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ABSTRACT

In 1947 W. W. Hansen and colleagues accelerated electrons with microwaves generated from a Klystron.
That work led to the 3km linear accelerator at the Stanford Linear Accelerator Center completed in 1968. 

In November 2005 we successfully accelerated electrons with a visible laser light.  
Today we are conducting experiments at SLAC to develop photonic bandgap dielectric based accelerator 

structures to efficiently couple laser radiation to electrons.  The dielectric structures allow laser accelerators 
to operate at accelerating gradients of 1GeV/meter. 

We have explored the possibility of laser accelerator driven coherent X-rays using a free electron laser.  The 
approach looks promising because of the replacement of the traditional magnet based undulator

 

with a laser 
driven dielectric based undulator. 

Robert H. Siemann

 

Symposium
July 7, 2009

Laser Accelerators: 
A Path toward Coherent Attosecond

 

X-rays
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Livingston Plot of Particle Energy vs. Year

1947
Mark 1
6 MeV

W. W. Hansen

The First Linear
Accelerator at
Stanford -

 

1947
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Particle accelerator research at Stanford

5

1st Klystron (Varian, 1930s’) 1st Linac 1946

The superconducting linac
In HEPL, 1960

Demonstration of the  FEL, 1977

The 2-mile collider (SLAC)

LEAP, 1997-2004

http://www.slac.stanford.edu/slac/media-info/photos/aerial.tif
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The “Microwave”

 

Lab (Now HEPL and 
Ginzton Labs) played a crucial role on 

the development of particle 
accelerators and the corresponding RF 

technology

The Klystron tube

Ed Ginzton
W. W. Hansen –

 

back rightMarvin Chodorow

 

& Klystron
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The development of the linear accelerator at 
Stanford University

“we have accelerated electrons”

1947: The Mark I, 1m, 6 MeV

The Mark III

1953: 400 MeV
1955: 600 MeV
1960: 1 GeV

Hansen's report to the Office of Naval Research

Meson Physics carried out 
by  W. K.H. Panofsky

High resolution electron 
scattering from nuclei by 
R.Hofstadter

A high-energy 
physics research tool

U E dr= ⋅∫
r r
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• $100M proposal
• numerous studies and reports 
• > 10 years of effort

“Project M”
1955 first brainstorming and informal discussions

First beam at SLAC, 1966
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1968: First evidence of Quarks
1974: Discovery of the ψ

 
particle

1976: Discovery of the charm quark 
and the τ

 
lepton 

1997: The BaBar experiment
2009: LINAC coherent X-ray source

Other developments
• SSRL user facility
• Computer science, software
• KIPAC Particle Astrophysics

http://www.slac.stanford.edu/slac/media-info/photos/aerial.tif
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33 km

3 km

Existing and Proposed Linear Accelerators

Existing SLAC –

 

50 GeV Proposed ILC Accelerator 1 TeV

The goal of the Laser Electron Accelerator Program –

 

LEAP -

 

is to invent 
a new approach that will allow TeV physics on the SLAC site. 

To achieve the goal we need an acceleration gradient of 1 GeV

 

per meter.
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The Livingston curve
W. K. H. Panofsky, SLAC Beamline, 1997

1. near-exponential growth 
in the beam energy up 
until about 1990

2. LHC and future NLC/ILC 
lie below the exponential 
growth curve

3. Exponential curve 
important for new physics

For future high energy collider 
facilities  beyond the LHC and 
ILC  it  becomes   increasingly 
appealing   to  invest  in   new 
accelerator technologies

RF based accelerator 
technology is nearing its 

practical high-energy limit

Future Goal
Maximum gradient ~ >1GeV/m
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From Klystron to High power lasers

ultrafast laser 
technology

< 10 fs

60 W/bar, 50% 
electr. efficiency

efficient 
pump 
diodes

high peak – 
power lasers

Klystron technology 
(1930s)

RF linear accelerator;
based on

Diode pumped solid state lasers

E.L. Ginzton

Varian brothers

M Chodrow • very compact, tabletop systems
• optical phase control 
• pump diodes 50% efficiency
• solid state gain medium 80%

Overall wallplug efficiency > 30%

possibility for ultra-short pulse 
operation  (100 fsec or shorter)

Features of 
interest to us

Klystron Microwave generators (1930s)
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Laser-driven particle acceleration

Laser Acceleration Laser Acceleration 

• Idea came about soon after the invention of high-
peak power lasers  (earliest articles go back to 1971)

