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Laser Accelerator on a Chip  (>300MeV/m) 
A Path to TeV Energy Scale Physics & Attosecond X-ray Lasers 

Robert L. Byer 
rlbyer@stanford.edu 

Abstract 
We report on the first observation of high-gradient acceleration of 
electrons in a lithographically fabricated dielectric micro-structure 

driven by a modelocked Ti:sapphire laser.  This approach shows promise 
for scaling to the energy and luminosity required for TeV energy scale 

physics and Attosecond X-ray Lasers. 
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Introduction  Early Progress in Laser Accelerators 

Success!  Laser Acceleration in Dielectric Structures 

Future Directions  Laser Accelerator driven X-ray lasers 

Surfing Lightwaves 
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Re: The best 30seconds of my last ~ 5 years! 

Ken Soong Edgar Peralta 

SLAC -  NLCTA Accelerator 
4:05 AM 

February 23, 2013 
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A Century of Particle Accelerators -  Andy Sessler 

First came accelerators 
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Fifty years of Lasers 

then came Lasers 
Malibu Beach, CA 1960 

Ted Maiman and the Ruby Laser 
5 
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The Livingston plot – 1954 
Innovation leads to exponential progress 

In 1954 Livingston noted that 
progress in high energy accelerators 
was exponential with time. 
 
Progress is marked by the 
saturation of the current technology 
followed by the adoption of 
innovative new approaches to 
particle acceleration led by 
scientists with a vision for the 
future and the passion to make it 
happen. 
 
It is clear that there is a need for 
innovation in the next generation of 
advanced accelerators. 

Will 2014 see a commitment to explore 
 innovative new approaches to  
laser driven linear accelerators? 
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Beginning of Laser Advanced Accelerator Field - 1982 
Historical summary of work in laser acceleration 
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Accelerators based on Plasmas  
have advanced significantly in the past twenty years 
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Surfing Plasma Waves – Chan Joshi 2009 
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Surfing Plasma Waves 
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Mike Downer – Laser Wakefield Accelerator 
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Laser Plasma Acceleration to 2 GeV - 11 June 2013 
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Sig and Russ Varian with Klystron 

Microwave Laboratory 
 
First Klystron 1937 
 
 
First Linear Accelerator 1947 
 
10 cells or 1m length 
 
2MeV/m gradient 
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From Radio to Microwaves and Radar and on to Lasers  

Doppler radar with klystron 
-San Carlos, CA 1939 

Varian Associates Staff 
San Carlos CA 1948 

The Mark I Linear 
Accelerator 1 947 

1meter – 2MeV/m gradient 
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A few rules of the game 

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≤

∆
∆

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” 
 (Impedance Matching) - 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 

< 1996 Started Collaboration with SLAC > 
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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 10 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 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…

RF-accelerator driven SASE FEL at SLAC  -  April 2009 

Question: can we make a Table-top X-ray Laser? 
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Emergence of new technologies make  
Laser Acceleration Possible 

NUFERN 
 

ALABAMA 
LASER 

high power 
fiber lasers 

ultrafast laser 
technology 

nanotechnology 

60 W/bar, 50% 
electr. efficiency 

efficient pump 
diode lasers 

< 10 fs 
IMRA mJ 500 

fsec laser 

new materials 

high 
strength 
magnets 

New ceramics 
Nd:Fe 

nano-
tubes 

high purity optical materials 
and high strength  coatings 
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sodium 
yellow 

Leveraging 
investment in 

telecom 

30 W/bundle, 40% 
electr. efficiency 
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http://www.kjmagnetics.com/proddetail.asp?prod=B42Y1&cat=11
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What We Do 

*The Economist, Oct 19th 2013  

Dielectric Laser-driven Accelerators (DLA) 
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(R)Evolutionary Advancement 

Semiconductor Manufacturing Traditional Manufacturing 

Fibers Gratings Crystals Room temp. Super conducting 

10E-4 

λ = 10 cm 
Eacc = 30 MV/m 

λ = 1-10 μm 
Eacc = 2 GV/m * 

* in theory 
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240 Dielectric Laser Accelerators on a wafer 

20 
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Laser-Powered 

Relatively inexpensive and 
commercially developed! 

