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Abstract
In 2015 the Moore Foundation accepted a proposal to fund an accelerator
science program with the goal of demonstrating a laser driven accelerator
on a chip. To date the international collaboration has demonstrated
greater than 800MeV/meter gradient in a fused silica grating structure
and has demonstrated the first accelerators based on silicon. The ACHIP
collaboration is making progress foward a 100MHz repetition rate
accelerator with attosecond electron bunches to enable applications to
science and to medicine.
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A Century of Particle Accelerators Group

ENGINES OF

First came accelerators

A Century of Particle Accelerators

Andrew Sessler Ec[mund \Vilson
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Fifty + years of Lasers Group

then came Lasers

Ted Maiman  First laser demonstrated on May 16, 1960

Ted Maiman and the Ruby Laser
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Laser Acceleration Group

Laser Acceleration
T. Tajimal®, K. Nakajima?, and G. Mourou?
IDepartment of Physics and Astronomy, University of California, Irvine, CA 92610,

USA
ICenter for Relativistic Laser Science, Institute for Basic Science (IBS), Gwangju 61005,
Korea

SIZEST, Ecole Polytechnique, 91128 . Palaiseau, France
"2015 recipient of the Enrico Fermi Prize

I. Introduction

II. Laser compression

III. LWFA scaling

IV. Toward high energy acceleration with nonluminosity paradigms
V. Ion acceleration

V1. Zeptosecond science

VII. Ultrahigh energy cosmic ray acceleration

VIII. Applicationof LWFA to X-rays and gamma-ray sources

IX. Applicationto medicine

X. Conclusions
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The Livingston plot - 1954
Innovation leads to exponential progress

Byer
Group
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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 heed for
innovation in the next generation of
advanced accelerators.

Will 2015 see a commitment to explore
innovative new approaches to
laser driven linear accelerators?
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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 heed for
innovation in the next generation of
advanced accelerators.

Will 2015 see a commitment to explore
innovative new approaches to
laser driven linear accelerators?

YES! Moore Foundation
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Surfing Lightwaves Byer

Group
Introduction Early Progress in Laser Accelerators
Success! Laser Acceleration in Dielectric Structures

Current Activity  Laser Acceleration on a chip: ACHIP

_Toshiki Tajim:

the cosmic surfer
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When the SLAC linac and microwave klystron were
iInvented they were revolutionary developments
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SLAC: The two-mile accelerator

“Project M”

1955 first brainstorming and informal discussions

April 1957

September 1961
April 1562

July 1¥62
July 1464

October 1, 1965

December 1360

rebruary 12, 1966

May 21, 1966

June 2, 1966
June 22, 1966
July 13, 1966

Oetober 17, 1966

Movombor 1066

January L0, 1067

SLAC CHEONOLIHY

Proposal for two-mile accelerator submitbed by Starford
University to Federal Government
Project authorized by U. 5. Congress

Contract signed by U. 5. Atomic Energy Commission and
stanford Universicy

Groumnd breaking; construction begins

start of accelerator installation

First "Users Conference," attended by 150 peuple Drom
laboratories all over the world, to be made acquainted
with SLAL.

installation of accelerator complels

Program Advisory Commillbes mel, aad approved and
scheduled the first experiments to be performed with the
two-mile beam

First besm lransmitted over entire two-mile length of
the accelerator

18.4 GeV of beam energy achieved
Second "'Users Conference" held at SLAC
Positrons accelerated

First inferlaced multiple beams of different encrgics and
intonaitics aceclerntod

Expoerimonte bogin with the baam in the end stations

0. 16 GoW of beam energy achicwved

e $100M proposal

* numerous studies and reports

* > 10 years of effort

FALD ALIC, CALORNIR, T RIENT, MAT 15, (159

" Fhces OA &-1700

ke to ask $100 mllllon

for Stcmford A-smasher

Building
iime set

-6

years
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First beam at SLAC, 1966

BEAM INTENSITY
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April 10 2009 - LCLS: Coherent 8KeV X-ray source- ImJ at 10Hz Il gyer
Question: can we make a Table-top X-ray Laser?

Group

RF-accelerator driven SASE FEL at SLAC - April 2009

Molecule
Sample

EWYse " > S ol AICEY,

Undulator Linac

T~230 >1fsec BN\ 7 N\ 78 A
h~15-15A i Mf\\,/f "H”’-"Eugm_*‘

ron

@ ~ 1012y / pulse " . Synchrotron !]_OO m Pulses

*®  Radistion
5

» materials science
 chemistry
* atomic physics

undulator
4420 m

Experiment
lines

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

LCLS properties

1 km-size facility
microwave accelerator
Are ~ 10 Ccm

4-14 GeV e-beam

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

SUCCESS - April 09
1mJ per pulse

10 Hz

8 keV X-ray photons

UC Irvine, CA


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

Emergence of new technologies make Byer
Laser Acceleration Possible Grou

efficient pump
diode lasers

Leveraging
Investment in
telecom

ultrafast laser
technology

30 W/bundle, 40%
electr. efficiency

IMRA mJ 500

60 Wi/bar, 50% fsec laser

electr. efficiency

nanotechnology

high
strength
magnets

Nd:Fe

_l_ﬂml_gSustems \
CmbH

h|gh prity optical materials
and high strength coatings
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Byer

