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Industrial Lasers

http://www.industrial-lasers.com/articles/print/volume-32/issue-1/features/industrial-
lasers-continue-solid-revenue-growth-in-2016.html

• Industrial	lasers	play	critical	role	in	modern	
manufacturing,	materials	processing,	
printing,	and	other	high	throughput	
industrial	processes	

• $3.5	billion	industry	in	2017

Revenues by	sector 2015 2016	est. 2017	proj.
Marking $	543 $	560 $	569
Marco-materials $	1,428 $1,492 $	1,565
Micro-materials $895 $	1,105 $	1,299
Total $	2,866 $	3,157 $	3,432

• $1.3	billion	micro-materials	segment	(semiconductor	industry,	
fine	materials	processing)	represents	high	added	value	
applications	and	is	rapidly	growing	(~20%	year	over	year)



Industrial Applications
• FEL	technology	is	unique	due	to	its	scalability	to	any	desired	

operating	wavelength	from	THz	to	X-rays
• At	shorter	wavelengths	(<	100	nm),	outside	the	range	of	state-of-the-

art	industrial	lasers,	FEL	can	fulfill	the	needs	of	growing	micro-
material	processing	segment

• Semiconductor	industry	HVM	offers	a	prime	example	of	high	added	
value	application	(EUV	lithography),	where	there	is	a	demand	for	
short	wavelengths	light	sources	on	a	massive	scale

• EUVL	light	source	at	13.5	nm	illustrates	FEL	industrial	potential

248	nm 193	nm	laser 13.5	nm
LE	 LE	à immersion	à LE2 à SADP	à SAQP																LE	



EUVL challenge
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EUVL: optical lithography at O = 13.5 nm 
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• EUVL	process	implies	ultraprecise	projection	of	the	mask	image	on	
wafer	in	a	high	throughput	setting	(>120	wph	per	scanner)

• Reflective	optics	at	EUV	are	far	from	perfect	(R	<	70%),	so	high	power	
EUV	light	source	is	required	(250	W	in	the	intermediate	focus).

• Development	of	high	power	laser	produced	plasma	(LPP)	source	was	a	
monumental	effort,	and	only	recently	achieved	250	W	target

• LPP	is	expensive	(~$100	million	per	scanner	w/10-20	scanners	per	
foundry,	plus	high	operating	cost)

Courtesy	of	P.	Naulleau	(LBNL)

250	W

DUV EUV	(13.5	nm)



• FEL	@	13.5	nm	in	theory	has	a	number	of	advantages	compare	to	LPP:
§ No	media,	no	heat	and	no	contamination
§ Scalable	to	non-granular	design	(one	source	per	foundry	instead	of	one	

source	per	scanner)
§ Consistent	with	the	cost	and	scale	of	the	modern	foundry	facilities

• To	compete	with	LPP,	FEL	have	to	offer	significant	cost	advantages,	to	
compensate	the	risks	associated	with	the	new	technology	

Possibility for FEL EUVL source

Courtesy	of	P.	Naulleau	(LBNL)Berkeley Lab | MSD Materials Sciences Division  4 

“By 2020, [expected] cost of between $15 
and $20 billion for a leading-edge fab” 
EE Times Free-Electron Lasers as an Alternative 

to LPP 

GLOBALFOUNDRIES Public 8 

CO2 LPP 
Enhanced LPP* 

FEL 

N14 N10 N7 N5 
*Possibly YAG Pre-Pulse + CO2 Main Pulse LPP or other innovations 
Gigaphoton press release: http://optics.org/news/3/7/6 
Nishihara, K., et al. EUVL 2008. Tahoe. 
Reported EUV source powers and roadmap targets are from ASML/other public announcements. E.	R.	Hosler et	al	Proc.	of	SPIE	9422,	94220D-1	(2015)



Industrial FEL
• Industrial	applications	require	improvements	to	the	FEL	cost	

efficiency	by	1-2	orders	of	magnitude	
• One	approach	is	beam	energy	recuperation	(SCRF	CW	+	ERL)
• Another	approach	is	a	major	improvement	to	FEL	efficiency



FEL efficiency: lessons from Inverse FEL
• In	a	conventional	SASE	FEL	the	electrons-

photons	energy	exchange	rate	peaks	(near	
saturation)	at	about	~	1	MeV/m	

• UCLA	experiment	on	RUBICON	IFEL	
achieved	~	100	MeV/m	acceleration

• In	IFEL,	e-beam	and	laser	exchange	energy	
in	vacuum,	thus	the	process	is	reversible

• 100	MeV/m	in-vacuum	decelerator	would	
make	a	very	efficient	radiator,	so	can	we	
design	FEL	which	operates	as	IFEL	in	
reverse?