Dielectrics are highly resilient to damage 

Damage Threshold Fluence at 800 nm, 1 ps 
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Applications 

Space of all known 
accelerator need 

Need covered by 
conventional accelerators 

Potential coverage by 
DLA accelerators 
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Space of all known 
accelerator need 

Need covered by 
conventional accelerators 

Potential coverage by 
DLA accelerators 

Applications 

High current: 
Ion implantation 
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High energy: 
Physics 
Imaging 

Space of all known 
accelerator need 

Need covered by 
conventional accelerators 

Potential coverage by 
DLA accelerators 

Applications 
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Compact/Efficient: 
Medical 

Commercial 

Space of all known 
accelerator need 

Need covered by 
conventional accelerators 

Potential coverage by 
DLA accelerators 

Applications 
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Laser driven particle acceleration 
1996 - 2004 

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† 
 

Techion Israeli Institute of Technology 
Levi Schächter* 

 
UCLA 

J. Rosenzweig* 
 
 

‡ grad students    † postdocs and staff       * faculty 

Laser Electron Accelerator Project – LEAP 
  Goal: demonstrate physics of laser acceleration 
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crossed 
laser beams 

electron 
beam 

slit 

1 cm 

2 keV 
resolution 

(a) (b) 

   Laser Electron Accelerator Program - LEAP 
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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electron 
beam 

laser 
beam 

8 µm thick gold-  
coated Kapton tape 

stepper motors 

accelerating 
phase 

decelerating 
phase 

laser 
beam electron 

beam 

Inverse 
FEL 

tape  
drive 

LEAP Experimental Success- November 2004 

Simplified single-stage 
Accelerator Cell - 
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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• 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

∆U Elaser∝

E Ez laser∝ cosρ

laser-driven 
linear 

acceleration in 
vacuum 

1st Success:   Accelerated electrons with visible light 
             Phys Rev Letts - Sept 2005 
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2nd Success:  Visible light driven  IFEL 
Phys Rev Letts - Nov 2005 

31 

* graduate student C.M. Sears 

Cross-correlation in time Observation of harmonic interaction 
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Moved Experiment to SLAC: 2004 - 06 

SLAC provided access to the NLCTA test accelerator – 60MeV 
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The E163 experiment at SLAC 

The new E163 experiment hall 

           The NLCTA 
Next Linear Collider Test Accelerator 360MeV 
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60 MeV 
10 pC 
~ 1psec 

λ = 800 nm 
U ~ ½ mJ/pulse 
τ ~ 200 fsec 
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3rd Success:  Bunching and Net Acceleration 

C.M.S. Sears, et al. “Production and 
characterization of attosecond electron bunch 
trains,” PRST-AB 11, 061301 (2008)]. 
 
C.M.S. Sears, et al. “Phase stable net 
acceleration of electrons from a two-stage optical 
accelerator.” PRST-AB 11, 101301 (2008). 

Net laser acceleration of 1.2 keV 
demonstrated for 400 attosec 
microbunches using inverse transition 
radiation (ITR) at a metal foil. 
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Professor Robert Siemann and Chris Sears 
June 15, 2008 – Stanford Graduation Ceremonies 

Byer 
Group 
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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

    

             

        
                           

   

D 

  

 

http://tesla.desy.de/%7Erasmus/media/pbg%20fiber%20accelerator/Photos/slides/end%20of%20fiber.html
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First Observation of Accelerating Modes in a PBG Fiber 
(Analog to Parametric Fluorescence) 

•Commercially available fiber  
(Thorlabs HC-800-1, 
$533/m) 

