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Free Electron Laser

• Wiggling electron beam 
exchanges energy with 
radiation field in undulator

• Radiation feeds back onto 
beam, modifying particle 
phase space distribution

• High-gain instability 
develops, e-beam develops 
microbunching at resonant 
wavelength

• Radiation power grows 
exponentially,
E-beam loses energy  
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Inverse FEL

Relativistic electrons 
continuously 

accelerated by EM 
fields in undulator

(Courtesy J. Duris - UCLA)
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IFEL basics

• As beam energy change, tuning of 
undulator must also change to 
maintain resonance.

• Optimal tapering is obtained by 
matching resonant energy change 
with available driving field gradient

Undulator strength

Laser strength

Resonance condition Energy change

Eg: Taper undulator K



IFEL scaling

Several methods to taper, 
each with different scaling

• Constant K

• Constant u

• Constant B

• Including the effects of 
radiation losses, it turns out 
that only constant K has no 
maximum in obtainable 
electron energy.

• Practically difficult: u must 
increase while B decreases

• A modest energies (~<1GeV), 
radiation losses are more 
limited and more aggressive 
tapering can be used.



RF vs Laser Acceleration

• Entire ~ps e-beam sits within RF wavelength
• All electrons see similar accelerating fields 

• e-beam sits over many laser wavelengths
• electrons see all phases - both accelerating and decelerating fields

RF

laser

e-beam

e-beam



Phase space evolution during IFEL acceleration






Some historical IFEL experiments

• @1.6 mm: Wernick, I., and T. C. 
Marshall, Phys. Rev. A 46, 3566
(1992)

• @microwaves: Yoder, R. B., T. C. 
Marshall, and J. L. Hirshfield, Phys. 
Rev. Lett. 86, 1765 (2001)

• @10.6 um: van Steenbergen, A., J. 
Gallardo, J. Sandweiss, and J.-M. 
Fang, Phys. Rev. Lett. 77, 2690. 
(1996) & 
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Recent Rubicon IFEL experiment@BNL-ATF

(Courtesy J. Duris - UCLA)



Cascaded IFEL for improved efficiency

• Single Stage



Cascaded IFEL for improved efficiency

• Single Stage

• Double Stage



Two stage IFEL at 10.6 um

• 80% of the electrons 
captured and accelerated

• 14% boosted by 7 MeV 
with a 0.36% relative 
energy spread 

Kimura, W. D, et al., Phys. Rev. Lett. 92, 054801 (2004)



C-1 TCAV1 X2 TCAV2

C1 U1 U2 spectrometer

Existing
Main echo beam line constructed after 10/2009

Echo Experiment at SLAC’s NLCTA

2400



Echo-Enabled Harmonic Generation (EEHG)

G. Stupakov, PRL, 2009;

D. Xiang, G. Stupakov, 
PRST-AB, 2009

• First laser generates energy modulation in electron beam

• First strong chicane stratifies the longitudinal phase space
• Second laser imprints energy modulation
• Second chicane converts energy modulation into harmonic density modulation



Cascaded Optical IFEL

M. Dunning et al, PRL, 
2012;

• First laser generates energy modulation in electron beam

• First chicane generates density bunching
• Second laser imprints large energy modulation



Experimental results

No Lasers

Spectrometer YAG Screen

1st Laser only

2nd Laser only

Both Lasers ON

w=55mm
Nw=10
K=2.76

R56=1.8mmw=33mm
Nw=10
K=1.82

1.5ps, 
800 nm

80 J

250 J, l=800 m

120 MeV

1.5m 
dispersion

en
3rd harmonic
Interaction in U2



Acceleration/Deceleration Jitter

Accelerating 
Phase

Decelerating 
Phase

After chicane After Laser 2



Stability

• Energy jitter plus dispersion leads to jitter in 
particles’ longitudinal position

• The dispersion is set to optimize bunching 
from first laser modulation

• Desirable to keep position jitter much less 
than /4 to maintain IFEL acceleration

• Thus, laser modulation must be larger than 
intrinsic system energy jitter

NLCTA Ej/E ≤ 0.1% 
Ej≈100 keV 
ELM≈20 keV 

Not the case in the experiment
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Phase Space Structure Effects