• IFEL	experiments	demonstrated	that	
strong	energy	exchange	and	very	high	
efficiency	FEL	schemes	are	possible	within	
the	state	of	the	art	technological	
framework

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	=	TESSA	(Tapering Enhanced	Stimulated Superradiant	

Amplification)
• Requires	seed	pulse	of	high	intensity	(larger	than	PSAT)
• Tapering	is	optimized	using	GIT	algorithm	(Genesis	Informed	Tapering)	

developed	at	UCLA	for	IFEL

~ρ
SASE

seed

adiabatic	
taper

TESSA

seed
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Abstract
High conversion efficiency between electrical and optical power is highly desirable both for high peak
and high average power radiation sources. In this paper we discuss a newmechanismbased on
stimulated superradiant emission in a strongly tapered undulator whereby a prebunched electron
beamand focused laser are injected into an undulator with an optimal tapering calculated by
dynamicallymatching the resonant energy variation to the ponderomotive decelerating gradient. The
method has the potential to allow the extraction of a large fraction (∼50%) of power from a relativistic
electron beamby converting it into coherent narrow-band tunable radiation, and shows a clear path to
very high power radiation sources of EUV and hard x-rays for applications such as lithography and
singlemolecule x-ray diffraction. Finally, we discuss a technique using chicane delays to suppress the
sideband instability, improving radiation generation efficiencies for interaction lengthsmany
synchrotronwavelengths long.

1. Introduction

Among coherent radiation sources, free-electron lasers (FEL) carry unique advantages such aswavelength
tunability and access to the short wavelength region of the electromagnetic spectrum. FELs are not limited by
thermal or non-radiative lossmechanisms characteristic of atomic lasers based on solid state and gas phase gain
mediums.Nevertheless, saturation effects limit the conversion efficiency to levels comparable with the Pierce
parameter ρwhich is typically 0.1%< [1]. FEL undulator tapering [2] has been shown to allowmuch larger
efficiencies. At very longwavelengths (35 GHz)where it is possible to use awaveguide tomaintain an intense
radiationfield on axis, up to 35%conversion efficiency has been demonstrated [3]. At shorter wavelengths
[4, 5], the reduction of gain guiding and the onset of spectral sidebands have limited the effectiveness of tapering
[6]. For example at the LCLS, the power extraction has remainedwell below the percent level limiting the
amount of energy in the pulse to a fewmJ.Higher conversion efficiencies could lead to unprecedented intensity
x-ray pulses with over 1013 photons per pulse providing sufficient signal-to-noise to enable the long sought goal
of singlemolecule imaging [7]. In the visible andUV spectral ranges, large electrical to optical conversion
efficiencies are also very attractive for the development of high average power (10–100 kW-class) lasers
especially when considering that superconducting radio-frequency linacs can create relativistic electron beams
with very highwall-plug efficiencies andMWaverage power.

Inorder to increase the electro-optical conversion efficiency,wenote that theburgeoningfieldof laser
accelerators ismaking extremeprogress on theopposite problem—that is, optical to electrical power conversion.
Among the various schemes for laser acceleration, the inverse free-electron laser (IFEL) accelerator is a far-field
vacuum-based schemewhichuses anundulatormagnet to couple a transversely polarized radiationfield to the
longitudinalmotionof the electrons [8]. The lack ofnearbyboundaries or amedium (gas, plasma) to couple the
light to the electrons implies very little irreversible losses and inprinciple enables very high energy transfer
efficiencies. Simulations show that an IFEL couldbeoptimized to transfer 70%of optical power to a relativistic
electron beam [9]. Recent experimental results demonstrated energy doubling of a 52MeVbeamwith∼100
MeVm−1 average accelerating gradients and capture of up to 30%of anunbunched electron beam [10] using a
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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	at	the	output
• W/capture	~	80%,	the	overall	energy	efficiency	>	50%	is	possible
• Sensitive	to	peak	current	(4	kA	for	this	working	point,	may	not	be	easy	