•Observed with optical 
spectrometer to measure SOL 
modes 

Thorlabs HC-1550-2 

e- 

PBG fiber 

2 cm 1 mm 

focusing triplet 
Kq=0.5 kT/m 

electron 
beam 

to the energy 
spectrometer 

TE bandgap region 
J. England, et al, In preparation, (2011). 
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Proposed Dielectric Grating Accelerator and Undulator Structure 
Tomas Plettner 2006, 2008 
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Transverse pumped bi-grating phase-reset structure 
       Similar to Quasi-phasematching 

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

Main concept: periodic phase-reset of the EM field 

λ /2 

λ 

λ /2 

λ 

λ /2 

λ 

λ /2 
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λ /2 
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λ 

e 

e 

x y 
z 

perspective view 

dielectric 
structure 

vacuum 
channel 

laser beam 

electron 
beam 

top view 
traveling electron experiences 
accelerating force at all times 

Reset the phase every λ in grating structure 
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||E

dielectric 
structure 

electron 
beam 

vacuum 
channel 

input laser 
wavefront 

EM field map in one unit 

0=⊥F


laserEE 2
1

|| ~


Transverse pumped grating phase-reset structure  

vacuum channel width < λ  

1 J/cm2 fluence 
 
 ~10 fsec pulses 

GeV/m 4~unloadedG
Gloaded  ~  2 GeV/m 
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Goal:  Develop Theory for laser accelerator physics 

42 

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 

For the first time theoretical calculations showed that laser accelerators could be efficient 
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cavity length,
dispersion control
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accelerator 
cell array

amplifier

accelerator 
cell array

amplifier

accelerator 
cell array

amplifier

mode converter

Master oscillator electron beam 

reference 
 beam 

Proposed layout of the laser 
 system for a TeV collider 

A low-power ultra-stable master 
oscillator serves as a reference  clock 
for the entire accelerator 
 
 
 
local modelocked oscillators are 
phase-locked to the master oscillator 
 
 
 
A mode converter transforms the 
TEM00 mode preferred  by the laser  
to a TEM01 acceleration mode 
 
 
 
Laser  amplifiers  increase   the  
power of  the  TEM01 mode  from  sub-
watt  to multiple tens of watts of 
average power  
mode 

Notional Schematic of Future TeV scale Laser Accelerator 
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fsec 5  m, 5.1 == τµλ

attosec 14 
 nm, 15

=∆
=∆

t
x

1 degree of optical phase 

laser  
beam 

electron 
bunch 

~104  e-/bunch 

Laser Accelerators operate with Attosecond Electron Bunches 

We have elected to develop Tm:fiber laser as driver for accelerators 
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 Low bunch charge 
     problem 

• Take advantage of high laser 
  repetition rate 
• Multiple accelerator array architecture   

Laser pulse structure that leads to MHz 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

bt∆

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

bt∆

eN

bf

(Hz)

(nsec)

(GHz)

(Hz)

eI (sec-1)

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

TeV energy scale laser accelerators require ~ 150fsec phase-
locked laser drivers -- ~ 10MW/km average power 

Requires 10kW/meter or 10MW/km and ~40% efficiency Laser Source! 
(~ 10 microjoules in 150 fsec per micropulse) 

Tm:fiber laser at 2µm offers high-efficiency, ultrafast output 
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Introduction  Early Progress in Laser Accelerators 

Success!              Laser Acceleration in Dielectric Structures 

Future Directions  Laser Accelerator driven X-ray lasers 

Lightwaves 
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Dielectric Laser Accelerator (DLA) Based  
Advanced X-Ray Sources 

DARPA AXiS FY12 Year-End Review 

R. L. Byer, K. Soong, E. Peralta,  
R. J. England,  Bob Noble 
Ben Cowan 
Peter Hommelhoff 

SLAC, Stanford, Tech-X, MPQ Collaboration 

DARPA AXiS Program – October 2011 
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Who Are We? 

