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Overview of CeC

•  112MHz srf cavity gun 
–  Provide initial beam acceleration from 

photocathode (~2MeV)
–  Always accelerate the electron on crest, 

sometimes can combine with two 500MHz to 
provide energy chirp for ballistic Bunching

•  Two 500MHz buncher
–  Important to generate required peak current 

for maximum FEL gain
–  Adjust both phases to avoid over 

compression

•  704 MHz srf cavity
–  Provide velocity matching with ion beam, 

expected acceleration gain ~20MeV
–  Its phase should adjust to reduce the energy 

spread but not reduce its accelerating capacity 
too much,

•  Solenoid focusing channel
–  Beam size control, reduce transverse emittance
–  Emittance compensation

•  Dogleg Injector
–  Lattice matching
–  Chromatic effect
–  CSR effect

CeC PoP Electron Linac + FEL cooling section
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Electron Linac Section

Dogleg Injector Section

FEL Section



Overview of CeC Cont.

•  Parmela and Astra used for Space charge calculation

•  Elegant and CSRtrack used to calculate 1D/3D CSR

Current simulation efforts
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Why to optimize Electron Beam

The basic parameters used to describe the FEL process include, for the electron beam, electron energy E, 
normalized emittance  ​𝛆↓𝐧 , peak current ​I↓pk , and relative rms energy spread σE/E, and for the 
Undulator type, period  ​λ↓u , gap g, peak field B, and average beta-function < ​β↓x/y >. 

@ Yichao	

CeC PoP electron beam requirements, slice parameters used in simulation

Gain~100	for	7.5	meters	

Radiation wave length ​λ↓r = ​​λ↓w /2​γ↑2  (1+ ​​K↓rms ↑2 )
Coherent length ​L↓c =12.4 µm∗200 periods/c=8.67ps

v Yichao Jing , Vladimir N. Litvinenko, Yue Hao , and Gang Wang, Model Independent 
Description of amplification and saturation using Green’s Function
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Why to optimize Electron Beam Cont. 

Many papers have published from CeC group to analyze the impact of non-flattop electron distribution to 
CeC cooling

@Yue

-20	ps	 20	ps	

v G. Wang and V. N. Litvinenko, Influence of e-beam Parameters on Coherent Electron Cooling, these proceedings.
v Y. Hao , and V.N. Litvinenko, Simulation Study of Electron Response Amplification in Coherent Electron Cooling

@Gang	

Op7mum	electron	beam:	both	cosine	energy	varia7on	and	Gaussian	
current	density	distribu7on	
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Electron Linear Accelerator Simulation 

•  Start to end electron beam dynamics simulation from photocathode to beam dump
1.       Each EM device is modeled with real geometry with measured 
            electric and magnetic field
2.         Developed optimization techniques to estimate the performances and limit of the LINAC 
3.         Lattice matching design (Dogleg and FEL section) 

•  Collective effects that can leads to emittance growth
1.       Space Charge effect (PARMELA code)
2.       Synchrotron Radiation effect (ELEGANT and CSRtrack code)

•   Demonstrate required electron beam can be generated using simulation
1.        peak electron current (60A-100A), Emittance < 5 micro, Energy spread~0.2% [4]
2.        Flat top longitudinal distribution [2][3]
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Space Charge Calculation (PARMELA) 

Phase and Radial Motion in Electron Linear Accelerators (PARMELA)

•  It is a versatile multi-particle code that transforms the beam, represented by a collection of particles, through a 
user-specified linac and/or transport system. It includes options for 2-D and 3-D space-charge calculations. 