• different laser particle acceleration concepts
ponderomotive
linear electric field
inverse cherenkov
inverse FEL
active gain medium
laser driven plasma wakefield
…

• still a controversial topic

• experimental demonstrations are fairly “recent”
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Laser Driven Plasma Wakefield Acceleration
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Wakefield Accelerator as a Booster for SLAC
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1974 –sabbatical leave, Lund     1994

 

–

 

SLAC summer school

 

2004

 

–

 

Successful 1st

 

Exp

electron 
source

DC potential RF modulator
(buncher)

pre-accelerator accelerator  structures

0 eV 100 keV ~ 2 MeV
MeV/m   50≤

Δ
Δ

x
U

0=β 21~β 1→β

“An accelerator is just a transformer”

 

–

 

Pief

 

Panofsky

“All accelerators operate at the damage limit”

 

-

 

Pief

“To be efficient, the accelerator must operate in reverse”
- Ron Ruth, SLAC

“

 

It is not possible to accelerate electrons in a vacuum”
Lawson -

 

Woodward theorem

“An accelerator requires structured matter –

 

a waveguide -
to efficiently couple the field to the electrons”

 

Bob Siemann
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“New”

 

technology: the laser

60 W/bar
50% now  78% 
electrical 
efficiency

Stuart, et. al,, Phys Rev. Lett. Vol 74, No 12 p. 
2248 (1995)

damage threshold of 
dielectric materials

high power solid state lasers

modelocked laser technology

NUFERN ALABAMA LASER

high power fiber lasers

10 GV/m fields 
for 100 fsec 
laser pulses
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Edwin Land – 1982



SLAC National Accelerator Laboratory July 7, 2009 “Laser Accelerators”

Byer
Group

FW
H

M
 e

ne
rg

y 
sp

re
ad

 (k
eV

)

laser timing (psec)

FW
H

M
 e

ne
rg

y 
sp

re
ad

 (k
eV

)

laser timing (psec)

laser on

laser off

Laser driven particle acceleration

collaborators

ARDB, SLAC
Bob Siemann*, Bob Noble†, Eric Colby†, Jim Spencer†, Rasmus 

Ischebeck†, Melissa Lincoln‡, Ben Cowan‡, Chris Sears‡, D. Walz†, 
D.T. Palmer†, Neil Na‡, C.D Barnes‡, M Javanmarad‡, X.E. Lin†

Stanford University
Bob Byer*, T.I. Smith*, Y.C. Huang*, T. Plettner†, P. Lu‡, J.A. Wisdom‡

ARDA, SLAC
Zhiu Zhang†, Sami Tantawi†

Technion Israeli Institute of Technology
Levi Schächter*

UCLA
J. Rosenzweig*

and

DOE
David Sutter

‡ grad students    † postdocs and staff       * faculty

Laser Electron Accelerator Project -

 

LEAP
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Participants in the LEAP Experiment
Laser Electron Accelerator Program

1     E.L. Ginzton Laboratories, Stanford University
2 Stanford Linear Accelerator Center  (SLAC)
3 Department of Physics, Stanford University

Bob Byer1

Bob Siemann2 Chris Sears2 Jim Spencer2

Tomas Plettner1 Eric Colby2

Ben Cowan2

•Chris McGuinness2

•Melissa Lincoln2

•Patrick Lu1

•Mark Kasevich3

•Peter Hommelhoff3

•Catherine Kealhofer3

Atomic Physics collaboration

New students
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Vacuum laser acceleration

Energy gain through longitudinal electric field
• gradient  = longitudinal electric field
• linear e-beam trajectory 

no synchrotron radiation
energy scalable

Dielectric based 
structure with 
vacuum channel

very high peak 
electric fields

Inherent attosec 
electron pulse

2 μm laser 6 fsec period  
1deg of phase = 20 attosec

Unique 
opportunity for 
light sources

linear particle 
acceleration 

process

11

22

33
λ ~ 2 μm, T~ 6.6 fsec

T~ 20 attosec
1° of optical phase

electric field

electron bunch

λ ~ 2 μm, T~ 6.6 fsec

T~ 20 attosec
1° of optical phase

electric field

electron bunch

ΔU E dzz= ⋅∫

vacuum 
channel

NIR solid- 
state lasers

metals

Es → 1010 V m

Gradient GeV m→ 1
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E1

E2

E1z

E2z

E1x

E2x

z

x

θ
e-

(a) (b)

Proposed Crossed-Beam Laser Accelerator

The properly phased crossed laser beams
have zero transverse field and only a
longitudinal field component Ez

 

.