Dielectric Laser Acceleration (DLA) Group

_ _ "Accelerator-on-a-chip"
laser-driven microstructures

e lasers: high rep rates, strong
field gradients, commercial support

bonded silica
phase reset

e dielectrics: higher breakdown ;‘fgfo'grsgs’r
threshold = higher gradients fabricated at
(1-10 GV/m), leverage industrial S(ojLAC/Stanfo

I

fabrication processes

Goal: lower cost, more compact,
enerqgy efficient, higher gradient

L
. 4 FOOE e e L
Wafer is | incident 3 3 grating 300 MV/m ;o g
. . aser truct s P L L AN g R L
diced into S et g”” gty i
individual R < 200 :{ .......................... p
samples g gl [~ Experiment]|
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teStS. G 50 ..... Ef ...................... .......................................
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DLA leverages advances in two major industries:
solid state lasers + semiconductor fabrication

High average power,
not high peak power lasers!

DLA Value

Wavelength 2 um
Pulse Duration 100 fs
Pulse Energy 1 pd
Laser Power 100 W
Rep Rate 100 MHz
Laser Efficiency 30%
Cost/laser $300k

<

Available now
“off the shelf”

A

Solid-state laser

Fabricated using techniques of
the integrated circuit industy.

DLA structures
are made by
students in the
Nanofabrication
Facilities at
partner
universities.

. = _
fused silica silicon
(UV photolithography) (DRIE)



An initiative in particle acceleration using lasers was
started by Bob Byer and Bob Siemann (1996)

Stanford & SLAC Programs in
laser-driven acceleration:

LEAP (1996-2015)

E-163 (2005-present)
DARPA AXIS (2011-2013)
ACHIP (2016-2020)
NSF-BSF (2016-2018)

E. Colby R J England

Postdocs and students (1996 — present)




) SIC Laser Electron Accelerator Project - LEAP i 5
) /-'-!: Goal: demonstrate physics of laser acceleration ﬂ-— ] 63}3_

A . Laser driven particle acceleration
- 1996 - 2004

s e
i / ; .r” / = --é__“_“

o— 4

e I collaborators

[ Energy gain at the optical phasa
for maximum accelaration | i m
‘\ﬂ/\j s ARDB, SLAC
L/ without boundary

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. Lint

Stanford University
Bob Byer’, T.I. Smith*, Y.C. Huang®, T. Plettner®, P. Lu*, J.A. Wisdom?*
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Zhiu Zhang', Sami Tantawi'
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Laser Electron Accelerator Program - LEAP Byer
Located in the Hansen Lab on Stanford Campus Group

- -~o

interaction.””

o
chamber~’ N 90_
\ bending
' ', magnet
e- beam ;
pulses J
R 2 keV
resolution
accelerator §
o cell
\'ba"\e‘z’g gated
) crossed
[ laser beams Came?

[

electron
beam

vertical coordinate

lcm -150

-Sgnerg)(/) (ke\/5)0 10
(@) (b)
The crossed-beam laser accelerator The view of the 30 MeV super-conducting
Cell and magnet for electron beam  linear accelerator in the underground
energy measurements. tunnel on campus in the HEPL lab.
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LEAP Experimental Success- November 2004

Byer
Group

We have accelerated electrons with visible light!

laser
beam

accelerating
hase

~ o
~~
-~
=
~
=
-~
=
~
o
~
<

electron  decelerating

beamy
8 um thick gold-

coated Kapton tape

/

stepper motors

N7

Simplified single-stage
Accelerator Cell -
Gold coated Kapton tape

to terminate the Electric field.

o

The LEAP experimental apparatus that
Includes the LEAP single stage accelerator
cell and the inverse FEL.
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Tomas Plettner and LEAP Accelerator Cell CB;yer
roup

The key was to operate the cell above damage threshold to generate
energy modulation in excess of the noise level.
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1s* Success: Accelerated electrons with visible light Byer
Phys Rev Letts - Sept 2005 Group

FS1C ; - eek endi
PRL 95, 134801 (2005) PHYSICAL REVIEW LETTERS 23 SEPTEMBER 2005

Visible-Laser Acceleration of Relativistic Electrons in a Semi-Infinite Vacuum

T. Pletiner and R. L. Byer
Stanford University, Stanford, California 94305, USA

T T T T T |
0.05 0.1 0.2 03 04°
Laser Pulse Energy (mJ/pulse) .. -

Zolby, B. Cowan, C. M. S. Sears. J. E. Spencer, and R. H. Siemann

SLAC, Menlo Park, California 94025, USA
(Received 19 April 2005; published 22 September 2005)
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« confirmation of the Lawson-Woodward Theorem J E,dz=0
- laser-driven
« observation of the linear dependence of energy gain AU o |E e | linear
with laser electric field acceleration in
vacuum
* observation of the expected polarization dependence |EZ| oc | E aser | Cosp