•  Developed in 1980s at LANL for FEL and accelerator design, have used in accelerator physics community and 
have benchmarked with experimental results

•  Other codes: PARMELA, ASTRA, GPT, Impact-T

 

Jefferson Lab CEBAF photoinjector The Photoinjector Test facility at DESY Phys. Rev. ST Accel. Beams 11, 032801 (2008)
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Multiobjectives Genetic Algorithm (GA) 

	

v  Global optimization technique
v  Algorithm can look for the solutions that offer the best trades-off which form a Pareto front.
v  MOGA toolbox from MATLAB was used for this optimization, also available in inspyred Python 

package 
v  Start with small number of Macro-particle, much CPU times is spent on evaluate the objective 

function from PARMELA output
v  Trade-off: not as efficient as traditional methods
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Condor Algorithm  
COnstrained, Non-linear, Direct, parallel Optimization algorithm using a trust Region method 

Courtesy of Jorg Kiwesch

v  The algorithm will only find a local (maybe global) minimum of F(x).

v  CONDOR algorithm is an extension of Michael Powell’s unconstrained optimization 
by quadratic approximation method to a constrained problem. 

v  Parallel computing, much faster converge speed compare with GA and existing state 
of art optimizer

 

1. Build an approximation (also called local model) of the 
objective function around the current point.

2. Find the minimum of this model and move the current point 
to this minimum. This is called an optimization step

3. Evaluate the objective function at this new point. 
Reconstruct the local model" of the objective function around 
the new point using the new evaluation. Go back to step 2.
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Electron Beam Optimization
Main Parameters

Fixed  
Variables 
( ​𝛾↓𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛~ ​𝛾↓𝑖𝑜𝑛) 	
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Decision  
Variables	

Decision Variables: 6 solenoid strength (used to optimize transverse emittance)
Decision Variables: Phase of 112MHz, 500MHz , 704 MHz cavity (used to optimize longitudinal emittance)
Total of 13 variables

•  Optimization algorithms: GA (global) and 
Condor (local)

•  With initial 400ps and 2nC, to 
Achieve 100 Ampere peak current,
The bunch length need to compress 
To about 20 ps, this correspond to
Five degree difference of 704Mhz cavity phase, 
and the lowest energy spread can be 
generated without consider nonlinearity from 
space charge effect is 0.1%
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Electron Beam Optimization Cont.

v  Beam requirement
      Peak current 60A-100A , energy spread~0.2%, and emittance below 
5 micro.

v  Optimization Strategy

PART 1: Optimize for longitudinal emittance
Ø  Four decision variables: gun phase, RF buncher #1 phase , RF 

buncher #2 phase and 704MHz cavity phase

PART 2: Optimize for transverse emittance
Ø  Six decision variables:  6 magnets strength

Ø  Total of 13 decision variables including beam size, bunch length 
and charge. 

 

Parameter  Value
Species in 
RHIC

Au+79 ions, 40 
GeV/u

Relativistic 
factor

42.96

Electron energy ~22 MeV
Charge per e-
bunch

0.5-5 nC

Bunch length 100-400ps
Radius 2-5 mm
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Electron and Ion beam parameters	



Space Charge Effect

•  Space charge effect is dominated in the low energy region (before 704MHz cavity)
•  Longitudinal space charge distorted the longitudinal phase space of electron beam. The longitudinal phase space generated after 

ballistic bunching is far from ideal, this limits us from generating flat-top longitudinal distribution

Examples of longitudinal phase space evolution for 200ps with 1nC 	

Longitudinal and transverse space charge calculated by Astra
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Optimized Electron Beam

Initial electron beam distribution 	

Main parameters used for beam and srf cavities	

z vs. x	 x vs. y	

Final optimized electron beam 	

Longitudinal Current Profile 	 Transverse Current Profile 	

z vs. pz	 x vs. px	
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Energy ~22MeV	

Beam size ~0.5mm	

Projected emittance ~4micro	

 
Optimized Electron Beam Cont.
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Optimized Electron Beam Cont. 