An early concept for resetting
the phase every 334 microns
to keep the electrons and the
applied laser field phased.

The interaction length is limited by phase drift to less than 400 microns
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The Super Conducting Accelerator -

 

FEL facility

23

LEAP
area

kicker
collimator

slits
FEL

wiggler
superconducting

accelerator structures

amplified laserBeam Energy ~30 MeV
Telectron ~2 psec
Charge per bunch    ~5 pC
Energy spread ~20 keV
λlaser 800 nm
Elaser 1 mJ/pulse 

SCA beam parameters

Commercial, tabletop 
amplified sub-psec
mJ/pulse laser sources

The SCA Accelerator provided a source of 30MeV electrons for LEAP
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2 keV
resolution

(a) (b)

Laser Electron Accelerator Program
Located in the Hansen Lab on Stanford Campus

The crossed-beam laser accelerator
Cell and magnet for electron beam
energy measurements.

The view of the 30 MeV

 

super-conducting
linear accelerator in the underground
tunnel on campus in the HEPL lab.
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Observed energy profiles
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The LEAP experiment

 (Laser Electron Accelerator Project)

25

electron
beam

laser
beam

8 μm thick gold-
coated Kapton tape

stepper motors

spectrometer

The field-terminating boundary

camera

0 ½π−π -½π
optical phase of the laser

el
ec

tro
n 

en
er

gy
+Δ

U
m

ax
−Δ

U
m

ax

broadening of 
the initial 

energy spread 
of the electron 

beam 
accelerating

phase

decelerating
phase

E dzz ⋅ >
−∞∫
0

0
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electron
beam

laser
beam

8 μm thick gold-
coated Kapton tape

stepper motors

accelerating
phase

decelerating
phase

laser
beamelectron

beam

Inverse
FEL

tape 
drive

LEAP Experimental Success-

 

November 2004

The simplified single stage
Accelerator cell that uses 
gold coated Kapton

 

tape 
to terminate the Electric field.

The LEAP experimental apparatus that
Includes the LEAP single stage accelerator
cell and the inverse FEL.

We have accelerated electrons with visible light!
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Tomas Plettner

 

and LEAP Accelerator Cell

The key was to operate the cell above

 

damage threshold to generate
energy modulation in excess of the noise level.
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The acceleration is linear
with the applied laser field
as expected from theory.

(This is a modest laser with ~200 micro Joules in 4psec)
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• confirmation of the Lawson-Woodward Theorem

• observation of the linear dependence of energy gain 
with laser electric field

• observation of the expected polarization dependence

E dzz
−∞

+∞

∫ = 0

ΔU Elaser∝

E Ez laser∝ cosρ

laser-driven 
linear 

acceleration in 
vacuum

We accelerated electrons with visible light
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Tomas Plettner

 

–

 

Experimental Success
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Visible light driven  IFEL

31

* graduate student C.M. Sears

Cross-correlation in time Observation of harmonic interaction

AARD subpanel

 

Dec 21, 2005
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Chris Sears –

 

LEAP Notebook #7
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Jim Spencer –

 

LEAP success!



SLAC National Accelerator Laboratory July 7, 2009 “Laser Accelerators”

Byer
GroupLEAP Control Room –

 

HEPL Nov 2004

Ben Cowan Tomas Plettner Chris Sears Jim Spencer
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LEAP Team –

 

Feb 2006
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Ben Cowan –

 

detailed calculations of Accelerator Structures
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Edwin Land – 1982
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Hollow core PBG fibers 3-D photonic bandgap structures

B. M. Cowan, Phys. Rev. ST Accel. Beams , 6, 101301 (2003).X.E. Lin, Phys. Rev. ST Accel. Beams 4, 051301 (2001) 

Z. Zhang et al. Phys. Rev. ST AB 8, 071302 (2005)

xy
z

laser
beam

cylindrical 
lensvacuum 

channel

electron 
beam

cylindrical 
lens

top view

λ/2

λ

xy
z

laser
beam

cylindrical 
lensvacuum 

channel

electron 
beam

cylindrical 
lens

top view

λ/2

λ

top view

λ/2

λ

Periodic phase modulation structures

T. Plettner et al, Phys. Rev. ST Accel. Beams 4, 051301 (2006) 

Goal: Invent and Test Dielectric Accelerator Microstructures
KEY:  Impedance match field to electrons using PBG structures