Toshiki Tajima Symposium January 25-26, 2018 UC Irvine, CA 19



2" Success: Visible light driven IFEL |
Phys Rev Letts - Nov 2005 %‘”] 6ji)

P ; . reek endi~~
PHYSICAL REVIEW LETTERS 4 NOVEMBE 5

PRL 95, 194801 (2005)

High-Harmonic Inverse-Free-Electron-Laser Interaction at 800 nm

Christopher M. S. Sears, Eric R. Colby, Benjamin M. Cowan, Robert H. Siemann, and James E. Spencer
Stanford Linear Accelerator Center, Menlo Park, California 94025, USA

Robert L. Byer and Tomas Plettner

Stanford University, Stanford, California 94305, USA
(Received 4 March 2005; published 2 November 2005)

Cross-correlation in time Observation of harmonic interaction
T . T b Simulation x0.67 ' ' ' ! ! !
40 - * J I . Data
= .
I
= s
+ z -
> o i =
- = b ; A ]
5 T
= 3
=
2 s \_M
0'54 & 8 71_0_
Giap (mm)

07 08 08 1 11 12 13 14 15 18
Time Offset (ps) Mormalized Peak Field Strength (Kw]
FIG. 2. Example data run with 1500 laser on events. The solid FIG. 4. IFEL gap scan data, with 164 runs total. Comparison to
curve is the least squares fit to all data points and gives the mean simulation (solid line) shows very good agreement to the shape

and spacing of resonance peaks. The harmonic numbers are
given next to each peak. Simulation has been rescaled vertically
by 0.67 to better visualize overlap.

interaction of 18 keV. The dashed curve is the maximum
estimate and gives the peak interaction of 25 keV. The width
of cross correlation is 2.2 ps rms.

* graduate student C.M. Sears

20



Next lnnear (‘olllder

\§ Test Accelerator
Nextl.inear Collider §

3(\\ gl
\\\
\"\. f‘ :.’

A =800 nm
U ~ Y2 mJ/pulse
Tt ~ 200 fsec




3rd Success: Bunching and Net Acceleration

Byer

Group
Net laser acceleration of 1.2 keV
ol 1 2c0s (0 + s, demonstrated 400 attosec microbunches
S e R&ﬁ y using inverse transition radiation (ITR) at a
= 05 ﬁ - metal foil.
@ ol i ‘. .
e I .I C.M.S. Sears, et al. “Production and
% ~0.5f "\ {&,} characterization of attosecond electron bunch
8 T}}%} ¥ trains,” PRST-AB 11, 061301 (2008)].
-1.5 = 7 s C.M.S. Sears, et al. “Phase stable net
R acceleration of electrons from a two-stage optical
accelerator.” PRST-AB 11, 101301 (2008).
halfwave piezo optical IFEL laser path =
plate delay mirror ITR laser path
ChEeE deiay; \ \l steering mirror
g oA e : vertical slit
F i \ ‘-_-1'3
>\ polarizing =% \ Electron
beamsplitter Honnd Spectrometer
e e
(=% Phase Monitor
camera
IFEL Chicane ITR I__/ -
Toshil he, CA




Since then a variety of successful demonstrations set
the stage...

Net laser acceleration of 1.2 keV
demonstrated for 400 attosec
microbunches using inverse transition
radiation (ITR) at a metal foil.

C.M.S. Sears, et al. PRST-AB 11, 101301 (2008).

laser
coupling guide

3D Photonic crystal fabrication
with complex multi-layer designs
suitable for efficient power coupling

Staude, McGuinness, et al. Opt. Exp. 20, 5607 (2012)

Excitation of TM modes
In photonic crystal fibers via wakefield
stimulation with 60 MeV electrons

C-K. Ng, et al. PR-STAB 13, 121301 (2010)
R. J. England, et al. AIP Conf. Proc. 1086, 550 (2009)

S el ) 9% o‘ﬂlaoooa L] L 0?
800 600 700 800 900 1000 1100 1200
Wavelength (nm)




... Including development of concepts for compatible
accelerator subcomponents.

e An

T M

Efficient Coupler Designs  Beam Position Monitor  Focusing Structures

clam shell,

Drive Laser
Coupler
Teeth
Gap t @ Electrons

Radial Focusing Fleld [MT/m]

Laser phase, ¢,

1 ebeam channel

sﬂL
2
=3

Vertical Di:

~ . | =——theory Laser phase, ¢,

50 0 50 100
Horizontal Displacement [nm]

-150 -100 -50 0 50 100 150
electron beam position [um]

C. McGuinness, Z. Wu

AIP Conf. Proc. 1507, 516 (2012)
Opt. Lett., 39 (16) 4747 (2014)



Surfing Lightwaves Byer

Group
Introduction Early Progress in Laser Accelerators
Success! Laser Acceleration in Dielectric Structures

