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Disadvantages of the bremsstrahlung source
•
•

Materials differentiation requires multi-color imaging
Bremsstrahlung target produces continuous spectrum

Excessive dose on target

Large exclusion zone

No stand off
capability
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Inverse Compton Scattering (ICS) value proposition

•
•
•
•
•

Uniqueness – light sources do not reach MeV energies
Tunability and high spectral brightness
High efficiency at high energy "#ℎ⁄"% ~'
Favorable transverse brightness scaling (~'3 )
Directionality (~1/')
ü Motivation
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ICS challenges
The key ICS features yet to be
achieved simultaneously are:
•

•

High flux (pulse train interaction)
–

Maximized single shot intensity

–

High rep. rate (laser recycling)

A. Ovodenko
et al.,
Appl. Phys. 4133
July 15, 2014 / Vol. 39, No.
14 / OPTICS
LETTERS

Compact GeV-class e-beam driver
4134

Lett. 109, 253504 (2016)

OPTICS LETTERS / Vol. 39, No. 14 / July 15, 2014

C. Liu et al. Opt. Lett. 39 (14),
4132 (2014).
Fig. 1. Experimental setup for generation of 9 MeV γ-ray
beams by all-optical ICS. BS, beam splitter; M1–M4, highreflective
45° mirrors for 800 nm; M5, 45° dichroic mirror, high
Motivation
ü
IFEL-ICS source
reflects 400 nm and transmits 800 nm; D-OAP, parabolic focusing mirror for the drive beam; S-OAP, parabolic focusing mirror

Fig. 3. Electron and γ-ray characteristics. (a) Black curve—averaged electron beam spectrum. The y error b
deviations of charge density, whereas the x error bars show energy uncertainty due to pointing fluctuations.
sponding estimated on-axis γ-ray spectral intensity (scattering laser pulse wavelength is 400 nm). (b) Measu
CsI (background-corrected) with no spatial filter; γ-ray beam divergences (FWHM) are shown on the overlaid hori
profiles. (c) Measured signal on the CsI (background-corrected). The overlay shows a spatial filter in front of the
four blocks of aluminum (7 cm thick) and one block of lead (2 cm thick).
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Fig. 2. Energy and focal spot quality of the scattering beam.
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Inverse Free Electron Laser (IFEL)
•
•

Undulator magnet enables resonant
electron and laser beam interaction in
vacuum (i.e. Free Electron Laser)

FEL

( < 10 GW)

The same principle can be applied for
e-beam acceleration (IFEL) by using:
1) high intensity laser, and
2) strong tapering undulator

!" ∝ !$ %

IFEL

!" > !$

•

IFEL is an in-vacuum accelerator (no
losses, high rep rates are possible)

•
•

requires ~10 TW laser to reach GV/m

R.B. Palmer, J. Appl. Phys. 43, 3014 (1972).

the same laser is perfect for ICS

E. D. Courant, C. Pellegrini, and W. Zakowicz,
Phys. Rev. A 32, 2813 (1985).

Motivation
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IFEL proof-of-concept Experiments
•

STELLA2 experiment at ATF, BNL (2001)

– Gap tapered undulator
– 30 GW CO2 laser (10 µm is a

convenient wavelength for IFEL)
– Staged prebuncher + accelerator
– Good capture

•

UCLA Neptune IFEL experiment (2003)

W. Kimura et al. PRL 92, 054801 (2004)

– Strongly tapered period and amplitude
– 400 GW CO2 laser
– Accelerating gradient up to 75 MeV/m

•

However in 2006 DOE deprioritized IFEL
R&D due to synchrotron radiation losses
at TeV energies
Motivation
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P. Musumeci et al. PRL 94, 154801 (2005)
IFEL-TESSA-ICS source

Slide 9 of 26

RUBICON experiment
(RadiaBeam-UCLA-BNL-IFEL-Collaboration)

•

RUBICON demonstrated 100
MV/m acceleration and ~ 50%
capture (2013)