to	achieve	at	1	GeV	energy)
• 5	GW	seed	does	not	exist	(but	can	be	generated	by	refocusing	SASE	or	

in	an	oscillator)

from1 GeV to 320MeV for a variable period undulator. Note that this remarkable numerical result still
corresponds to a relativelymodest decelerating gradient value of about 30MeVm−1, something that has already
been demonstrated experimentally in the inverse (IFEL) configuration.

While the undulator builder equation describes the relationship between period and field amplitude for
fixed gap, it is also possible to change thefield by increasing the gapwhile holding the period constant. The
results of simulations for afixed period undulator optimization (dashed curves infigure 2) show a reduced
output peak power of 1.35 TW, demonstrating that varying the period of the undulator improves the conversion
efficiency as the shorter undulator period results inmore total periods.

Applying these results to the same example of a 50 μA average current XFEL-like driver beam (1 GeV
electron energy, 20 kHz rep rate, 4 kApeak current, and 500 fs rms bunch length) with the TESSA afterburner,
one can achieve >20 kWaverage power output at 13.5 nm—well within the application target range.

4. X-ray FEL afterburner

In the second example, we consider the application of TESSA tapering to the generation of hard x-rays. The
challenge here is tomaximize the energy per pulse in order to enable singlemolecule imaging.More than 1013

photons in a >10 fs pulse are required in order to beat the damage and obtain the diffraction information before
destroying singlemolecules [18]. For 4 keVphotons (3 Åwavelength), the peak power corresponding to this
pulse approaches 1 TW.

We start our simulationswith an unbunched electron beam and 5MWof seeded FEL radiation power,
which is typical after self-seeding [19]. An important effect is uncovered by the time-dependent simulations.
When trapped in the ponderomotive potential, the electrons undergo synchrotron oscillations in longitudinal

phase space with period z K KK(1 ) 4 coss w l r
2λ ψ= + and sideband frequencies are generated as discussed in

[4]. In the time-domain, these correspond to oscillations in the time-profile of thefield amplitude.
This effect is clear in the simulation results shown infigure 3wherewe follow a 5 fs slice of the beam along

the undulator. The ripple in the temporal power profile shown infigure 3(b) appears in the spectrum in
figure 3(c) as sidebands around the central resonant frequency. As the amplitude of this oscillation grows,
particles in those slices experiencing lower laser intensities detrap from the ponderomotive bucket and efficient

Figure 2.The results of GIT optimizations for a 1 GeV, 4 kA e-beamwith amoderate initial bunching factor of 0.58 lasing at 13.5 nm
with a seed power of 5GW froman upstreamFEL are shown in the above plots for the case of varying period (solid lines) and constant
period (dashed). Also shown are the results of simulations for an undulator with parabolic tapering (dotted–dashed lines). Plot (a)
shows the radiation power and resonant energy versus position along the undulator while plot (b) shows the undulator period and
strengthK for each tapering. Plot (c) shows the bunching and fraction captured along the period-tapered undulator while (d) shows
the output longitudinal phase space.

5
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TESSA proof-of-concept experiment
• Numerical	studies	at	13.5	nm	are	

very	promising	
• Pilot	experimental	test	was	carried	

out	by	UCLA	at	BNL	ATF	at	10	µm
• Demonstrated	>	30%	energy	

extraction	from	the	electron	beam	in	
a	50	cm	undulator	!



Double buncher experiment
• Double	buncher	enabled	improving	IFEL	capture	to	>80%
• Recently	demonstrated	by	N.	Sudar	et	al.RadiaBeam Technologies, LLC. • Progress Report Attachment • Contract Number DE-SC0013749 

“High Duty Cycle Inverse Free Electron Laser” 

RadiaBeam Technologies, LLC.  Page 3 of 5 

has been tested in the past and demonstrated capture improvement to up to 50%.  This time, a double pre-
buncher has been developed and tested, resulting in a measured > 80% capture (at least 80% of the beam 
accelerated to the full energy), in a good agreement with the numerical model. 