Current Activity  Laser acceleration on a chip: ACHIP

_Toshiki Tajim:

the cosmic surfer
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Input Laser Beam

%

Accelerating
mode

Bragg o
Waveguide

=
c‘é"iﬁ@“

Input Laser Beam

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

Hollow core PBG fibers

X.E. Lin, Phys. Rev. ST Accel. Beams 4, 051301 (2001)

) cylindrical
lens

electron AY
beam

vacuum
channel

v

cylindrical
lens

top view
— — — — —
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— e —

2

—_—— — — —>

P

3-D photonic bandgap structures

<001>
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!

el o' im ety
A
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B. M. Cowan, Phys. Rev. ST Accel. Beams , 6, 101301 (2003)
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http://tesla.desy.de/%7Erasmus/media/pbg%20fiber%20accelerator/Photos/slides/end%20of%20fiber.html

Byer

but I will focus mainly on this approach. Group

cylindrical Ciaun cylindrical
channel Yy

lens

top view
= == —p =

|" Z
electmni}" - — — >
beam y X P -
— = —p = —p

T. Plettner, et al. PRST-AB 9, 111301 (2006).

... for several reasons:

1. It would take too long to describe all of them.

2. We have working prototypes built at Stanford.

3. They have been experimentally tested.

4. It illustrates some of the basic operating principles.
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Transverse pumped phase-reset grating structure Group

EM field map in one unit vacuum channel width < &

2104
vacuum %0_3
channel o f
e 02 0252
=101
electron
beam 0 02 04 06 08 10
channel gap (1)
—_— _ l
<E||> 2 EIas,er
dielectric
structure 1 J/cm? fluence
~10 fsec pulses
input laser <G > ~ 4 GeV/m
wavefront unloaded

Gloaded - 2 GeV/m
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Laser-Powered

Relatively inexpensive and
commercially developed!

piseied f iDer lasers

Byer

!

Dielectrics are highly resilient to damage

Proceedings of 2011 Particle Accelerator Conference, New York, NY, USA

MOP095

EXPERIMENTAL DETERMINATION OF DAMAGE THRESHOLD
CHARACTERISTICS OF IR COMPATIBLE OPTICAL MATERIALS*

K. Soong’, R.L. Byer, C. McGuinness, E. Peralta, Stanford University, Stanford, CA 94305, USA

E. Colby, SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA

Damage Threshold Fluence at 800 nm, 1 ps

Fluence [J!cmzl




First prototype Fused Silica structures have been made Byer
at Stanford Nanofabrication Facility Group

SIDE FRONT

1. Pattern Cr alignment marks on fused-silica substrate

I | =

2. Etch trenches to define structure half-gap

I | IS

3. Etch gratings inside trench

I _

4. Align and bond two such wafers

Electron beam direction Electrons into page

Edgar Peralta
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Re: The:best 30seconds of my last ~ O years!

SLAC - NLCTA Accelerator
4:05 AM
February 23, 2013

Ken Soong

l!L
&
b




A single bonded wafer pair contains over 200 individual Byer
accelerator structures Group

6 inches

Toshiki Tajima Symposium January 25-26, 2018 UC Irvine, CA



Rows of these are diced into test samples. gg;p

incident

4 accelerators with different
design variations

e-beam
direction
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Byer

The final result looks like this... Group

L electrons
—

l Design 1: 400nm
-

s Design g___ 4800 nm

Electron microscope image of the bonded structure.
Rough edges are due to damage from sawing the structure in
half in order to image the interior.
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Experiment Schematic Byer

Group
B laser pulse spectrometer
magnetic cylindrical lens magnet

lenses
electron
beam

DLA device

transmitted
electrons

scattered
electrons

ICCD camera

lanex screen
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Experimental Challenges Byer
Timing and alignment Group

Getting the 60MeV e-beam through the structure

1psec e-beam — 30 um best focus!
However, we have a 400 hm aperture

Grating
Structure

Alignment
Channels

e-beam
direction

Diagram of test sample Microscope image of test sample

Toshiki Tajima Symposium January 25-26, 2018 UC Irvine, CA



Experimental Challenge Byer
Group

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

° 30 micron ebeam S

1:1 aspect ratio

10:1 aspect ratio

100:1 aspect ratio

1000:1 aspect ratio — 540 optical periods long
(our structures)
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60 MeV Electron Beam Transmission Byer
(400nm wide channel, 0.5mm or 540 optical wavelengths long) Group

a. yacuum

—
=
Grating g
Structure 5 1 ]
2 IC - Sim.
0.8 —Data
=y Fit
Z .6
L _
= 0.4 ,
Prompt vs Straggled g A
. o oy - 1
Electron Energy beamsplitter & ~ |, hi -
072600 -400 200 0 200
Energy Deviation AE (keV)  Irvine, CA

Toshiki Tajima Symposium



We measure the gradient by observing Byer
the resultant energy broadening. Group

Charge Density (arb. unit)
0 02 04 06 08 1

Position (mm)

