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FEL at 13 nm

• In a high gain FEL the 
exponential field growth is 
achieved via e-beam 
microbunching at the resonant 
wavelength 

• Beam quality control 
throughout acceleration and 
radiation is critical for FEL to 
work 

• For optimized FEL system at 13 
nm, e-beam energy is ~ 1 GeV

𝑃[kW] = 𝐼𝑎 mA 𝐸[MeV]𝜂𝑒

𝑃 kW = 10 𝐼𝑎 mA 𝜂𝑒 [%]

~ 1 GeV



FEL efficiency limitations

• 𝜌 is a dimensionless FEL 
parameter, at EUV it is ~ 0.1%

• High gain FEL has 3 regimes:
• Lethargy (~ 3 LG)

• Exponential growth (LG~ 1/𝜌)

• Saturation (Ps~ 𝜌Pb)

• FEL bandwidth ~ 𝜌

• If 3D effects (i.e. diffraction) 
are taken into account it can 
be even smaller

𝜌1𝐷~𝜆𝑟
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High power FEL challenge

• A single pass SASE FEL energy 
efficiency is limited by Pierce 
parameter (𝜂𝑒~𝜌3𝐷 ~ 10-3 for EUV 
and soft X-rays)

• A 10 kW  EUV FEL needs ~ 10 mA 
average current

• For such rep. rate we need 
superconducting accelerator

• State of the art high duty cycle FEL:

• FLASH FEL < 50 µA

• LCLS-II < 0.3 mA

𝑃 kW = 10 𝐼𝑎 mA 𝜂𝑒 [%]



Energy Recovery Linac (ERL)
• SCRF ERL can economically achieve the 

desired ~ 10 mA current by recuperating 
the spent electron beam power

• 10 kW FEL power at IR wavelength was 
demonstrated, but it is not easily scalable

• IR EUV ERL FEL requires 
> 10 larger e-beam average power, and 

> 1000 improvements in brightness         
(challenging beam dynamics)

• ERL EUV FEL requires a lot of development

• An alternative to ERL is to look into 
possible improvements to FEL efficiency

(from JLamp proposal)

𝜌1𝐷~𝜆𝑟
1/2𝑛𝑒

1/3

𝑃 kW = 10 𝐼𝑎 mA 𝜂𝑒 [%]
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Tapered FELs

• Energy loss can be compensated by 
adjusting wiggler strength (tapering)

• Kroll-Morton-Rosenbluth developed  
1D tapering model (1981)

N. M. Kroll, P. L. Morton, and M. N. Rosenbluth, 

Free- electron lasers with variable parameter 

wigglers, IEEE J. Quantum Electron. 17, 1436 
(1981). 

~ρ

SASEseed

adiabatic 
taper



Tapered FEL demonstration

• Tapered waveguide FEL at 
Livermore demonstrated 
34% efficiency @ 8 mm 
wavelength (50% energy 
extraction, 70% beam 
capture)

• Only factor of 5 increase 
over fixed period FEL (at 8 
mm wavelength FEL 
parameter can be ~ 0.1)  

(courtesy of W. Fawley, from FEL prize talk 2015)

1986



Extrapolating to 10 µm

• PALADIN experiment at LLNL @ 
10.6 µm (1989)

• Failed to achieve sufficient 
beam brightness, and resulted 
in a very limited FEL gain (no 
advantage from tapering)

• PALADIN failure contributed to 
the demise of Strategic Defense 
Initiative

• Also, nearly destroyed FEL 
program in the US (lost decade)

(courtesy of W. Fawley, 
from FEL prize talk 2015)



New interest (TW X-rays)
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Inverse FEL
• Broader view of undulator interaction: 

laser and e-beam, when at resonance 
inside the wiggler exchange energy)

• FEL is an amplifier and decelerator 
(laser absorbs energy from e-beam, 
albeit at a moderate rate < 1 MeV/m)

• IFEL is an accelerator: e-beam absorbs  
energy from the high power laser

• IFEL demonstrated energy exchange 
rate ~ 100 MeV/m, and design studies 
indicate possibility of 1 GeV/m 

• Can we run IFEL in reverse?

High power 
laser

In an IFEL the electron beam absorbs energy 
from a radiation field.

UCLA results from RUBICON experiments
J. Duris et al, Nature Comm. 5, 4928, 2014



TESSA

• Inverse IFEL =   FEL    TESSA 
(Tapering Enhanced Stimulated
Superradiant Amplification)

• E-beam rapid deceleration 
laser amplification

• Requires seed pulse of high 
intensity (larger than PSAT)

• Tapering is optimized using 
proprietary GIT algorithm 
(Genesis Informed Tapering)

~ρ

SASEseed

adiabatic 
taper

TESSA

seed



TESSA at EUV

• GIT simulations of TESSA at EUV

• E-beam decelerates from 1 GeV 
to 320 MeV in 23 m undulator, 

• Laser power increases from ~ 5 
GW seed to ~ 1 TW

• W/capture ~ 80% the overall 
energy extraction efficiency > 
50%

• Sensitive to peak current (4 kA 
for this working point).