 

Fig. 3: Schematics of the double prebuncher experiment. Two subsequent stages of the modulation and 
compression result in a much-improved longitudinal phase space matching into the accelerated bucket, and 
overall major improvement in the IFEL performance. 

Based on these promising results (reported in details in the upcoming publications), we decided to include 
the 2nd buncher into the recirculated IFEL beamline. As a result of including the 2nd prebuncher into the 
beamline layout, an OAPs focal length has been changed from 2.75 to 3.0 meters. Consequently, the 
projected laser beam waist size in the undulator increased from 1.54 to 1.71 mm, which will slightly alter 
the undulator tapering scheme for the final retuning. 

3. Challenges	
Recent experimentation with the BL2-specific controls and laser/e-beam alignment process and 
synchronization (Fig. 4), has illuminated a number of challenges in operating CO2 beam after TW 
amplifier. Frist of all, based on the damage pattern noted on ZnSe optics and some Cu mirrors, it appears 
that a noticeable self-focusing effect is being created throughout the BL2 transport line at higher pulse 
energies (600-700 mJ). The prime culprit is believed to be the laser beam self-focusing effect in NaCl 
window. The resulting hot spot in the pulse is undesirable, since it makes the beam transport less  
predictable, lead to misalignments, and dramatically increases the difficulty of operating the system near 
the optical damage threshold.  

The other problem was the performance of TW amplifier itself. The amplifier output shot-to-shot 
fluctuations exceeded 50% during consecutive operation, but occasionally it generated spikes as much as 
three times more intense than the average. Combined with the self-focusing effect, such pattern could be 
detrimental to the ability to inject high intensity pulse into the recirculating cavity, while operating below 
the damage threshold. 

2IFL CA attachment.pdf
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Demonstration of cascaded modulator-chicane micro-bunching of a relativistic

electron beam

N. Sudar, P. Musumeci, I. Gadjev, Y. Sakai, S. Fabbri
Particle Beam Physics Laboratory,

Department of Physics and Astronomy University of California Los Angeles

Los Angeles, California 90095, USA

M. Polyanskiy, I. Pogorelsky, M. Fedurin, C. Swinson, K. Kusche, M. Babzien, M. Palmer
Accelerator Test Facility Brookhaven National Laboratory

Upton, New York 11973, USA

(Dated: August 21, 2017)

We present results of an experiment showing the first successful demonstration of a cascaded
micro-bunching scheme. Two modulator-chicane pre-bunchers arranged in series and a high power
mid-IR laser seed are used to modulate a 52 MeV electron beam into a train of sharp microbunches
phase-locked to the external drive laser. This configuration allows to increase the fraction of elec-
trons trapped in a strongly tapered inverse free electron laser (IFEL) undulator to 96%, with up
to 78% of the particles accelerated to the final design energy yielding a significant improvement
compared to the classical single buncher scheme. These results represent a critical advance in laser-
based longitudinal phase space manipulations and find application both in high gradient advanced
acceleration as well as in high peak and average power coherent radiation sources.

Progress in the production of high brightness electron
beams has provided the scientific community with a wide
variety of tools for measuring phenomena at unprece-
dented spatial and temporal scales, making use of the
short wavelength radiation generated by these beams or
using the electrons as probe particles directly [1, 3]. En-
hancing the capabilities of these investigative tools has
become an active area of research aimed at improving the
peak and average brightness of the e-beam and the gen-
erated radiation, better controlling the spectral-temporal
characteristics of the radiation, and decreasing the foot-
print of these devices using advanced accelerator tech-
niques [4]. Many of these schemes demand precise control
of the electron beam phase space at optical scales.