NS

0.2+ C |Laser 82 -
015l |~Fit *Sim Accelerated
. —vodel Electrons

=
=
h

Charge Density (a.u.)
=

=

100 50 0 50 100
Energy Deviation AE (keV)
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A) Cross correlation of electron and laser pulses in time Byer
B) Measured acceleration gradient vs Peak Electric Field  Group

™,
=

Max. Energy Shift (keV)
o] b
;:‘ fm

Measured: 300MeV/m gradient in fused silica structure

o Laser On — Sech’Fit B 0.01 0.05 0.1 0.15 0.2 0.3 125
° Laser Off — Fit Laser Pulse Energy I; (mJ) -~ {
300+ e s ) ii
' !"1
| $ 1100
- 250 * —
£ f‘ié S0t S >
% 200" ; PR 175 &=
‘_,-"" g
% 1507 j""/ =
g | 130 &
= @ Data =
- PRSPt i Fit 130 5
== Sim:best P
0 S0} S - = Sim:worst | 115 =
- ____________________________ 6.6 E
1 1 0 ﬁ;'.‘ | { | | | | | | i
6 8 10 12 0 0.5 1 1.5 2 2.5 3 3.5
Laser Delay (ps) Peak Incident Electric Field E s (GV/In)
TIMING GRADIENT

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
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E. A. Peralta, K. Soong et al - Sept 27, 2013 Byer
'‘Accelerator on a Chip’ Group
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The enormous size and cost of current state-ofthe-art accelerators based on conventional radio-

frequency technology has spawned great interest in the development of new acceleration Science evenis
concepts that are more compact and economical. Micro-fabncated dielectric laser accelerators

(DLAs) are an attractive approach, because such dielectric microstructures can suppart namreevents dlrﬁﬂtﬂry
accelerating fields one to two orders of magnitude higher than can radie-frequency cavity-based NGS Data Analysis

accelerators. DLAs use cormnmercial lasers as a power source, which are smaller and less 15 October 2013 — 17 October 2013
expensive than the radio-frequency klystrons that power today's accelerators. In addition, DLAs 501 Geary Straet, San Francisco, United Statas

are fabricated via low-cost. lithoaraphic technigues that can be used for mass oroduction. R . -
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PRL 111, 134803 (2013) PHYSICAL REVIEW LETTERS 27 SEPTEMBER 2013

Laser-Based Acceleration of Nonrelativistic Electrons at a Dielectric Structure

John Breuer
Max Planck Institute of Quantum Optics, Hans-Kopfermann-Strasse 1, 85748 Garching, Germany

Peter Hommelhoff™

Department of Physics, Friedrich Alexander University Erlangen-Nuremberg, Staudtstrasse 1, 91058 Erlangen,

Germany and Max Planck Institute of Quantum Optics, Hans-Kopfermann-Strasse 1, 85748 Garching, Germany
(Received 15 July 2013; published 27 September 2013)
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Go SIE Accelerator on a chip “ Byer
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Web Images Maps Shopping Mews More = Search tools

About 6,940,000 results (0.41 seconds)

News for Accelerator on a chip

MNew Research Could Lead to Particle Accelerator on a Chip
Voice of America - 5 days ago

Scientists from Stanford University and the IU.S. Department of Energy's
SLAC Mational Accelerator Laboratory say they've developed an ...

Researchers Build A Particle Accelerator On A Chip
Forbes - by Alex Knapp - 6 days ago

Researchers demonstrate 'accelerator on a chip' | symmetry magazine
www symmetrymagazine org/. _researchers-demonstrate-aceelerator-on-.__ ~

5 days ago - The technology used to create a new mini-accelerator could spawn new
generations of smaller, less expensive devices for science and ...

Particle Accelerator On A Chip -- New Research Opens Up A ...
planetsave com/.. /particle-accelerator-chip-new-research-opens-number- . =

6 days ago - Particle accelerators the size of a computer chip may be a reality in the
near-future thanks to new research from the US Department of Energy's ...

Accelerator on a Chip - SLAC - Stanford University
wwwé slac_stanford edu/news/2013-08-27-accelerator-on-a-chip aspx «

Sep 27, 2013 - In an advance that could dramatically shrink particle accelerators for
science and medicine, researchers used a laser to accelerate electrons at ...

You've visited this page 2 times. Last visit: 9/29/13

Particle accelerator on a chip demonstrated - ZME Science

www.Zmescience.com » Science » Physics ¥

‘ by Tibi Puiu - in 67 Google+ circles
4 days ago - Manofabricated chips of fused silica just 3 millimeters long were
1nead tn arrelarate z2lactrone a9t 3 rate A0 irmee iobhar than conventinnal
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So we've demonstrated acceleration on a chip. Byer
What's next? Group
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Success! Laser Acceleration in Dielectric Structures

Moore Foundation Recent Progress in the
Accelerator on a Chip Program

_Toshiki Tajim:

the cosmic surfer
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Moore Foundation Awards $13.5m for accelerator science Group

DRAFT press release for accelerator grant announcement
October 22, 2015

$13.5M Awarded to Stanford University from the Gordon and Betty Moore
Foundation to Advance the Technology of Particle Accelerators

International effort aims fo demonstrate working prototype of "accelerator-on-a-chip™

PALO ALTO, Calif. November XX, 2015 — The Gordon and Betty Moore Foundation awarded
$13.5 million to Stanford University and its international partners to take an innovative particle
accelerator design dubbed the “accelerator-on-a-chip” and make it into a fully functional and
scalable working prototype. This laser-driven particle accelerator could have a major impact on
the physics community and on science in general by providing new particle and photon sources
that are less expensive to build, addresses current infrastructure challenges and provides
broader access to the scientific community.

