al., PRL 105, 234801 (2010).
– G. Ha et al;. PRL 118, 104801 (2017).

Transverse-to-Longitudinal Phase-Space Exchange
deflecting

cavity
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Transverse-to-Longitudinal Emittance EXchange

L L2S

α

 Under thin-lens approximation, with proper
matching of the deflecting cavity strength
(k) and the dogleg dispersion (D), i.e.,
1+kD=0, the diagonal sub-block elements
of the exchanger’s transfer matrix are zero
↔ the initial horizontal phase space is
mapped into the longitudinal phase space,
vice versa.

 Transfer matrix of a deflecting cavity with
strength k under thin lens approximation:
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Transverse-to-Longitudinal
Emittance EXchange
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EEX Beamline at A0 Photo-Injector, Fermilab
1.3 GHz 9-cell 

SC cavity

1.3 GHz rf
gun with 

CsTe
cathode

matching 
quadrupoles

X3: multislits
insertion

XS4
Energy diangnostics

Vertical
spectrometer

X5

X24: 
temporal diagnostics

Autocorrelator
Bolometer 

X23

3.9 GHz, 5-cell 
deflecting cavity

•Cs2Te cathode,  Nd:YLF drive-laser
•Beam energy 14 - 15 MeV
•Charge 100pC - 1nC
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Sub-ps Bunch Train Generation using EEX at Fermilab A0

Multislit mask

(1)cavity off:  horizontal modulation on X23 and XS4; but 
no energy modulation on XS4; 

(2)cavity on: NO horizontal modulation on X23 and XS4; 
but clear energy modulation appears on XS4

Transverse-longitudinal Phase-space Exchange
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EEX Beamline at Argonne Wakefield Accelerator (AWA)

G. Ha

5 nC / 48 MeV

Quadrupole

Transverse
Deflecting cavity

Transverse
Mask



Precision Control of the Electron Longitudinal Bunch Shape 
via EEX at AWA/ANL

5 nC / 48 MeV
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① Slits ① Triangle ① Rectangle ① Trapezoid

② Take final z-longitudinal bunch shape
with transverse deflecting cavity on
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EXPERIMENT: Transverse mask to tailor longitudinal density profile

G. Ha et al, 
PRL 118, 
104801 
(2017).
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