Laser-based manipulations of the electron beam lon-
gitudinal phase space can be achieved combining the si-
nusoidal energy modulation introduced when an electro-
magnetic wave and a relativistic electron beam exchange
energy in an undulator magnet, with a dispersive element
such as a magnetic chicane or a simple drift. Modulator-
chicane pre-bunching has been used to great e↵ect, both
for high e�ciency generation of coherent radiation and
in high gradient laser-driven acceleration [5–9]. The non
linearity (sinusoidal dependence) of the energy modula-
tion poses a limit on the quality of the bunching that can
be achieved typically with only 60% of the electrons con-
tributing to the micro-bunch. Adding several of these el-
ements in series with varying modulation strengths, laser
wavelengths and dispersive strengths allows for complex
tailoring of the energy and density distributions of the
beam. In this way it is possible to gain greater con-
trol of the electron beam harmonic content, peak current,
current distribution, bunching factor, and output energy
spread [10–14].

For example, in seeded strongly tapered undulator in-
teractions, particles gain or lose significant amount of en-
ergy to the radiation. In order to maintain resonant inter-
action, one needs to modify the period and/or magnetic
field amplitude along the undulator. When particles are
injected near the initial resonant energy and phase, they
are trapped in stable regions of longitudinal phase space
called ponderomotive buckets, and follow phase space
trajectories defined by the undulator tapering [15]. By
manipulating the initial energy-temporal profile of the
electron beam, one can greatly increase the fraction of
particles injected into these stable regions, maximizing
the e�ciency of this interaction[16].

In this letter, we present the results of an experiment
successfully demonstrating one such longitudinal phase
space manipulation whereby using two modulator chi-
cane pre-bunchers in series we are able to produce a se-
quence of sharp spikes in the electron beam density pro-
file, periodically spaced at the wavelength of a mid-IR
seed laser. Subsequently injecting these micro-bunches
into the periodic stable ponderomotive potential of a
strongly tapered undulator interaction in the accelerat-
ing configuration [8, 17–19], driven by the same seed laser
pulse, we are able to trap and accelerate 96% of a 52 MeV
electron beam, with 78% of the particles reaching the fi-
nal design energy of 82 MeV over the 54 cm undulator
length within an RMS energy spread of 1%.

In order to understand quantitatively the benefits of
the cascaded buncher configuration we can start from
the equations describing the energy exchange between
an electromagnetic wave and a relativistic electron beam
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TESSA-266
• So	far,	TESSA	concept	has	been	developed,	and	demonstrated	at	

10 µm,	including	efficient	beam	capture	with	the	double	buncher
• Next	goal	is	to	show	high	gain	amplification	and	study	system	

dynamics	and	optimization	experimentally	at	a	shorter	(and	friendlier)	
wavelength	(266	nm)

• The	site	of	the	experiment	is	LEA	tunnel	at	Argonne	(former	LEUTL)
• A	thorough	design	study	for	TESSA-266	is	underway	in	collaboration	

with	UCLA,	Argonne,	and	RadiaSoft

TESSA-266



TESSA-266
• Start	to	end	simulations	are	in	progress
• The	goal	is	to	reach	15%	FEL	efficiency	in	4	

meter	undulator	at	266	nm
• Laser	amplification	gain	>	20
• Strong	focusing	helical	undulator	design	

and	optimization	is	in	progress
• Anticipate	the	start	of	the	construction	

phase	in	Summer	2018

Courtesy	of	Youna	Park	(UCLA)
and	Chris	Hall	(RadiaSoft)

TESSA Electron Beam Requirements

Property Value

Energy 300MeV

Energy Spread 0.02% to 0.1%
Peak Current 1 kA

Emittance (Normalized) 2µm
spot size (rms) 30µm to 40µm
�
x,y

0.54m to 1m



Road Map
• Beyond	TESSA-266	we	have	to	show	high	average	power	and	high	

efficiency		oscillator	configuration
• Considering	the	possibility	of	moving	TESSA-266	to	Fermilab	to	

demonstrate	oscillator	regime	with	SCRF	linac
• The	ultimate	goal	is	TESSA	at	EUV	in	a	high	duty	cycle	mode

Pbeam = mc2g I/e 

Pout = he(Pin)Pbeam 

Pin =hs hl hr Pout 

(1-hr)Pout 

hrPout 

Tapered undulator 

Beam splitter or 
mirror with hole E-beam path 

Ring optical cavity 

Dispersion control 

Focusing elements 

Decelerated e-beam 
to dump Igniter pulse 

Prebuncher 

FIG. 1. Cartoon of the TESSO concept. A ring-like optical cavity is used to recirculate a small

fraction of the electromagnetic radiation as a seed for the high e�ciency decelerator. The cavity

oscillation can be jump-started with an igniter pulse.

be obtained at shorter wavelengths.