Planar waveguide structures

http://tesla.desy.de/%7Erasmus/media/pbg fiber accelerator/Photos/slides/end of fiber.html
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Progress in laser accelerator physics

39

Beam loading calculations vs N 
Coupling Efficiency vs bunch charge

N (Number of bunches) 

Energy efficiency of laser accelerators, single and multiple bunch operation

optimum efficiency
about 1 fC
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The E163 experiment at SLAC

The new E163 experiment hall The NLCTA
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The E163 experiment at SLAC

41

Accomplished milestones so far
• construction of the experiment hall
• installation of the E163 control room
• commissioning of the laser system
• installation and commissioning of the RF gun

The new E163 
experiment hall

The NLCTA

new 
RF 
gun

RF gun

X-band 
structure

Chicane
• compressor
•energy filter

X-band 
structures

7 MeV 60MeV

300MeV

interaction 
chamber

spectrometer

Ti:sapphire
laser systemx3

800 nm266 nm

NLCTA tunnel experiment
hall

Expected 1st experiment in autumn 2006
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60 MeV
10 pC
~ 1psec

λ

 

= 800 nm
U ~ ½ mJ/pulse
τ

 

~ 200 fsec
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Eric Colby giving animated tour of NLCTA and E163

NLCTA Accelerator - Injector

E163 Experimental area
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The next step: staged accelerators at E163

44

The IFEL
The compressor chicane

The triplet

optical 
buncher

optical
accelerator

compressor 
chicane

focusing 
triplet

laser

Accelerator 
structure
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<500 <500 attosecondattosecond

 

electron compression in Inverse FELelectron compression in Inverse FEL
(Chris. M. Sears, PhD thesis SLAC June 2008)

optical 
buncher

optical
accelerator

compressor 
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laser

IFEL
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Net accelerationExpected bunching Expected energy gain

• IFEL modulates energy spread
• electron drift creates optical bunches
• second accelerator net acceleration

Experiment 
features

We have achieved net acceleration of electrons with attosecond

 

phase control
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Chris Sears Thesis Defense 
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focusing triplet

electron 
beam
60 MeV

beam 
splitter

laser 
beam

phase 
delay

to the energy 
spectrometer

Cascading of microstructure accelerators 

Future Experiments
Goal: test multiple stage acceleration

Show scalabilityShow scalability
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Professor Robert Siemann and Chris Sears
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Stanford Graduation Ceremonies
Byer
Group
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Robert H. Siemann

 

–

 

encounters and essays
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Bob Byer
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Y.C. Huang
T.I. Smith
H. Wiedemann
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Ischebeck

Ben 
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Jim 
Spencer

Chris 
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Bob 
Siemann

Eric 
Colby

Bob 
Byer

Tomas 
Plettner

Chris 
Barnes

Chris 
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Bob Noble
Dieter Walz

past collaborators

Laser Electron Acceleration Group

Low-energy electron laser 
acceleration group
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“Don’t undertake a project unless it is manifestly important and nearly 
impossible.”

 

Edwin Land – 1982
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Envisioned laser-driven TeV scale collider

52

Optical Injector
• optical cycle e- bunch
• ~104 electrons/bunch
• ultra low emittance
• laser-driven field emitters Pre-accelerator

• nonrelativistic
• preserve emittance
• compress bunch

Accelerator sections
• relativistic
• preserve emittance
• periodic focusing
• alignment and stabilization

Electron beam
• 1 fC/bunch
• sub μm spot size
• ~1010 bunches/sec

Initial focus of our research 
• success of proof-of-principle exp.
• research on dielectric structures

~

Collider area
• sub-A  spots
• multi-MHz rep-rate

Oscillator laser
• ultrastable clock
• attosec stability
• low power

Oscillator-Amplifier lasers
• phase-locked to the clock
• attosec stability
• possible NIR wavelengths: 

• 1.03  Yb, 1.06 Nd
• 1.55  Er
• 1.9   Tm, Ho
• 2.3   Cr

• diode-pumped: >30% efficiency
• 100fsec-1 psec durations

Order-of-magnitude power estimate
• 1 fC x 1010 x 1 TeV     107 W e-beam
• 20% coupling             2x107 W optical power
• 50% wallplug laser     108 W electricity 

100 MW electricity

fsec field emitters

P. Hommelhoff et al

LIGO vibration isolation in 
ES3 at Stanford

block-diagram
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2.  Low bunch charge
problem