•

GeV/m is feasible to achieve in a
purpose build system

•

Relatively high quality beam ( ~2
µm emittance, 2% ΔE/E) at the
output, consistent with ICS
requirements
UCLA results from RUBICON experiments
J. Duris et al, Nature Comm. 5, 4928, 2014

Motivation
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arXiv:1708.05456v1 [physics.acc-ph] 17 Aug 2017

Double prebuncher
• Double buncher enabled
improving IFEL capture to
has been tested in the past and demonstrated capture improvement to up to 50%. This time, a double pre>80%
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
model.
• numerical
Recently
demonstrated by N.
Sudar et al
RadiaBeam Technologies, LLC. • Progress Report Attachment • Contract Number DE-SC0013749
“High Duty Cycle Inverse Free Electron Laser”

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 electrons 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 laserbased 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 unprecedented 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]. Enhancing 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 generated radiation, better controlling the spectral-temporal
characteristics of the radiation, and decreasing the footprint of these devices using advanced accelerator techniques [4]. Many of these schemes demand precise control
of the electron beam phase space at optical scales.

For example, in seeded strongly tapered undulator interactions, particles gain or lose significant amount of energy to the radiation. In order to maintain resonant interaction, 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 efficiency of this interaction[16].

Laser-based manipulations of the electron beam longitudinal phase space can be achieved combining the sinusoidal energy modulation introduced when an electromagnetic 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. Modulatorchicane pre-bunching has been used to great e↵ect, both
for high efficiency generation of coherent radiation and
in high gradient laser-driven acceleration [5–9]. The non
linearity (sinusoidal dependence) of the energy modulation poses a limit on the quality of the bunching that can
be achieved typically with only 60% of the electrons contributing to the micro-bunch. Adding several of these el-

In this letter, we present the results of an experiment
successfully demonstrating one such longitudinal phase
space manipulation whereby using two modulator chicane pre-bunchers in series we are able to produce a sequence of sharp spikes in the electron beam density profile, 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 accelerating 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 final design energy of 82 MeV over the 54 cm undulator

Fig. 3: Schematics of the double
experiment. Two subsequent
stages of source
the modulationSlide
and 11 of 26
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compression result in a much-improved longitudinal phase space matching into the accelerated bucket, and

Why IFEL-ICS?

High flux
(> 104
interactions/s)
~ 1 J/pulse
picosecond
laser system

Laser
recirculation
(low losses)
~ GeV
e-beam

IFEL
High gradient
(laser
acceleration)

up to 15 MeV
gamma output
Compact
(mobile
platform)
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n the IFEL – synchrotron radiation losses. These effects limit the maximum practical beam energy in an
FEL to the 10’s of GeV range, which is not a serious issue for light source applications.

RUBICON-ICS

I. Gadjev et al., https://arxiv.org/ftp/arxiv/papers/1711/1711.00974.pdf

electrons appearing towards the top of each image. The electron beam was bunched and accelerated by
(2018).
the IFEL from 52 MeV to a maximum of 82 MeV with an rms 5% energy spread. The total energy gain was
30 MeV , which corresponds to an effective maximum accelerating gradient in the IFEL of 55 MeV/m for
correctly phased electrons. The final spectrum is quite stable against laser fluctuations, as illustrated by the
collection of shots shown in Figure 3; it is dictated, within certain bounds of intensity, by the undulator
design. In displaying this spectrum, we note that the quadrupole triplet’s focusing effects are adjusted to
focus the more energetic and more rigid accelerated electron beam, and are too strong for the nonaccelerated beam. This is shown in the spectrometer images, as the (mean energy) 82 MeV electrons are
optimally focused while 52 MeV electrons have passed through a focus and appear diffuse at the
spectrometer; they are also not optimally focused at the IP, and thus do not participate efficiently in the
ICS interaction. The narrow band of captured and accelerated electrons are found to suffer negligible
emittance growth, a feature of optimized IFEL systems that is essential for the effective focusing of
electrons at the ICS IP. The preservation of e-beam emittance and its effect on the final focus into the ICS
IP are describe in Figure 4.