SLAC National Accelerator Laboratory 
(accelerator testing of structures) 
Dr. Joel England (Proj. Mgr.) 
Dr. Bob Noble 
Dr. Ziran Wu 
Dr. Eric Colby 

Stanford University 
(structures and testing) 
Prof. Bob Byer (PI) 
Prof. James Harris (co-PI) 
Prof. Olav Solgaard (co-PI) 
Ken Soong 
Edgar Peralta 
Behnam Montazeri 
Ken Leedle 
Chia-Ming Chan Tech-X Corporation 

(Modeling structures) 
Dr. Ben Cowan 
Dr. Brian Schwartz 
Dr. Dan Abell 
Dr. Estelle Cormier 

Max Planck Institute 
(Injector and pre-accel) 
Dr. Peter Hommelhoff 
Johannes Hoffrogge 
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 The ‘Accelerator on a Chip’ Team 

49 
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Accelerator on a Chip Concept 

  = 1 µm 

laser-driven microstructures 
  • lasers: high rep rates, strong  
field gradients, commercial support 
  • dielectrics: higher breakdown 
threshold  higher gradients  
(1-5 MV/mm), leverage industrial 
fabrication processes 
 

  = 10 cm 

lower cost, more compact, higher gradient 

30 MV/m 

1-2 GV/m 

gradient 

w
avelength 

x10-5 
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Long term goal: Fabrication of an Integrated  
Accelerator Machine on a Wafer 

SiO2 wafer 

Z 

X 
y 

Etched 
Channel 

Electron 
Source 

DARPA Hard - almost impossible Goal 
Must innovate to accomplish this outcome 

X-rays 

51 



Byer 
Group 

Fermi Laboratory                                                                   January 26, 2014                                                                    Batavia, IL         

Laser Damage Threshold Studies  

Why search for optically robust materials? 

Eacc – Accelerating gradient 
Fth – Damage threshold fluence  
AF – Acceleration Factor  
(ratio of accelerating field on axis to peak field in material) 
 

Material studies → increase Fth 
Structure design → increase AF 

Motivation: higher damage threshold means higher acceleration gradient 
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Increasing Gradient 

Compressing the IR pulse from  
2 ps to 20 fs can give us a  
factor of 3 larger gradients. 
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Laser Damage Threshold – Results 
1 psec pulse duration and 1-2µm wavelength 

The results of our on-going damage threshold experiments indicate that the most 
robust materials have a large bandgap and a high lattice binding energy 
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Grating prototypes of various gaps (fused silica) 
(Edgar Peralta) 

1) wafer layout 2 a)  Etch trenches to set gap 

2 b)  Etch gratings inside trench 

3) SEM Images of gratings near the edge of an 800nm (a) and a 1200nm (b) trench.  
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Etching – All done Alignment channel cuts 

Finished Single Wafer 
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Machine-Assisted Bonding 

EV Aligner Tool 

Alignment Marks 

Wafer 1 

Wafer  2 

Bonded 
Wafer s 
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Features: 
 
- Multi-length gratings 
- 1x 400nm gap 
- 1x 800nm gap 
- Symmetric process 
- Alignment channels 
- IR reflectors  
  (for laser alignment) 

(one half shown only) 

400 nm gap 

V5 FinishedTest Samples – Fused Silica 
(tested in December and February runs) 

Multi-length 
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Experiment Schematic 
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Virtual Tour: Test Sample 

Sample holder 

~1 cm 



Byer 
Group 

Fermi Laboratory                                                                   January 26, 2014                                                                    Batavia, IL         

Getting the 60MeV e-beam through the structure 

Experimental Challenge 

 Microscope image of test sample  Diagram of test sample 

1psec e-beam – 30 µm best focus! 
However, we have a 400 nm aperture 
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Experimental Challenge 

How hard is it to transmit through a 1000:1 aspect ratio channel? 
The following gives a sense of scale. 

1:1 aspect ratio 

10:1 aspect ratio 

100:1 aspect ratio 

1000:1 aspect ratio 
(our structures) 

e- 30 micron ebeam 
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ΔE = 16.85 keV 

December 2012: We saw the first indication of acceleration at 33 MeV/m 

Preliminary Results 
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Re: The best 30seconds of my last ~ 5 years! 