• Take advantage of high laser
repetition rate

• Multiple accelerator array architecture  

Laser pulse structure that leads to high electron bunch repetition rate

10  laser pulses
per laser pulse

train

104 laser pulse trains per second

laser pulselaser pulse train

laser pulse

optical cycle

electron bunch

10  laser pulses
per laser pulse

train

104 laser pulse trains per second

laser pulselaser pulse train

laser pulse

optical cycle

electron bunch

SLC NLC SCA-FEL TESLA laser- 
accelerator

2.856 11.424 1.3 1.3 3×104

120 120 10 4 10 4

1 95 10 4 4886 10

- 2.8 84.7 176 3×10-6

1.2×102 1.1×104 1×105 1.6×104 3×106

3.5×1010 8×109 3.1×107 1.4×1010 10 4

4×1012 9×1013 3×1012 2×1019 3×1010

mf

bN

RFf

btΔ

eN

bf

(Hz)

(nsec)

(GHz)

(Hz)

eI (sec-1)

SLC NLC SCA-FEL TESLA laser- 
accelerator

2.856 11.424 1.3 1.3 3×104

120 120 10 4 10 4

1 95 10 4 4886 10

- 2.8 84.7 176 3×10-6

1.2×102 1.1×104 1×105 1.6×104 3×106

3.5×1010 8×109 3.1×107 1.4×1010 10 4

4×1012 9×1013 3×1012 2×1019 3×1010

mf

bN

RFf

btΔ

eN

bf

(Hz)

(nsec)

(GHz)

(Hz)

eI (sec-1)

Dramatic increase of •electric field cycle frequency ~1014 Hz
•macro pulse repetition rate  ~1GHz

Laser beam parameters for TeV

 

scale accelerator

Requires 10kW/meter or 10MW/km

 

and ~40% efficiency Laser Source!
(~ 10 microjoules in 100fsec per micropulse)
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Envisioned parameters

54

Te

target gradient

laser pulse duration

electron bunch duration

G

Tlaser

1 GeV/m

1 psec

20 attosec

1 nsec

macro pulse:  10 bunches

1 fC/ bunch
1 psec

total beam current

total beam power at 1 TeV

Ib 10 μA

10 MWPb
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n

accelerator field wavelength

laser pulse repetition rate

bunches per laser pulse “macro-pulse”

electrons / bunch

accelerator beam diameter

beam diameter at IP focus 

transverse geometric emittance

β

 

at IP

approximate luminosity at IP

λ

f

L nfN

x y

≈
2

4πσ σ

N

2 μm

1 GHz

10

~6000 (1 fC)

0.1 μm

0.1 Å

10-11 m-rad

10 μm

~1034/cm2-sec

σ

σ

1010/sec

ε

β0

AARD subpanel

 

Dec 21, 2005
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Contents

Historic Background

Laser Electron Accelerator Project –

 

LEAP
HEPL Experiments from  1997 –

 

Nov 2004
Future E163 Experiments at SLAC

The  TeV-Energy  Physics Frontier

Future Opportunities
Coherent X-ray lasers
The Attosecond

 

Physics Frontier

“Don’t undertake a project unless it is manifestly important and nearly 
impossible.”

 

Edwin Land – 1982
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SSRL

undulator

3 km

120 m

accelerator

Experiment 
lines

LCLS
injector

T ~ 230 1 fsec
λ ~ 1.5 – 15 Å
Φ ~ 1012 γ / pulse

SASE-FEL 14 GeV

• materials science
• chemistry
• atomic physics

100 m

T ~ 230 1 fsec
λ ~ 1.5 – 15 Å
Φ ~ 1012 γ / pulse

SASE-FEL 14 GeV

• materials science
• chemistry
• atomic physics

100 m

April 2009 -

 

LCLS: Coherent 8KeV X-ray source-

 

1mJ at 10Hz !!

• 1 km-size facility
• microwave accelerator
• λRF ~ 10 cm
• 4-14 GeV e-beam

• 120 m undulator
• 23 cm period
• 15-1.5 A radiation
• 0.8-8 keV photons
• 1014 photons/sec
• ~77  fsec

• SUCCESS – April 09
• 1mJ per pulse
• 10 Hz
• 8 keV X-ray photons

LCLS propertiesLCLS properties

TTF:     Tesla Test Facility; fsec EUV SASE FEL facility
XFEL:  Proposed future coherent X-ray source in Europe…
TTF:     Tesla Test Facility; fsec EUV SASE FEL facility
XFEL:  Proposed future coherent X-ray source in Europe…

RFRF--accelerator driven SASE FEL at SLAC  accelerator driven SASE FEL at SLAC  -- 20092009

http://www.slac.stanford.edu/slac/media-info/photos/aerial.tif
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Reference: First suggestion that Laser accelerator could drive an X-ray FEL.