New J. Phys. 17 (2015) 063036 
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FIG. 5. Decelerat ion spect ra from Nocibur spect rometer for 3

consecut ive shots having slight ly di↵erent input laser seed en-
ergy, compared with GPT simulat ion 1

N
dN
dE

vs. E (Bot tom).

of the elect ron beam decelerated.

In Fig. 5 we show three representat ive energy spec-

t rometer images and the relat ive project ions to ret rieve

the energy dist ribut ions. The peak capture fract ion was

measured at ⇠45% for a 100 pC elect ron beam, injected

at 65 MeV and decelerated down to 35 MeV, matching

very well with the design simulat ions, Fig. 5. The area

under the shaded curves represents the total energy of

the electron beam. The init ial total energy in the beam

was 65 MeV ⇥ 100 pC = 6.5 mJ. The total beam energy

in the laser on shots can be obtained by integrat ing un-

der the spect rum dist ribut ion curve to be 4.5 ± 0.4 mJ,

from which we ret rieve an energy ext ract ion efficiency of

⇠ 30%.

An interest ing feature of both experimental and GPT

simulat ion data is the discrete peaks in the energy

spectrum of the detrapped part icles. Analysis of the

experimental and simulated spect ra o↵er insights on

the origin of this peaks as due to the characterist ic

non-resonant part icle dynamics in the IFEL acceler-

ator [24]. Much at tent ion has been devoted in the

literature to what happens to the part icles t rapped in

the ponderomot ive potent ial bucket , but an interest ing

e↵ect is uncovered here for those elect rons that follow

the open trajectories in the phase space. Looking at

FIG. 6. Part icle t rajectories along the undulator from the
GPT simulat ions. The (✓, γ) longitudinal phase space at the

undulator exit from Genesis simulat ion is displayed to show
the remarkable agreement in all details of the energy spec-

t rum. The ponderomot ive potent ial bucket height is repre-
sented by dashed lines. The est imates for the posit ions of the

det rapped energy peaks are also shown (points).

Fig. 2c it is observed that for the part icular resonant

phase ⇡ / 4 these t rajectories ’bunch up’ in energy at

discrete levels. These energy levels can be calculated

by finding the energy o↵sets for part icles that have

slipped ahead of the ponderomot ive bucket by 2⇡n.

Using the Hamiltonian defined in [19] one can consider

a det rapped part icle, init ially at δγ = 0, and calcu-

late the energy deviat ion after its phase slips by 2⇡

yielding δγ(z) ⇠
q

γr (z) dγ
dz
λw (z). The posit ion along

the undulator of the energy peaks at larger δγ can

be solved for numerically using the full Hamiltonian

model. In Fig. 6 we show representat ive t rajectories

for the part icles along the undulator from the GPT

simulat ion model in remarkable agreement with our

est imates for the energy peaks using the Hamiltonian

model. In principle, non-resonant IFEL interact ion

could find applicat ion in elect ron beam longitudinal

phase space manipulat ion. For example by inject ing

in a tapered undulator a microbunched beam at a

ponderomot ive phase just outside the t rapping bucket , it

will be possible to take advantage of the phase space dy-

namics to st retch the beam and reduce its energy spread.

The results from the Nocibur experiment show 30 %

elect ro-opt ical conversion efficiency from a relat ivist ic

elect ron beam opening the way for very high average

and peak power radiat ion sources. Such high efficiency

sets a new record for an interact ion occurring between a

free-space propagat ing short wavelength laser pulse and a

relat ivist ic elect ron beam comparing very favorably with

early at tempts to demonst rate high efficiency lasing in

the far infrared regime [25]. This is most ly due to the de-

velopments in the generat ion of high brightness electron

Proof of concept experiment

• IFEL accelerator program at BNL is 
called RUBICON (RadiaBeam UCLA BNL 
IFEL Collaboration) 

• The IFEL decelerator (TESSA) was 
termed Nocibur (Rubicon in reverse)

• Demonstrated 30% efficiency at 10.3 
µm  (~ 50% deceleration, close to 70% 
capture)

N. Sudar et al.  https://arxiv.org/pdf/1605.01448v1.pdf (2016).

https://arxiv.org/pdf/1605.01448v1.pdf
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Nocibur conclusions

• TESSA deceleration is 
demonstrated with the energy 
exchange rate ~ 100 MV/m

• Laser seed ~100 GW (but only few 
GW overlapped w/e-beam)

• Results support TESSA design 
approach and GPT numerical tools

• Next step is to demonstrate TESSA 
amplifier at visible or UV range



General conclusions

• Industrial EUV FEL is a source of excitement, but also a 
challenge for the FEL community

• High efficiency tapered FEL theoretically exists, and can be 
perceived as an alternative technological path vis-à-vis ERL 
FEL, in the context of 13.5 nm source

• TESSA proof of concept demonstration @ 10 µm was a 
success (30% efficiency), and we need to follow up with 
experiments at shorter wavelengths

• Thank you!
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carried out by UCLA (P. Musumeci, J. Duris, N. Sudar, et al) 
with full support of BNL ATF