Ken Soong Edgar Peralta 

SLAC -  NLCTA Accelerator 
4:05 AM 

February 23, 2013 

66 



Byer 
Group 

Fermi Laboratory                                                                   January 26, 2014                                                                    Batavia, IL         

Re: The best 30 seconds of my last ~ 5 years! 

• 27 Feb 2013 23:57:39 -0800 (PST) 
From: Edgar Peralta <edgar.a.peralta@gmail.com> 
Date: Wed, 27 Feb 2013 23:57:09 -0800 
Subject: Re: The best 30 seconds of my last ~5 years 
To: Joel England <england@slac.stanford.edu> 
Cc: Robert Byer <rlbyer@stanford.edu>, "Soong, Ken" <kensoong@slac.stanford.edu> 
 
Here's another nice visual.  
On Wed, Feb 27, 2013 at 10:15 AM, Joel England <england@slac.stanford.edu> wrote: 
That's great, Edgar.  If you can see the effect by eye from the raw data, that's about as convincing 
a demonstration as one could hope for.   
 

• Joel 
------------------------------------------------------------- 

• R. Joel England 
• SLAC National Accelerator Laboratory 
• Dielectric Laser Acceleration Group 
• Advanced Accelerator Research Department 
• england@slac.stanford.edu 
• 650-926-3706 
• ------------------------------------------------------------- 

Timing is fixed which led to: 
   Excellent signal to noise – real time signal  
   Data confirms physics is correct   
   Gradient >100MeV/m 
         Preparation of publication is in process 
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60 MeV Electron Beam Transmission 
(400nm channel width, 0.5mm or 540 optical wavelengths long) 

e- 

Grating 
Structure 

e- 
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Electron energy spread by laser modulation 
( 0.2mJ, 800nm, 1psec - focused to 0.35J/cm2) 
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Ken Soong and Edgar Peralta at SLAC Experimental Hall 
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A) Cross correlation of electron and laser pulses in time 
B) Measured acceleration gradient vs Peak Electric Field 

Upper and lower dashed lines (B) are calculated for aligned and misaligned structures 
Fused silica structure damaged (gracefully) above 0.25mJ incident energy as expected 

Measured: 300MeV/m gradient in fused silica structure 
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Party on Friday March 1, 2013 – Celebrating success! 
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High Gradient >250MeV/m Acceleration of Electrons 

Submitted for publication June 30 201 3 
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 E. A. Peralta, K. Soong et al  - Sept 27, 2013 
‘Accelerator on a Chip’ 
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Bruer and Hommelhoff – Laser acceleration of Non-relativisitic 
Electrons in a Dielectric Structure 
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Accelerator on a Chip 

I wanted to report back to you on 
last week’s news release.   
(September 27, 2013 at 10am) 
 
It was a tremendous success by all 
standards undoubtedly in the top 5 
of all stories done in the past 
3 years in terms of its reach and 
response.  
 
Andrew Freeberg, SLAC  
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“Our ultimate goal for the structure is 1 billion electron volts per meter and 
we’re already one-third of the way in our first experiment.”   

said Robert Byer, PI for the research. 
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What Next?  Plenty of work to do! 

Current Challenges 
Electron beam source, injector and buncher ( Peter Hommelhoff) 
 
Detailed modeling of structures (Ben Cowan) 
 
*Silicon accelerator structure testing (Chia Ming Chan, Olav Solgaard) 
 
*Beam position monitor and beam steering and focusing (Ken Soong) 
 
Modelocked Tm :fiber oscillator/amplifier at 30% efficiency (Charles Rudy) 
 
Future Directions 
FEL Dielectric Undulator – test performance 
 
Wave guide delivery of light from fiber laser amplifier to accelerator structure 
 
Multiple staged accelerator structures for energy scaling 
 
Complete FEL X-ray laser – sync pumped with “natural” photonic crystals as resonator mirrors 
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Supertip Emitter Source Development 

 
• Optimized 30 keV structure found with the help of FDTD electric field simulations 
and particle tracking. Result: 
 
 
 
 
 
 
 
 
 
 
 
 
 