The international effort to demonstrate a working prototype of an accelerator is based on

experiments published in 2013 by the project’s two principal investigators, Dr. Robert Byer of
Stanford University in AMafure and Dr. Peter Hommelhoff of Friedrich-Alexander University

Erlangen-Muremberg in Physical Review effers.

Dr. Byer's team showed that after firing high-energy relativistic electrons into a tiny device

made from silica glass, a pulse of laser light fired at gratings in the device could cause the
electrons to accelerate at a rate 10 times higher than that achieved in today’s conventional
accelerators. Dr. Hommelhoff's team, in a parallel approach, demonstrated that a laser could

also be used to accelerate lower-energy, non-relativistic electrons. Both results taken together
open Fijonr to a compact particle accelerator. See how accelerator-on-a-chip works in this

brief pideo |

Toshiki Tajima Symposium January 25-26, 2018 UC Irvine, CA
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A new 5-Year initiative in DLA has been approved by the
Gordon and Betty Moore Foundation.

ACHIP: Accelerator on a Chip International Program

e 220
ACHIP

4 Structure Design & N
Fabrication
Stanford: Byer, Harris,
Solgaard
\_ Erlangen: Hommelhoff .

4 N

Simulations
Tech-X: Cowan
U Darmstadt: Boine-

\_ Frankenheim )

Scientific Advisors
UCLA Chan Joshi
SLAC: Lia Merminga
DESY: R. Brinkman

$13.5M /5 years

4 )
Sub-Relativistic DLA
experiments
Stanford: Harris, Solgaard
Erlangen: Hommelhoff
\. J

Systems Integration
(Core DLA Groups)
Stanford: Byer, Harris,
Solgaard
Erlangen: Hommelhoff

-

-

Relativistic DLA experiments
SLAC: England, Tantawi
DESY/UnivHH: Assmann,
Kaertner, Hartl
PSI/EPFL: Ischebeck, Frei

~N

J

GORDON AND BETTY

MOORE

FOUNDATION

Electron source
UCLA: Musumeci
Erlangen: Hommelhoff
Stanford: Harris, Solgaard

Light Coupling
Stanford: Fan, Vuckovic
Purdue: Qi




Milestones for the ACHIP Moore Foundation Program

o1 AR

D he AN

v Optical microbunching. (SLAC, Sears 2008)
¢/ Demonstrate position monitoring. (SLAC, Soong 2014)
v/ Single-staged DLA with ~0.8 GV/m gradient. (SLAC/UCLA 2016)
- Net acceleration, multi-stage operation, and MeV-level energy gains.
- Demonstrate elements for focusing, deflection, and undulator radiation.
- Develop a suitable laser-triggered field emission source.*
— Develop DLA structures for sub-relativistic bunching & acceleration to ~ 1 MeV.*

- Develop high-efficiency optical guide networks to enable up to 8 stages.

—> Integrate electron source/injector, couplers, and DLA accelerator.

* Asterisked items conducted primarily through university collaboration.
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What are the biggest challenges going forward? Group

particle source
(Demonstrated at MPQ)

Energy (MeV)

Image courtesy of P. Hommelhoff

injector speed of light accelerator
(Demonstrated at MPQ) (Demonstrated at SLAC)
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combined with ultra-small particle sources that are well matched  Byer
to the structures... Group

second anode M >8
5 7
4 6 ’:g:
5 =
3 a=> 5 =
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4 9
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> 3
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first anode A
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30 keV electron pulses triggered by a 10 femtosecond 800nm Ti:Sapphire
laser with up to 2000 electrons per pulse.

J. Hoffrogge et. al, "A tip-based source of femtosecond electron pulses at
30keV". arXiv:1303.2383 (2013).
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Ken Leedle holding first Silicon Accelerator wafer Group
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370MeV/m acceleration in Silicon Dual Pillar Structure

I 4344 Vol. 40, No. 18 / September 15 2015 / Optics Letters

Optics Letters

Dielectric laser acceleration of sub-100 keV
electrons with silicon dual-pillar grating

structures

KenneTH J. LeepLe,"* Anprew CesaLLos,' Huivang Deng,' Orav SoLcaarp,' R. Fasian Peask,’

RoeerT L. BYer,? AnD JAMES S. HaRRIS'?