Demonstrated
stable generation
of 12 keV X-rays by
Results
IFEL accelerated
his merging of the IFEL accelerator and the ICS X-ray IP to yield a unique source of X-rayelectron
photons wasbeam

gure 1. The schematic drawing of the second electron beam-line at the BNL-ATF. The two CO2 laser pulses co-propagate with the
ectron beam and are reflected by the spherical Cu mirror. The electron beam is imaged onto the spectrometer after colliding with
he leading CO2 pulse. The generated X-rays are collected by an MCP.

erformed on a high brightness electron beamline at the BNL ATF. The general features of this beamline,
which permits electron interactions with a high peak power CO 2 laser operating at 10.3 µm, are shown in
igure 1. There are three points of laser-electron interaction in this experimental scenario: a short IFEL
Figure 3. Images of the electron spectrometer and the X-ray MCP. Higher energy electrons appear towards the top of the
nergy
modulator
encountered,
whichof combined
with
a downstream
forms a pre-bunching
spectrometer
images. is
Thefirst
MCP images
are taken downstream
a 150 𝜇𝑚 thick Al
attenuator.
A sequence of six chicane
shots in which
Slide 13 of 26
both IFEL acceleration
and ICS X-rays were observed is presented
images 2-7. Image
8 shows an unaccelerated electron
beam,
IFEL-ICS
source
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ystem;
a
subsequent
tapered
IFEL
undulator,
as
the
Rubicon
undulator,
where
the
laser
provides
which displays ICS X-ray flux completely attenuated by the Al filter. Image 9 demonstrates the X-ray background from an accelerated

Recirculated ICS experiment

A. Ovodenko et al., Appl. Phys. Lett. 109, 253504 (2016)

•

Used CO2 active cavity to study ICS in a
pulse train regime (40 MHz)

•

Demonstration for the first time of the
significant ICS photon yield gain via
pulse train interaction (2015)
Motivation
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Recirculated IFEL (in progress)

• Presently ongoing
experiment to demonstrate
pulse train IFEL at 20 MHz
• Collaboration of
RadiaBeam, UCLA and BNL
(2017-18)
• A necessary step before
developing a combined
IFEL –ICS gamma ray source
Motivation
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IFEL-ICS gamma ray source roadmap
2010

2012

2014

2016

2018

2020

Rubicon IFEL
Recirculated ICS
Double buncher
IFEL-ICS
Recirculated IFEL
High gradient IFEL
(~ GeV/m)
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IFEL - ICS Gamma Source
High intensity 10 MeV class gamma ray source, comprising of:

1.
2.
3.
4.

NCRF 150 MeV injector operating in pulse train mode
~ 10 TW igniter laser (i.e. 1064 nm)
IFEL 1 GeV energy booster stage
ICS interaction chamber

• Pulse trains require substantial
laser development
• GeV beam dump

Pockels cell

Beam dump

Igniter laser
2 x Prebuncher ~ 1 GeV

photoinjector linac

Motivation

~ 150 MeV

IFEL accelerator

IFEL-ICS source

ICS

Gamma rays
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TESSA (Tapering Enhanced Stimulated Superradiant Amplification)
• IFEL in deceleration configuration = TESSA (inspired by Rubicon success)
• Requires seed pulse of high intensity (larger than PSAT)
• Tapering is optimized using GIT algorithm (Genesis Informed Tapering)
developed at UCLA for IFEL
New J. Phys. 17 (2015) 063036

TESSA

adiabatic
taper

seed

doi:10.1088/1367-2630/17/6/063036
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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 new mechanism based on
stimulated superradiant emission in a strongly tapered undulator whereby a prebunched electron
beam and focused laser are injected into an undulator with an optimal tapering calculated by
dynamically matching 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 beam by 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
single molecule x-ray diffraction. Finally, we discuss a technique using chicane delays to suppress the
sideband instability, improving radiation generation efﬁciencies for interaction lengths many
synchrotron wavelengths long.

Strong period-by-period tapering

Any further distribution of
this work must maintain
attribution to the
author(s) and the title of
the work, journal citation
and DOI.