Slice Emittance
Less than 5 mm-mrad

Energy spread ~ 0.023%	

52.4% of total charge

Projected emittance within FWHM = ​​​𝐱↓𝐫𝐦𝐬 ↑𝟐 /𝛃 𝛄=𝟑.𝟓𝟔 𝐦𝐦−𝐦𝐫𝐚𝐝​𝜶↓𝒙 	 ​𝜷↓𝒙 	 ​𝜶↓𝒚 	 ​𝜷↓𝒚 	
-1.94	 1.44	 -1.91	 1.41	
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Electron Beam with Different Rise Time

•  Initial flat top electron beam is generated by pulse stacking technique

•  Longitudinal rise time is determine by the laser pulse and  caThode properties

•  Gaussian laser pulse is about 100 to 200ps. 

For the same optimized setting, initial electron beam with different rise time has similar final current profile	
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Principle	of	pulse	stacking	



Projected	emiGance	due	to	different	rise	7me	are	3.83,	4.26,	4.77	and	5.32micro	respec7vely.		

  Electron Beam with Different Rise Time Cont.
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Electron Beam with Lowest Emittance

​𝜶↓𝒙 	 ​𝜷↓𝒙 	 ​𝜶↓𝒚 	 ​𝜷↓𝒚 	
-13.3	 12.3	 -13.3	 12.3	

Projected emittance within 

FWHM = ​​​𝐱↓𝐫𝐦𝐬 ↑𝟐 /𝛃 𝛄=𝟏.𝟑 𝐦𝐦−𝐦𝐫𝐚𝐝
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Electron Beam with Lowest Emittance Cont.

Energy ~22MeV	

Beam size ~1.0mm	

Projected emittance ~2.7 micro	
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Pareto front for electron beam generated after 704MHz srf cavity.  the two goals of 
minimizing the emittance and the energy spread are essentially competing.

Genetic Algorithm	
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Electron Beam with Low Energy Spread

•  Peak current :100 Ampere
•  Projected Emittance: < 5 micro
•  Energy deviation (2.4%), RMS energy spread (0.6%)

52.3% of 
all charge	

(KeV)	

Reference energy=21.5MeV	

Twiss functions	

Head of the bunch	

This negative chirp will compress  electron beam 
more in the dogleg injector 	

Energy deviation is under 
0.03%, rms energy spread 
even smaller	

Projected emittance withinn
FWHM is 2.9 mm-mrad
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Energy ~22MeV	

Beam size ~0.5mm	

Projected emittance ~7micro	

Electron Beam with Low Energy Spread Cont.

24 Y. Wu | CeC Simulation Meeting 1/21/2016



Lattice Matching (Dogleg Injector)

25 Y. Wu | CeC Simulation Meeting 1/21/2016



•  The accelerator itself define ideal betatron functions for motion of individual particles on ellipses 
� 

•  The beam Twiss functions should be equal to the betatron functions imposed by the machine 
structure

•  For dogleg and Wiggler section, we have to design a lattice to propagate the electron beam 
generated after the 704MHz cavity and propagate it through the dogleg and wiggler section

Twiss parameters (β𝛾=1+​𝛼↑2 ) used to represent beam phase space

Courant-Snyder parameters evolution can be calculated from trasfer matrix 

Lattice Matching  Cont.	
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Coherent Synchrotron Radiation Effect 

ATF experimental results: the effect of a CSR wake on a Gaussian beam for 
4 and 6 mm gap. Beam-energy distribution is spread along the horizontal 
axis.

Coherent synchrotron radiation (CSR), the radiated 
power becomes quadratic with peak current. This 
effects is significant for bunch sufficiently short. 

Radiation emitted from a tail particle at retarded time  
overtakes the bunch to interact with a head particle, 
this leads to CSR-Induced Emittance Growth
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Two Options: Blue: βx,y=1.08741 m and αx,y= 0.50569.                         
Yellow_grey: βx,y= 1.16704 m and αx,y= 0.361416.