Y. C. Huang and R. L. Byer, "Ultra-Compact, High-Gain, High-Power Free-Electron Lasers Pumped by Future Laser-Driven 
Accelerators," in Free Electron Lasers 1996, G. Dattoli and A. Renieri, eds. (Elsevier Science B.V., 1997), pp. II-37-II-38.

Question:  can we generate coherent X-rays
With table top laser accelerator?
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Table Top Attosecond

 

X-ray FEL Source

59

attosec light sources 
1° of optical phase at 2 μm 20 attosec

Table Top attosec

 

x-ray 
source with medical and 
chemistry applications

N

S N

S N

S N

S N

S N

S N

S N

S
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S N
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S N

S N
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SN
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S

N

S N

SN

S N

S N

S N

SN

S N

S N

S N

SN

S N

S N

S N

SN

S N

S

low energy 100 MeV
e-beam 

Preliminary model studies
• 1st initial feasibility study with the 1D FEL model
• Attosec bunching of 1fC helps enhance the gain
• “low” 1 MHz rep. rate low avg. power  
• Further more refined studies under way
• It deserves a closer look

Take advantage of ultra-low 
emittance laser-accelerator e- 
beam and new magnetic 
materials

1m

110 V
Prof. Byer’s dream…

20 asecHigh strength Nd:Fe 
micromagnets

The wizard of optics

http://www.kjmagnetics.com/proddetail.asp?prod=B42Y1&cat=11
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source of free 
particles

accelerator 
section

undulator

The Key Components of the SASE-FEL architecture
SASE –

 

Self Amplified Spontaneous Emission

dielectric structure, 
laser driven

dielectric structure
based laser-driven 

particle accelerators 

SSRL

undulator

3 km

120 m

accelerator

Experiment 
lines

LCLS
injector

SSRL

undulator

3 km

120 m

accelerator

Experiment 
lines

LCLS
injector

laser-driven
high rep. rate
very compact
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Question: Is it possible?

 

A Table Top laser driven SASE–FEL

Laser accelerator undulator

~ 2 m

~ 1 GeV

Input electron beam Input electron beam 
~ 1-2 GeV beam energy
~  10 10 attosecattosec pulse durationpulse duration
~   1 pC bunch charge
~   0.05% energy spread

Magnetic Magnetic undulatorundulator
λu ~ 200 μm
Lu ~  20-40 cm
B0 ~  ½ - 1 T

( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=′

∂
∂

Δ
Δ∈

−∑ vetzE
t j

i jψχ2,~

Field envelope growthField envelope growth

electrons per 
unit volume

Smallest 
possible 

beam size

φb < 500 nm

Solid state 
laser

λ

 

~  1 μm

3 fsec10 attosec
pulse structure

λ

Concept:  Summer 2007
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source of free 
particles

accelerator 
section

undulator

Development of the three key laser-driven components

Objective:Objective:

develop MEMs based Dielectric laser- 
driven accelerator structures

1.

 

Dielectric optical MEMs

 

structures
2.

 

High acceleration gradients  (~ 1 GeV/m)
3.

 

Mono-energetic, maintenance of low emittance
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source of free 
particles

accelerator 
section

undulator

Development of the three key laser-driven components

First Idea:First Idea:

Periodic Magnetic Undulator
Field strength ~ 1 Tesla
Modulation Period ~ 0.1mm
Length ~ 30cm
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Proposed parameters for laser driven SASE–FEL  
(Theoretical Study of FEL operation)

oscillator 
laser

field 
emission 

tip

laser  accelerator

amplifiers

low energy high energy

undulator

beam 
dump

2 m ½ m

xy
z

laser
beam

cylindrical 
lensvacuum 

channel

electron 
beam

cylindrical 
lens

top view

λ/2

λ

xy
z

laser
beam

cylindrical 
lensvacuum 

channel

electron 
beam

cylindrical 
lens

top view

λ/2

λ

top view

λ/2

λ

~200 μm

~50 μm

~ 40 cm

~200 μm

~50 μm

~ 40 cm

1 pC, 
2 GeV, 
λu = 200 μm,
Lu = 40 cm
rb ~ 200 nm
B ~ 1   T
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X-ray FEL Source -