1. Introduction

Motivation

IFEL-ICS source

Among coherent radiation sources, free-electron lasers (FEL) carry unique advantages such as wavelength
tunability and access to the short wavelength region of the electromagnetic spectrum. FELs are not limited by
thermal or non-radiative loss mechanisms 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 ρ which is typically < 0.1% [1]. FEL undulator tapering [2] has been shown to allow much larger

ü IFEL-TESSA-ICS source
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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 !

Motivation

IFEL-ICS source

ü IFEL-TESSA-ICS source
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TESSA-266
• Next goal is to show high gain amplification and study system dynamics
and optimization experimentally at a shorter (and friendlier) wavelength
• 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 Electron Beam Requirements
Property
Value
Energy
300 MeV
Energy Spread
0.02 % to 0.1 %
Peak Current
1 kA
Emittance (Normalized)
2 µm
spot size (rms)
30 µm to 40 µm
0.54 m to 1 m
x,y

Motivation

IFEL-ICS source

15% efficiency in 4 m
ü IFEL-TESSA-ICS source
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Optical Energy Recovery ICS Gamma Source
High intensity 10 MeV class gamma ray source, comprising of:

1.
2.
3.
4.
5.

NCRF 150 MeV injector operating in pulse train mode
~ 10 TW igniter laser (i.e. 1064 nm)
IFEL 1 GeV energy booster stage
ICS interaction chamber
TESSA decelerator for laser power recovery
~ 100 MeV
Pockels cell

TESSA decelerator

Igniter laser

Beam dump

2 x Prebuncher ~ 1 GeV

photoinjector linac

Motivation

~ 150 MeV

IFEL accelerator

IFEL-ICS source

ICS

Gamma rays

ü IFEL-TESSA-ICS source
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IFEL+TESSA

GIT simulations (UCLA)

Pockels cell

TESSA decelerator

Igniter laser

Beam dump

2 x Prebuncher ~ 1 GeV
~ 100 MeV
photoinjector linac

Motivation

~ 150 MeV

IFEL accelerator

IFEL-ICS source

ICS

Gamma rays

ü IFEL-TESSA-ICS source
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ICS design study
Electron beam
Normalized emittance !"
Transverse size #$
Energy '
Energy Spread Δ'/'
Charge
Bunch length #.

Value
2
20
900
10,0.125
200

Units
mm-mrad
µm
MeV
nC
fs

Laser
Transverse size /0
Pulse Energy
Wavelength 12
Pulse length

Value
20
1
1053
200

Units
µm
J
nm
fs

Gamma-rays
Opening angle
Central energy
Photons per pulse 34

Value
8
14.6
1×106

Units
mrad
MeV
counts

• 108 ph/shot
• 100 Hz
• 100 pulses per train
• ~ 1011 ph/s in 1% BW

Pockels cell

TESSA decelerator

Igniter laser
2 x Prebuncher ~ 1 GeV

photoinjector linac

Motivation

~ 150 MeV

IFEL accelerator

IFEL-ICS source

Beam dump

~ 100 MeV
ICS

Gamma rays
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IFEL-ICS gamma ray source roadmap
2018

2020

2022

2024

2026

2028

Recirculated IFEL
High gradient IFEL
TESSA-266
TESSA oscillator
Stand alone IFEL ICS
IFEL-TESSA optical
ERL ICS source
Motivation

IFEL-ICS source
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Conclusions and Acknowledgement
• Compact tunable gamma ray ICS source could find multiple
applications in research, industry, medicine and security
• IFEL driver uniquely enables high flux and compact geometry
at the same time, and can share the laser source with ICS
• IFEL accelerator combined with decelerator (TESSA) enables
laser energy recovery and very high repetition rates
• Acknowledgement for contributions and useful discussions:
–
–
–
–

P. Musumeci, J. Rosenzweig, N. Sudar (UCLA)
A. Arodzero, S. Boucher, A. Ovodenko (RadiaBeam)
J. Byrd, S. Zholents (APS)
A. Courjaud, P.-M. Paul (Amplitude)

• Thank you !