Tip pointing through one anode, with second anode a few mm away (left). With this 
geometry, the field on electrons’ path never drops below ~4MV/m 

Dr. Peter Hommelhoff, Johannes Hoffrogge, (MPQ)  

laser 
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(a)Tungsten supertip electron source, 
(b) Mounted tip illuminated by a ultrafast laser 
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Courtesy P. Hommelhoff 
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Schematic of a Low-Beta Pre-Accelerator 
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Schematic of On-chip laser guiding to Accelerator Structure 
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On chip Silicon-Nitride 
 waveguide 
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Ben Cowan – detailed modeling  
Photonic Crystal Accelerator Structures 
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Optical bunching in less than 1mm of acceleration 
Ben Cowan – VORPAL simulations 

We expect to see 15 attosecond electron bunching in 1mm of structure 
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Innovative New Structures:  Buried Grating in Silicon 

• Buried silicon grating structures for electron accelerators 
• Grating design with optimal gradient 
• Grating design with wide electron channels (wide gap) 
• FDTD simulations at 2μm wavelength – shows potential for 500MeV/m 

– Parameters: electron channel gap, grating pillar height and slab height. 

Chia-Ming Chang, Prof. Olav Solgaard, E. Peralta 

Plans are to test this structure in next run using 2µm laser driver 
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Structure Design: Grating-type Beam Position Monitor  
Ken Soong idea and invention 

In order to stage 1 meter of accelerating structures, we will also need focusing 
structures and deflecting structures1,2, as well as beam position monitors3. 

1. T. Plettner, Phys. Rev. ST Accel. Beam 12, 101302 (2009) 
2. K. Soong, SLAC Report No. SLAC-PUB-14426 (2011) 

3. K. Soong, Optics Letters, Vol. 37, Issue 5, pp. 975-977 (2012) 

BPM Design 

Recently developed BPM based on the principles of 
an inverse grating accelerator structure 
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Structure Design: Grating-type BPM 

First BPM design to encode beam position as a wavelength 
 → Exploit the high resolution of spectrometer technology 

Simulation of performance 

top view 

Beam 
parameters 
σ=20 nm 
Q=10 fC 
τ=0.1 fs 
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λ0 λ1 λ-1 

Verification of the grating-BPM concept: geometry dependent radiation. 

DLA Beam Position Monitor 

By rotating a fixed period grating 
structure, we should be able to vary 
the radiation as: 
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Preliminary results verify  
a geometry dependent 
wakefield wavelength! 

Spectrum vs. Rotation θ 
-5.4° -2.8° -0.2° 2.5° 5.1° 

DLA Beam Position Monitor 
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Introduction  Early Progress in Laser Accelerators 

Success!  Laser Acceleration in Dielectric Structures 

Future Directions  Laser Accelerator driven X-ray lasers 

Lightwaves 
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Photonics Based (Grating) Deflection and Focusing Structure 
Tomas Plettner et al 2009 
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source of free 
particles 

accelerator 
section 

undulator 

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 

The Key Components of the SASE-FEL architecture 
             SASE – Self Amplified Spontaneous Emission 
 

GOAL:  use Dielectric Laser Accelerator to build table top X-ray Laser 
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Source of free 
particles 

Accelerator 
section 

undulator 

  Architecture of a laser-driven free-electron X-ray source 

λ ~ 2 µm 

• sub-kW of electrical power 
• no radiation or electrical hazards 
• MHz repetition rates 

solid state, 
tabletop  

laser system 

Laser-driven field 
emission sources 

MEMs-based laser-
driven dielectric 

accelerator structure 

MEMs-based laser-
driven dielectric 

deflection structure 

x-rays 

ultra short pulses 
high peak electric fields 

total length on the order 1 m 

optically 
bunched 
electrons 
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fsec 5  m, 5.1 == τµλ

attosec 14 
 nm, 15

=∆
=∆

t
x

1 degree of optical phase 

laser  
beam 

electron 
bunch 

~104  e-/bunch 

Advantage Laser Accelerator:  Atto Second Electron Bunches 
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source of free 
particles 

accelerator 
section 

undulator 

Investigate approaches for the FEL Undulator 
 

Short Period Undulator with periodic magnets  

First Idea: 