βmin =30.82 cm. and βmax = 191 cm – 6-fold beta-beat
non-periodic solution is a better choice for low beta beat

Periodic solution : bilateral symmetry solution :

Lattice Matching Cont. 
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Dogleg Injector Section (Lattice Matching)  

The FEL section consists of 3 
helical undulator segments that 
are separated from each other by 
about 40 cm long breaks, to 
provide space for phase shifters, 
diagnostics and vacuum 
components
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Dogleg Injector Section (Achromatic Effect)  

Figure	2.10	emiGance	evolu7ons	(top)	along	horizontal	bended	dogleg	achroma7c	for	electron	beam	at	ini7al	average	
momentum	error	0.25	%	(leR)	and	5	%	(right).	The	chroma7c	aberra7on	effect	distorts	the	ini7al	matched	beam	phase	
space	(boGom)	and	change	the	beam	emiGance.		
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CSR Simulation for Optimized Electron Beam

Elegant	Results	 CSRtrack	Results	
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CSR Simulation for Optimized Electron Beam Cont.

Projected emittance within  FWHM 


 ​𝜺↓𝒚 = ​​​𝒚↓𝐫𝐦𝐬 ↑𝟐 /𝛃 𝛄=1.6 mm−mrad​𝜺↓𝒙 = ​​​𝐱↓𝐫𝐦𝐬 ↑𝟐 /𝛃 𝛄=7.3 mm−mrad	
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Elegant results	 CSRtrack (1D) results	

CSR Simulation for  Electron Beam with Low Energy Spread
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CSR Simulation for  Electron Beam with Low Energy Spread Cont.

53.8% of 
all charge	

Slice emittance
Within the core < 2 mm-mrad	

Slice energy spread 
Within the core <0.09%	

Projected emittance within FWHM

​𝜺↓𝒚 = ​​​𝒚↓𝐫𝐦𝐬 ↑𝟐 /𝛃 𝛄=0.8 mm−mrad​𝜺↓𝒙 = ​​​𝐱↓𝐫𝐦𝐬 ↑𝟐 /𝛃 𝛄=4.2 mm−mrad	
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Summary
•  A start to end simulation model the entire beam line from the 

generation of the photo electrons to the transport of electron beam 
to FEL section.

•  We have generated electron beam that have low emittance, peak 
current ~100 and core energy spread <0.1%. 

•  Lattice matching for dogleg injector was optimized by using 
Elegant.

•  Achromatic effect induced emittance growth in the dogleg section 
can be large for electron beam with large energy deviation. 

•  CSR effect was simulated using Elegant and CSRtrack code, 
emittance growth due to CSR effects is negligible compare with 
achromatic effect. 
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Thermal Emittance

emittance ​ ε↓thermal = ​σ↓x √⁠​​k↓B T/m ​c↑2   = ​σ↓x ​√⁠〈​v↑2 〉 /c Image charge field ​𝐸↓𝑠 = ​𝑄/𝜋​𝑟↑2 ​𝜀↓𝑜  

mean	transverse	energy	of	35meV	was	used	in	simula7on	



PARMELA simulation of emittance compensation for photoinjetor, transverse rms beam size and normalized emittance,  
with (right) and without (left) accelerator structure 

Emittance Compensation Theory

​σ↓r↑′′ (ζ)+ ​K↓r ​σ↓r (ζ)= ​I(ζ)/2​I↓0 ​(βγ)↑3 ​σ↓r (ζ) + ​​ε↓n, 
intrinsic↑2 (ζ)/​(βγ)↑2 ​​σ↓r ↑3 (ζ) 	

Space charge dominated Emittance dominated





0 200 400 600 800 1000 1200 1400

0

10

20

30

40

50

60

P
ro

je
ct

ed
 E

m
itt

an
ce

e 
(m

m
-m

ra
d)

Z(cm)

 Gaussian

 6D ellipse

 4D hyperspace

 KV

 Random

 Partial uniform

0 200 400 600 800 1000 1200 1400
0

2

4

6

8

10

R
M

S
 E

ne
rg

y 
S

pr
ea

d 
(%

)

Z(cm)

 Gaussian

 6D ellipse

 4D hyperspace

 KV

 Random

 Partial uniform