 

detail

65

ε ~ 10-9 m-rad
qb ~   1 fC

LG ~   1 cm
Lsat ~  30 cm

LFODO ~   1 cm
oxy ~  3 μm

frep ~  1 MHz
ηacc ~  1% 
Pacc ~  10 W laser power
ηlaser ~  10 % wallplug efficiency
Pe ~  100 W electrical power

1% of Ub = 10-7 J 
U  ~ 107 Photons

~ 1 nJ/pulse   
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1-D FEL model
Design parameters 
must satisfy these 
conditions

Starting point

λb ~  18 attosec
Ub ~ 10-7 J

~ 30 cm
~ 1 cm ~  3 μmUndulator 

design

Laser power 
required

1% 
conversion 
efficiency
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accelerator structure deflection structure

( ) 0=×+ ⊥⊥ BvE
rrr ( ) 0≠×+ ⊥⊥ BvE

rrr

GeV/m 4~ ~ 2
1

|| →laserEE
r GeV/m 2 ~ ~ 5

1 →⊥ laserEqF
r

T. Plettner, “Phase-synchronicity conditions from pulse-front tilted laser beams on one-dimensional 
periodic structures and proposed laser-driven deflection”, submitted to Phys. Rev. ST AB

key ideakey idea
Extended phase-synchronicity between the EM field and the particle

Use modelocked

 

laser to generate periodic magnetic field

New Idea: Laser-Driven Dielectric Undulator

 

for FEL

End of Story?  NO!  Plettner went away and thought real hard -
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uλundulator period uλundulator period

pulse-front 
tilted laser 

beams

deflection 
structure 
sections

uλundulator period uλundulator period uλundulator period uλundulator period

pulse-front 
tilted laser 

beams

deflection 
structure 
sections

A dielectric structure laser driven undulator

• same loss factorsame loss factor as the laser accelerator: ~100 GV/m/pC
• similar MEMS structure geometrysimilar MEMS structure geometry fabrication compatibility
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Calculated FEL Performance –

 

0.1 Angstrom X-rays
(Pulse duration of X-rays –

 

5 attoseconds)
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Summary: possible table-top coherent X-ray source

Schematic of the tabletop radiation source

field emitter 
source*

laser 
accelerator

~  1 m

~1 
GeV

uλundulator period uλundulator period

pulse-front 
tilted laser 

beams

deflection 
structure 
sections

uλundulator period uλundulator period uλundulator period uλundulator period

pulse-front 
tilted laser 

beams

deflection 
structure 
sections

laser 
undulator

~  30 cm

x-rays
105/pulse

100 keV

There is a path forward based on a
modelocked laser driven dielectric structure
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laser on

focusing triplet

2 cm 1 mm

electron 
beam
60 MeV

laser 
beam

laser off
(no deflection)

Test of laser-deflection Structure

Prove the concept of a phase-synchronous deflection forceProve the concept of a phase-synchronous deflection force
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pulse-front tilted laser 
beam

deflection 
structure 
sections

pulse-front tilted laser 
beam

electron 
beam

mask or high-
reflector

undulator 
radiation

pulse-front tilted laser 
beam

deflection 
structure 
sections

pulse-front tilted laser 
beam

electron 
beam

mask or high-
reflector

undulator 
radiation

Look for undulator radiation

Prove the concept  Prove the concept  
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Challenges ahead

IFEL Compressor Chicane LEAP Cell
~12 cm

5.4 cm

~1 psec ~3 fsec ~7 fsec ~7 fsec

60 MeV e-

IFEL Compressor Chicane LEAP Cell
~12 cm

5.4 cm

~1 psec ~3 fsec ~7 fsec ~7 fsec

60 MeV e-

Staged acceleration
• precise control of optical phase
• control of focusing and steering 
of the electron beam

Implementation of real 
accelerator microstructures

• fabrication
• coupling of the laser
• electron beam transmission
• survival of the radiation environment
• heat removal

Laser technology
• wavelength  2 μm 
• optical phase control
• wallplug efficiency
• lifetime

1

2

3



SLAC National Accelerator Laboratory July 7, 2009 “Laser Accelerators”

Byer
Group

Selected publications

75

1. Y.C. Huang, D. Zheng, W.M. Tulloch, R.L. Byer, “Proposed structure for a crossed-laser beam GeV per meter gradient 
vacuum electron linear accelerator”,  Applied Physics Letters, 68, no. 6, p 753-755 (1996) 

