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ARC 1   
155 MeV  

Adjustment: 10º of RF  1.04 cm @ 801.58 MHz 

3 - 13 cm long dipoles 
Bending angle 18º 
B = 1.3 T 

Horizontal dogleg for path-length adjustment 



End-to-end simulations  

LINAC 1 LINAC 2 ARC 1 ARC 2 



End-to-end simulations  

LINAC 1 LINAC 2 ARC 1 ARC 2 

Performs multiparticle and single and multiturn tracking 
Gaussian particle distribution in 6D phase space 
Number of particles up to 10000000 
No space charge included 

Tracking using OPTIM 



Input Beam distribution 

x 

y 

x 

x’ 

s 

Dp/p 

y 

y’ 

PARAMETER VALUE PARAMETER VALUE 
Energy 5 MeV σx, σy  1.72 mm  

Normalized emittance γεx,y 50 um σt   300 um 
Energy spread (Dp/p) 0.001(5.5keV) Number of particles 50000 



Beam distribution @ Linac1 
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Beam distribution @ Arc1 
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On crest acceleration  
No compression   

PARAMETER VALUE PARAMETER VALUE 
Energy 155 MeV σx, σy  1.62 mm  

Energy spread (Dp/p) 4.1e-5 (6.4keV) σt   301 um 



Beam distribution @ Pass1 
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PARAMETER VALUE PARAMETER VALUE 
Energy 305 MeV σx, σy  1.16 mm  

Energy spread (Dp/p) 2.8e-5 (8.55keV) σt   305 um 



Beam compression  

Off crest acceleration (10 deg) 
M56 = -15 cm 
Momentum compaction 0.0043473 
 

@ arc1, on-crest acceleration, M56=0, Momentum compaction=e-07 

Bunch length = 300 um 
Dp/p = 4.09*10^-5 
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Beam compression 
Bunch length = 184 um 
Dp/p = 8.6*10^-4 

s 

Dp/p 



Beam stretching 

Off crest acceleration (-10deg) 
M56 = -15cm 
 
Beam compression 

@ arc1, on-crest acceleration, M56=0 

Bunch length = 300 um 
Dp/p = 4.09*10^-5 
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Bunch length = 430 um 
Dp/p = 8.5*10^-4 

s 

Dp/p 



Next steps 

 
 Add sextupoles to see linearization of longitudinal phase space 

 
 Correct the curvature with sextupoles in the arc  

 
 Decide what is the longest bunch we can transport in the ERL 

 
 Analyze the evolution of the longitudinal phase-space   
     end-to-end beam dynamics simulations 
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Input Beam Parameters 

p = 455.525 MeV/c 
Qb = 320 pC  
Normalized emittance γεx,y [μm] 
50 
  

Perturbed FODO FMC 

Distribution A:  
σt = 0.1 ps (30um)  Ipeak = 1362 A 
σDE = 5.5 keV 

Distribution B:  
σt = 1 ps (300um)  Ipeak = 136 A 
σDE = 5.5 keV 

Distribution C:  
σt = 4 ps (1.2 mm)  Ipeak = 34 A 
σDE = 5.5 keV 

PARAMETER VALUE 
Energy 455 MeV 
Normalized emittance γεx,y 50 um 
Bunch population 2*10^9 
Bunch charge 320 pC 



FMC arc 

Longitudinal Distribution 
σt = 0.1 ps 

Longitudinal Distribution 
σt = 1 ps 

Christopher Tennant 



FMC arc 
 
Centroid Energy loss due to  
ISR and CSR (dominant) 
during transport through arc 
~5 kW at 10 mA 
 
σt = 0.1 ps 

Christopher Tennant 

 
Centroid Energy loss due to  
ISR and CSR (dominant) 
during transport through arc 
~2 kW at 10 mA 
 
σt = 1 ps 



FMC arc 
 
Evolution of transverse  
normalized emittance  
through arc 
 
σt = 0.1 ps 

Christopher Tennant 

 
Evolution of transverse  
normalized emittance  
through arc 
 
σt = 1 ps 



FODO arc 

Longitudinal Distribution 
σt = 0.1 ps 

Longitudinal Distribution 
σt = 1 ps 

Christopher Tennant 



FODO arc 
 
Centroid Energy loss due to  
ISR and CSR (dominant) 
during transport through arc 
~4 kW at 10 mA 
 
σt = 0.1 ps 

Christopher Tennant 

 
Centroid Energy loss due to  
ISR and CSR (dominant) 
during transport through arc 
~2 kW at 10 mA 
 