Periodic Magnetic Undulator 
Field strength ~ 1 Tesla 
Modulation Period ~ 0.1mm 
Length ~ 30cm 
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Magnetic Undulator based X-ray FEL Source  
Plettner - Summer 2008 
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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 µm Undulator 

design 

Laser power 
required 

1% 
conversion 
efficiency 
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Magnetic Undulator based X-ray FEL Source  
Not practical! Magnetic field to weak, structure too long 
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Confirm performance of Laser driven undulator 
Model Sync Pumped FEL X-ray Laser 
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accelerator structure deflection structure 

( ) 0=×+ ⊥⊥ BvE
 ( ) 0≠×+ ⊥⊥ BvE



GeV/m 4~ ~ 2
1

|| →laserEE
 GeV/m 2 ~ ~ 5

1 →⊥ laserEqF


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

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

Use modelocked laser to generate periodic deflection field 

New Idea: Laser-Driven Dielectric Undulator for FEL 
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Proposed Experiment to be conducted at SLAC 
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Accelerator Team at E163 Experimental Hall 
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Accelerator Laboratory on a Wafer 

1. The grating accelerator structure 
a. Concept 
b. Fabrication 

 
2. The experiment 

a. Concept 
b. NLCTA 
c. Challenges 

 
3. Key results 

 
4. Ongoing work 
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Energy Doubling of 42 GeV incident Electrons – Feb 2007 
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Plasma-Wake Field Afterburner for SLAC 
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Surfing Plasma Waves – Chan Joshi 2009 
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Surfing Plasma Waves 
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Realization 

August 2011 
Experiment  

started. 

October 2006 
Grating accelerator  

structure 
proposed. 

December 2012 
First 

indication  
of success. 

February 2013 
Experimental 

success! 

2006 2013 

Out in print November 7, 2013 
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Popular Science! 
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Basic Principle: 
 
The grating teeth periodically 
modulates the phase of the laser 
fields, imparting a  
π- phase shift to the electric field 
between pillars.  
 
→ “ Laser field rectifier ” 

How it Works? 
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Virtual Tour: Test Sample 

Sample holder 

~1 cm 
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ΔE = 16.85 keV 

December 2012: We saw the first indication of acceleration at 33 MeV/m 

Preliminary Results 
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Accelerator and X-ray Laser on a Chip 
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Increasing Gradient 

Compressing the IR pulse from  
2 ps to 20 fs can give us a  
factor of 3 larger gradients. 
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Low-Beta Accelerator 
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λ0 λ1 λ-1 

Verification of the grating-BPM concept: geometry dependent radiation. 

DLA Beam Position Monitor 

By rotating a fixed period grating 
structure, 
 we should be able to vary the radiation 
as: 
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Preliminary results verify  
a geometry dependent 
wakefield wavelength! 

Spectrum vs. Rotation θ 
-5.4° -2.8° -0.2° 2.5° 5.1° 

DLA Beam Position Monitor 
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Livingston plot for Beam Energy of Plasma Accelerators 
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Image of simulated Electric Field and Structure,  
Acceleration Gradient vs Laser input energy and field 
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Schematic of On-chip laser guiding to Accelerator Structure 
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On chip Silicon-Nitride 
 waveguide 
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(a)Tungsten supertip electron source, 
(b) Mounted tip illuminated by a ultrafast laser 
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Courtesy P. Hommelhoff 
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Schematic of Laser driven Injector 
and Pre-accelerator Concept (Hommelhoff) 
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Schematic of waveguide delivery structure 
Ken Leedle  & Jim Harris 

SiO2  Al2O3  SiO2  
Waveguide Mode 

Develop Waveguide concept for delivery of  
high peak power 150fsec pulsed to accelerator structure 

129 
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Accelerator and X-ray Laser on a Chip 
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