'Department of Bectrical Engineening, Stanford University, Stanford, California 84305, USA
“Department of Applied Physics, Stanford University, Stanford, California 94305, USA

*Corresponding author: kieedie@stanford. edu

Received 15 July 2015; revised 11 August 2015; accepted 12 August 2015; posted 17 August 2015 (Doc. ID 246065); published 14 September 2015

We present the demonstration of high-gradient laser
acceleration and deflection of electrons with silicon dual-
pillar grating structures using both evanescent inverse
Smith-Purcell modes and coupled modes. Our devices
accelerate subrelativistic 86.5 and 96.3 keV electrons by
2.05 keV over 5.6 pm distance for accelerating gradients
of 370 MeV/m with a 3 n] mode-locked Ti:sapphire laser.
We also show that dual pillars can produce uniform
accelerating gradients with a coupled-mode field profile.
These results represent a significant step toward making
practical dielectric laser accelerators for ultrafast, medical,
and high-energy applications. @ 2015 Optical Society of
America

OCIS codes: (320.0320) Ultrafast optics; (230.3890) Micro-optical
devices; (050.2770) Gratings.

http ://dx.doi.org/0.1364/0L.40.004344

accelerating mode at subrelativistic energies. Previous demon-
strations at subrelativistic energies were based on single gratings
similar to [4] that produce a skewed acceleration profile.

A scalable, dielectric laser-accelerator architecture should be
capable of monolithically integrating the accelerator structures
and the optical power-distribudon system fed by fiber or other
laser systems [5]. A variety of different silicon-accelerator struc-
tures have been proposed, including woodpile sorucwres, pho-
tonic crystal slabs, and buried-grating strucrures [6-8]. These
structures have the potential o demonstrate GeVim accelerat-
ing gradients with relarivistic electrons and sub-100-fs drive
laser pulses.

We opt instead for a minimalist geometry based on two
rows of pillars, first proposed for the RF regime [9]. Using
the dual-pillar geometry forgoes the need for any macroscopic
assembly or complex fabrication procedures by etching the gra-
tings direcdy out of a monolithic single-crystal silicon shb.

Byer

Group

1e, CA



Silicon Dual Pillar Accelerators Byer
Elegant and simple but very effective structure Group

» Simple geometry; ok thermal characteristics
* Good field ratios: G, > 0.4 E, possible
» Driven at glancing angle: 4.5° the half angle of drive beam
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Fig. 1. Scanning electron micrographs of the dual-pillar accderator
structures. (a) Mesa layour with a 10.5 pm long gradng on the 25 pm
wide mesa. A wall on cither side of the mesa helps block stray elecrons
from upstream in the elecron-beam column. The decmon-beam wa-
jecrory and laser trajectory are superimposed. (b) Detailed inser of the
evanescent-mode pillar sorucore.

Figure 1 shows the silicon dual-pillar grating structures used
in this experiment. The pillars are fabricated from 5 to
10 ohm—cm phosphorus-doped silicon. The pillars are slightly
elliptical in shape, written via electron-beam lithography using
a JEOL EBX-6300, and etched to 1.2 pm tall using reactive ion
etching., The inverse Smith—Purcell evanescent-mode grating
had pillar width of 320 nm in the z dimension, 310 nm thick-
ness in the y dimension, and electron-channel gap of 205 nm.
Our coupled-mode grating was asymmetrical across the
electron-beam channel. It had pillar width of 390 nm (2 dimen-
sion), the illumination side had y-dimension thickness of
340 nm, the far grating pillars had y-dimension thickness of

Vol. 40, No. 18 / September 15 2015 / Optics Letters 4345
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Fig.2. (a) Inverse Smith—Purcell dual-pillar E, elecmric-field profile.
(b) Offcenter cosh-mode E, elecrmicfield profile that exhibis even
acceleration gradient and minimal deflection near the far side of
the channel. (c) Models maximum accdermtion and deflecdon-
gradient field rado G/E,,,. of the inverse Smith-Purcell mode versus
position in the channel. (d) Model’s maximum acceleradon and de-

flection fidd rato vesus position in the channel for the cosh mode.
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690Mev/m Fused Silica Structure - goal >1000MeV/m

Byer
Group
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Dielectric laser acceleration of electrons with 0.69 GV m™' accelerating gradient

K. P. Wootton, ™ * Z. Wi, ' B M. Cowan,? L Makesyuk ' E_A. Peralta ® K. Soong,® R J. England,? and B L. Byer®
|SLAC Nattonal Acrelerator Labortory, 2575 Sond Hul Rood, Menlo Park, Californsa 9095, [SA
Tech-X Corportion, 5621 Arapahoe Ave, Boulder, Colorode 80303 U784
Vguenford Uinsversity, Stanford, Calgfornia 94705, USA
{Diated: August 19, 2015)

Dielectric laser acceleration of electrons is & promising technology for the miniaturization of par-

ticle accelerators. In this work, experimental results are presented of 0L69 GV m

~! apcelerating

gradient of relativistic electrons. This is & record-high aceslerating pradient for dielectrie laser ac-
celerator technology, more than doubling the previous record gradient [E. A. Peralta et al, Nature
(London) 503, 91 (2013)]. The present experiment employs of T0 £ duration laser pulses in order

to reach higher acceleration gradients.