σt = 1 ps 



FODO arc 
 
Evolution of transverse  
normalized emittance  
through arc 
 
σt = 0.1 ps 

Christopher Tennant 

 
Evolution of transverse  
normalized emittance  
through arc 
 
σt = 1 ps 



FMC arc 
 
Longitudinal Distribution 
 
σt = 4 ps 

Christopher Tennant 

 
Evolution of transverse  
normalized emittance  
through arc 
 
σt = 4 ps 



 Total radiated power as a function of the bunch length 

1 3 2 

1.   σ/σ0 < 1             
FULLY COHERENT REGIME 
 

2.   1 < σ/σ0 < N3/4    

ENERGY-INDEPENDENT 
COHERENT REGIME 
 

3.   σ/σ0 > N3/4            

 INCOHERENT REGIME 

Three regimes can be distinguished as a function of σ/σ0  
σ bunch length  
σ0  ≈ R/γ3  

CSR and ISR in return arcs : analytical calculation 



CSR and ISR in return arcs 

2.   1 < σ/σ0 < N3/4    

ENERGY-INDEPENDENT 
COHERENT REGIME 
 

2 

@ σz = 300 um  up to 900 MeV 
CSR is dominant  
PCSR = 2.7 kW  
 
 
  

@ σz = 1200 um 
PCSR = 435 W  



CSR effects 
Shielding is important if 

𝜎𝜎𝑧𝑧 > ℎ2𝑤𝑤
𝜋𝜋2𝜌𝜌

  * 

  
with h and w the full height and full width of the vacuum chamber and ρ the 
bending radius. 
 
For LHeC, if we take h=w=20 mm, ρ=760 m 
Shielding is important if  𝜎𝜎𝑧𝑧 > 33 𝑢𝑢𝑢𝑢 
 
For the ERL-TF, if we take h=20 mm, w=40 mm, ρ=2.3 m 
Shielding is important if  𝜎𝜎𝑧𝑧 > 800 𝑢𝑢𝑢𝑢 
 
 
 

*The formula for shielding condition is based on Derbenev et al paper [DESY TESLA FEL 95-05, 1995] and   
Warnock et al paper [SLAC-PUB-5523, 1991]. 
 

REQUIRE FURTHER ANALYSIS 
 



CSR effects  Possible Solution 

A second-order achromat composed of superperiods that are individually  
linearly achromatic and isochronous meets all requirements for the suppression of 
CSR effects. CSR induced momentum shift will be paired to a matching shift at a 

downstream location with the same lattice parameters 
and the same bunch length 

 1.0 ps x 25 keV with 25 mm-mrad at 350 pC and 200 MeV/c, no transverse emittance growth and usual CSR wake imposed 
on the longitudinal distribution. 



Analysis done for two different arc lattices  FMC and Perturbed FODO: 
– gain function G(s) 
– gain spectrum G(λ) 

Preliminary study of CSR  
induced microbunching gain  

Distribution C:  
σt = 4 ps (1.2 mm)  Ipeak = 34 A 
σDE = 5.5 keV 

PARAMETER VALUE 
Energy 455 MeV 
Normalized emittance γεx,y 50 um 
Bunch population 2*10^9 
Bunch charge 320 pC 

Input Beam Parameters 



Preliminary study of CSR  
induced microbunching gain 

Cheng-Ying Tsai 

ASSUMPTIONS 
 



Induced microbunching gain 

Cheng-Ying Tsai 



Induced microbunching gain 

Cheng-Ying Tsai 

 
Increasing the beam current  

    by decreasing the bunch length  
    (keeping the bunch charge fixed)…. 

 



Induced microbunching gain 

Cheng-Ying Tsai 

 
Longitudinal Distribution 

σt = 1 ps 

 
Longitudinal Distribution 

σt = 0.1 ps 

 
The gain is still (relatively) not that large  
but CSR introduces emittance growth…. 

 



Summary 
 
 Add sextupoles to see linearization of longitudinal phase space 

 
 Correct the curvature with sextupoles in the arc  

 
 Decide what is the longest bunch we can transport in the ERL 

 
 Analyze the evolution of the longitudinal phase-space  

 
 End-to-End beam dynamics simulations 
 
 

3. MERGER DESIGN ISSUES 
 - POSSIBLE SCHEMES (zigzag, chicane, dog-leg) 
 - BEAM DYNAMICS SIMULATIONS (??) 
 - INJECTOR SCHEMES 
 
4. BEAM DIAGNOSTIC 

Thanks to A. Bogacz, D. Douglas, P. Evtushenko, C. Tennant, C.Y. Tsai 
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