2. Y.C. Huang, T. Plettner, R.L. Byer, R.H. Pantell, R.L. Swent, T.I. Smith, J.E. Spencer, R.H. Siemann, H. Wiedemann, “The 
physics experiment for a laser-driven electron accelerator”, Nuclear Instruments & Methods in Physics Research A 407 p 
316-321 (1998) 

3. X. Eddie Lin, “Photonic band gap fiber accelerator”,  Phys. Rev. ST Accel. Beams 4, 051301 (2001)

4. E. Colby, G. Lum, T. Plettner, J. Spencer, “Gamma Radiation Studies on Optical Materials”, IEEE Trans. Nucl. Sci.  Vol. 
49, No. 6,  p. 2857-2867 (2002) 

5. B. M. Cowan, “Two-dimensional photonic crystal accelerator structures”, Phys. Rev. ST Accel. Beams 6  101301 (2003) 

6. R.H. Siemann, “Energy efficiency of laser driven, structure based accelerators”, Phys. Rev. ST AB. 7 061303 (2004) 

7. T. Plettner, R. L. Byer, R. H. Siemann, “The impact of Einstein’s theory of special relativity on particle accelerators”, J. 
Phys. B: At. Mol. Opt. Phys. 38 S741–S752 (2005) 

8. Y. C. Neil Na, R. H. Siemann, R.L. Byer, “Energy efficiency of an intracavity coupled, laser-driven linear accelerator 
pumped by an external laser”, Phys. Rev. ST. AB. 8, 031301 (2005) 

9. T. Plettner, R.L. Byer, E. Colby, B. Cowan, C.M.S. Sears, J. E. Spencer, R.H. Siemann,  “Visible-laser acceleration of 
relativistic electrons in a semi-infinite vacuum”, Phys. Rev. Lett. 95, 134801 (2005)

10. C.M.S. Sears, E. Colby, B. Cowan, J. E. Spencer, R.H. Siemann, T. Plettner, R.L. Byer, “High Harmonic Inverse Free 
Electron Laser Interaction at 800 nm”, Phys. Rev. Lett. 95, 194801 (2005)

11. T. Plettner, R.L. Byer, E. Colby, B. Cowan, C.M.S. Sears, J. E. Spencer, R.H. Siemann,  “Proof-of-principle experiment for 
laser-driven acceleration of relativistic electrons in a semi-infinite vacuum”, Phys. Rev. ST Accel. Beams 8, 121301 (2005) 

AARD subpanel

 

Dec 21, 2005



SLAC National Accelerator Laboratory July 7, 2009 “Laser Accelerators”

Byer
GroupAcknowledgementsAcknowledgements

• The Department of Energy

• Mike Hennessy  (ES II)

• Todd Smith (HEPL)

• The SCA personnel; George Marcus M. Galt, B. Armstrong, 
T. Kimura, D. Keegan, R.Swent, A. Schwettman, J. Haydon

• R. Route, V. Drew 

• B. Noble, D. Walz (ARDB, SLAC)

• Y.C. Huang, C. Barnes, S. Waldman, J. Wisdom

• S. Sinha, R. Gaume, S. Wong

• J. Rosenzweig



SLAC National Accelerator Laboratory July 7, 2009 “Laser Accelerators”

Byer
Group

Contents

BACK UP SLIDES

“Don’t undertake a project unless it is manifestly important and nearly 
impossible.”

 

Edwin Land – 1982
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TeV e+e- collision experiments
• Top Quark Physics 

• Higgs Boson Searches and Properties 

• Supersymmetry

• Anomalous Gauge Boson Couplings 

• Strong WW Scattering 

• New Gauge Bosons and Exotic Particles 

• e-e-, e-γ, and γγ

 

interactions 

• Precision Tests of QCD 
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The tape boundary

79

1. Damage threshold
•

 

ignore it! 
•

 

devise a “disposable”

 

unit
•

 

materials retain their optical properties for a few picoseconds 
after a destructive laser pulse

2. Cell geometry
•

 

simplify to one semi-infinite boundary
•

 

make boundary thin enough to run e-beam through it
•

 

make boundary movable to present a new surface for 
each laser shot

3. Crossed laser beams
•

 

two laser beams too difficult? eliminate one of them
•

 

no more optical phase uncertainty problems
negligible transverse deflection forces

Improve on 
• Operation tolerances
• Poor reliability
• Ease of operation

Conceptual drawing
of the improved setup
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Laser damage and radiation damage studies
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Laser research
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