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TESSA Presents some Unique 
Challenges for Modeling an FEL

• Requires flexible tapering schemes 
• Potential for very large final energy spread
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Other motivations for the Phase I 
(why are you writing a Vlasov code?)

• A very nice letter from Tor Raubenheimer 
• Study SASE effects in EEHG (LCLS-II) 
• Impossible using Fawley loading

a presence of the 24th harmonic of the seed laser. Fourier
transform of the current distribution in Fig. 6(d) gives the
bunching factor at various harmonic numbers shown in
Fig. 7. For convenience of comparison, the bunching factor
for the optimized classic HGHG scheme with the same
energy modulation amplitude is also shown in Fig. 7. From
Fig. 7 we see that for the classic HGHG scheme the
bunching factor exponentially decreases as the harmonic
number increases. However, for the echo scheme, we can

intentionally maximize the bunching factor for some spe-
cific harmonic number while most of the other harmonic
components are effectively suppressed. In addition to gen-
erating the 24th harmonic, the echo signal also contains
noticeable components for the 48th and 72th harmonic.

IV. ISSUES AFFECTING PERFORMANCE OF
EEHG FEL

The unique feature of EEHG FEL is utilization of two
laser beams and relatively large dispersion strength for the
dispersion section 1. We will discuss in this section such
issues as effect of incoherent and coherent synchrotron
radiation (ISR and CSR, respectively), as well as the
transverse size of the laser beams, that may affect the
performance of the FEL.
For the classic HGHG scheme, CSR and ISR effects in

the dispersion section are generally neglected, due to the
fact that the R56 is relatively small. For the EEHG case, the
dispersion strength is approximately 1 or 2 orders of mag-
nitude larger, and these effects may play important roles in
generation of the beam modulation. Quantum fluctuations
in the process of incoherent synchrotron radiation lead to
diffusion in energy. If the rms value of the energy spread
caused by this diffusion exceeds the spacing of two adja-
cent energy bands, it may result in the overlapping of the
bands, which will smear the fine structures of the longitu-
dinal phase space and thus degrade the EEHG perfor-
mances. The z-dependent CSR wake introduces an
additional energy modulation inside the dispersive section,
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FIG. 7. (Color) Comparison of the bunching factors from the
EEHG scheme (red dots) and that from the classic HGHG
scheme (blue circles).

FIG. 6. (Color) Longitudinal phase space evolution in the EEHG scheme. (a) Phase space at the exit of dispersion section 1. (b) Phase
space at the exit of modulator 2. (c) Phase space at the exit of dispersion section 2. (d) Current distribution at the exit of dispersion
section 2.

ECHO-ENABLED HARMONIC GENERATION FREE . . . Phys. Rev. ST Accel. Beams 12, 030702 (2009)
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How to deal with tapering

strongly tapered undulator in a helical geometry IFEL interaction.Reversing the process to decelerate a prebunched
beamby the samemechanism, itwould be in principle possible to transfer back to the drive laser half of the electron
energy—effectively extracting 50%of the electronbeampower and converting it into coherent radiation [11].

Based on this idea, we investigate in this paper a novel scheme for efficient generation of radiationwhereby a
high intensity seed laser pulse and a relativistic electron beam copropagate in a tapered undulator and the IFEL
interaction is used to decelerate the beam. The scheme relies on the coherent emission of a prebunched beam
going through an undulator in the presence of an intense driving field (i.e. stimulated superradiance emission
[12]). Very strong tapering of the undulator is the other key ingredient to enable high conversion efficiencies and
support large deceleration gradients and electron energy losses.

This tapering-enhanced stimulated superradiant amplification (TESSA) can be viewed as essentially an IFEL
accelerator run backwards as a decelerator (see figure 1). The drive laserfield stimulating the electron emission
can be obtained froman external seed laser or, in a spectral regionwhere external sources are not available, from
redirecting FEL radiation into a TESSA afterburner undulator [13]. In this case, the FEL radiation can be
refocused to reach peak intensities significantly larger than the FEL saturation level, thereby greatly increasing
the initial decelerating gradient. In principle, it is also possible to obtain the seed pulse from the build-up in an
oscillator cavity [14]. The required beamprebunchingmay be obtained by using the seed laser and a constant
parameter undulator possibly in combinationwith one ormore chicanes to applyR56 for larger bunching factors
and reduced energy spread [15].

2. Tapering design

TheTESSAparticle dynamics in longitudinal phase space are best understood in the formalism of a high-
gradient IFEL decelerator.We begin the analysis with the 1DFEL/IFEL equations [2] but limit the discussion to
helical undulators as they offer at least twice the accelerating or decelerating gradient of planar ones [9]
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Here, γ is the particle energy in units of the rest energy m c0
2 while K eB m ck0 0= and K eE m c kl 0 0

2= are
respectively the undulator and laser field normalized vector potentials. k 2π λ= and k 2w wπ λ= are the laser
and undulatorwavenumbers, and k k z t( )wψ ω= + − is the ponderomotive phase—that is, the phase of
particles in the sinusoidal potential formed by the combined action of the laser and undulatorfields on the
electrons.

Resonant interaction requires a slowly varying ponderomotive phase rψ throughout the undulator. This is
achieved by requiring zd d 0ψ = in equation (1b) for a resonant particle, leading to the resonance condition

Figure 1.An implementation of TESSA. The diagram in (a) shows a seed laser focused into the strongly tapered undulator alongwith
a prebunched electron beam. As the e-beam energy—blue represents high energy while red is low—decreases along the undulator, the
laser power grows. Plots of (b) the normalized electron energy and laser power along the undulator and (c) initial and final
longitudinal phase spaces are shown.
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Why use maps?
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Why use maps?
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Why use maps?
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Prior success: beam loading
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arXiv:1611.00343, “Symplectic Modeling of Beam Loading 
in Electromagnetic Cavities”
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Prior success: beam loading
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1D FEL Example
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Factored Map 
Formalism
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Interaction Map
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Period-Averaging from a 
Hamiltonian Perspective
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Phase I Goals

• 1D1V Vlasov algorithm & implementation 
• Benchmark to data (LCLS, Genesis, etc.) 
• TESSA simulations (w/ us) 
• EEHG simulations (w/ SLAC) 
• Ideas about hybrid Vlasov-macroparticle
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Phase I Timeline

April — Update 
map finished

June — 1D1V 
Vlasov

July — 
Benchmark

Aug./Sept. — 
TESSA/EEHG

Oct. — 
Transverse

Nov. — Phase II 
Proposal
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Long term vision

• 3D hybrid Vlasov-macroparticle code for 
next-generation FELs 

• Benchmarked to early TESSA experiments 
and used for design of TESSA FEL 

• Small user group for code here & for LCLS-II