Taking advantage of superconducting radiofrequency techniques, modern electron accel-

erators can create high quality electron beams at high repetition rates with 100 kW to MW

high average powers. Being able to extract a large fraction (up to 50 %) of this power and

convert it to electromagnetic radiation at any desired wavelength (tunability) has a poten-

tially disrupting impact on many scientific and industrial fields. A fundamental issue to this

approach is the availability of intense seed pulses at the desired wavelengths that can be

used to extract the energy from the electron beams.

The main idea behind this paper to address this problem is to marry the TESSA high

e�ciency energy extractor to an optical cavity and a high repetition rate electron beam.

The output coupler of the cavity can be used to separate the TESSA output radiation from

the electron beamline and redirect a fraction of the amplified power to the entrance of the

undulator to serve as the intense seed for the deceleration of the next electron beam pulse

and so on. A concept for this TESSA-based oscillator or TESSO is shown in Fig. 1.

We envision two main application areas for TESSO. First, in regions of the electromag-

netic spectrum –for example visible and IR– where high peak power lasers are abundant, but

lacking in high average power, and the proposed mechanism o↵ers a path towards increasing

by orders of magnitude the repetition rate (and the average power) of TW-class short pulse

lasers. Second, at shorter wavelengths –for example in the deep and extreme UV– where
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Tapering Enhanced Stimulated Superradiant Oscillator

J. Duris

Department of Physics and Astronomy, UCLA,

Los Angeles, California 90095, USA and

SLAC National Accelerator Laboratory, Menlo Park, CA

P. Musumeci and N. Sudar

Department of Physics and Astronomy,

UCLA, Los Angeles, California 90095, USA

A. Murokh

RadiaBeam Technologies, Santa Monica, California, USA

A. Gover

Faculty of Engineering, Department of Physical electronics,

Tel-Aviv University, Tel-Aviv 69978 Israel

(Dated: today)

Abstract

In this paper, we present a new kind of high power and high e�ciency free-electron laser oscillator

based on the application of the tapering enhanced stimulated superradiant amplification (TESSA)

scheme. The main characteristic of the TESSA scheme is a high intensity seed pulse which provides

high gradient beam deceleration and e�cient energy extraction. In the oscillator configuration, the

TESSA undulator is driven by a high repetition rate electron beam and embedded in an optical

cavity. A beam-splitter is used for outcoupling a fraction of the amplified power and recirculate

the remainder as the intense seed for the next electron beam pulse. The mirrors in the oscillator

cavity refocus the seed at the undulator entrance and monochromatize the radiation. In this paper

we discuss the optimization of the system for a technologically relevant example at 1 µm using a

1 MHz repetition rate electron linac starting with an externally injected igniter pulse.
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Conclusions and Acknowledgement
• The	advances	in	FEL	and	accelerator	science	and	technology	open	up	

possibilities	for	industrial	grade	systems

• More	specifically,	a	possibility	of	EUV	FEL	for	semiconductor	industry	
has	triggered	important	discussions	about	industrial	FEL	efficiency,	
reliability	and	architecture

• TESSA	is	a	novel	approach	to	develop	very	high	efficiency	FEL,	and	
experimental	validation	is	in	progress

• This	work	is	being	supported	by	DOE	grants	No.	DE-SC0017102	and	DE-
SC0017161

• We	thank	for	the	support,	contributions	and	useful	discussions:	
Youna	Park,	Nick	Sudar,	Claudio	Emma	(UCLA);	Ron	Agustsson,	Bryce	
Jacobson	(RadiaBeam);	Christopher	Hall,	David	Bruhwiler	(RadiaSoft);	Joe	
Duris,	Aaron	Tremaine,	Tor	Raubenheimer	(SLAC);	Yin Sun	(ANL);	Patrick	
Naulleau	(LBNL).

• See	MOP011,	TUP022,	TUP052,	WEP079	papers	for	more	details