Linear energy-time chirp on beam 
leads to shift in bunching wavelength 
after R56

Chirp:



Phase Space Structure Effects

Linear energy-time chirp on beam 
leads to shift in bunching wavelength 
after R56

Chirp:

As a result, the bunching has different 
periodicity than drive laser fields, so 

bunches sample different phases in the 
IFEL laser field



Effects of Phase Space Curvature

1st Laser only 2nd Laser only

Both Lasers (accel) Both Lasers (decel)



Benchmarking Simulations

Simulations

Experiment

No lasers

1st laser

Both lasers
(accel)

2nd laser

Both lasers
(decel)



Improved energy gain through upgrades

Our setup optimized for EEHG studies, not IFEL

Dedicated laser upgrade and tapered undulator could conceivably yield 1GeV in < 2m

Resonant particle evolution in ~1TW 
800 nm laser pulse: ~500 MeV/m
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High-gradient IFEL

Optimizing for high field 
gradient does not generally 

optimize the capture 
efficiency!



High-gradient IFEL

Optimizing for high field 
gradient does not generally 

optimize the capture 
efficiency!



Improving capture efficiency

Multiple stages for tailoring e-beam phase space prior to IFEL

Ex: Successive harmonic modulations to generate sawtooth distribution

Linearized



Harmonic buncher concept

from J. Duris, et al, Phys. Rev. ST Accel. Beams 15, 061301 (2012)



Adiabatic Buncher concept



Adiabatic Buncher concept

Successive energy modulation and 
chicane sections “coil up” beam into 

accelerating buckets.



Applications: Managing large energy spreads

Relatively large IFEL longitudinal emittances also common in DWAs and LPAs

For high-gain FELs, a Transverse Gradient Undulator (TGU) can be used

Canted pole faces generate x-
dependence of undulator field:

Dispersing beam horizontally by

Removes energy spread 
dependence because change in 

energy is compensated by change 
in K. All e’s in resonance. 



Lasing in TGU with large energy spread

Z. Huang, et al PRL 109, 204801 (2012)

Compared with simply decompressing 
beam, TGU gives:

• Shorter x-ray pulse length

• Higher peak power

• Smaller bandwidth

• Central wavelength stable to energy jitter



Photon production schemes

IFEL beams are naturally bunched at the laser wavelength (b~100%)

Could have applications in driving x-ray pulse trains  

Width of envelope: t
Spike separation:  
Spike width: p



Enhanced SASE

Periodically density modulated beam drives pulse 
train of FEL pulses with uniform spacing.

Duration of each spike can be less than 
cooperation length, so each is temporally coherent



Slippage Boost FEL configurations

SASE

Mode-Coupled

Mode-Locked

Thompson and McNeil, PRL (2008)

SASE FELs have limited 
temporal coherence 
because the phase 

information does not 
propagate over the whole 

beam

Periodic delays can be 
used to artificially increase 
the slippage and improve 

coherence



Mode-Locked xFEL

• Time domain consists of many 
ultrashort pulses equally 
separated by the IFEL laser 
wavelength. 

• Many sharp spectral lines 
within a wide bandwidth

• Examine the dynamics of a 
large number of atomic states 
simultaneously.



Enhanced Self-Seeded X-ray FELs

Beamlets are mode locked 
by FEL self-seeding

• E-beam with density modulation at 
long wavelengths (eg, IR) lases in 
FEL

• Radiation is monochromatized, sent 
back onto e-beam and amplified

• Density modulated beam radiates x-
ray pulse train that is mode locked.



Summary

• IFELs can obtain large (0.5-1GeV) accelerating gradients
• Cascaded IFELs improve capture efficiency
• Demonstrated proof-of-principle Two-stage IFEL at 800 

nm using 3rd harmonic undulator resonance
• New phase space manipulation schemes can further 

increase efficiency
• TGUs provide method of high-gain FEL operation with 

large energy spread beams
• Periodic structure of IFEL beams can be harnessed to 

produce pulse trains in modern light sources



Thanks!
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