PACE numbers: 39.27.-n, 41.75 v, BT.85.Hs, 42.62.-b

Introduction

Dielectric laser accelerator concept [1]. Dielectric laser
socelerator theory [2, 3], Recent experimental results [4
6.

Dhielectric accelerator structure — design and
fabrication

Accelerator arrangement

The experiment was performed wsing the NLCTA lin-
ear socelerator at SLAC. The experimental arrangement
iz illustrated in Fig 1.

1d}
||-|| i)

FIG. 1. Schematic of experimental setup at NLCTA. (a) Lin-
ear accelerator. (b) Electron beam. (c) Magnetic lens. (d)
Laser pulse. () Cylindrical lens. () Dielectric lasar accelers-
tor. {g) Spectrometer. (h) Detector, indicating the stragpgled
and transmitted (accelerated) electron beam populations.

Laser arrangement
The temporal profile of the laser pulse wes mea-
sured wsing a GRENOUILLE apparatus employing the
Frequency-Hesolved Optical Gating (FROG) technique
[7, &)

(=]
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FIG. 2. Numerical model of elsctron beam energy responss to
laser-driven microstructure. (a) For an electron beam longer
than a laser optical cycle, the transmitted populstion en-
ergy distribution is constant in time with the laser off, and
modulated sinusoidally in time with the laser on. (b) Inte-
gration of {a) over 4, illustrating the change in the transmit-
ted population energy distribution with the laser on and off.
The half-width at hali-maximum (HWHM) of the transmit-
ted population is evaluated as a figure of merit.
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DLA Experiment Comparison

Byer
Group

E, 60 MeV 96.3 keV 86.5keV

B 0.9996 0.54 0.52
Epuise 330 ud 5.2 nJ 3.0nJ

t, 1.1 ps 130 fs 130 fs
L ~360 um 5.6 um 5.6 um
Pk Field 3.5 GV/m 1.65 GV/Im ~1.8 GV/m*
Max AE 100 keV 1.22 keV 2.1 keV
Grax 690 MeV/m 220 MeV/m 375 MeV/m*
G, /E ~0.1 ~0.13 ~0.2*

max’' —p

30 keV
0.33
160 nJ
110 fs
11 um
2.85 GV/m
0.275 keV
25 MeV/m
~0.01

*Preliminary and subject to change
Toshiki Tajima Symposium January 25-26, 2018
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# Moore Foundation Collaboration meeting at UCLA Feb 29, 201 CB;SLD

ACHIP

Accalerator on a Chip International Program
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Surfing Lightwaves Byer

Group
Introduction Early Progress in Laser Accelerators
Success! Laser Acceleration in Dielectric Structures

Moore Foundation: Laser acceleration on a chip: ACHIP

_Toshiki Tajim:

the cosmic surfer
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Accelerator on a Chip

Program

Dr. Kenneth J. Leedle on behalf of
Prof. Robert L. Byer and the ACHIP

Collaboration
GORDON AND BETTY

MOORE

TION RCHIP

.«c;.r-; TECHNISCHE
UCLA 1 J/=) UNIVERSITAT
U). DARMSTADT

PAUL SCHERRER INSTITUT

NATIONAL ACCELERATOR LABORATORY J %
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Peralta, et al., Nature 503, 91-94 (2013).

than the main SLAC linac...
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femtosecond lasers UCLA (in prep)
42fs laser
2.0 1/
E.Peralta (Nature 2013)
1.24ps laser o ; i {;
\ * !
T T T T Ol_l:- ] E

ESDD' @ Data *j.‘
o e e e NI
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E 50l ," o gimu:a:ir}n:if}srtst 1 KWootton (Optics Letters 2016)
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Next: Pulse front tilted drive for 1mjn nteraction length — 1 MeV energy gain
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Comparison of Recent DLA Acceleration Experiments

el Ay

Gl—l‘\\o

SLAC & | Hommelhoff | Stanford | Stanford
UCLA Erlangen (Gratlng) (Plllars)

Electron Energy 30 keV 96.3 keV 86.5keV

Relativistic 3 : 0.33 0.54 0.52
Laser Energy 160 nJ 5.2 nd 3.0nd
Pulse Length 110 fs 130 fs 130 fs
Interaction 11 um 5.6 um 5.6 um
Length

Peak Laser Field 3.5 GV/m 2.85 GV/m 1.65 GV/m ~1.1 GV/m
Max Energy Gain 20 keV 0.275 keV 1.22 keV 2.05 keV
Max Acc Gradient 25MeV/im 220 MeV/m

G, /E ~0.18 ~0.01 ~0.13 ~0.4

P



Josh McNuer ......... Peter Hommelhoff

Elements of a dielectric laser accelerator =N

J.McNeur™", M. Kozak', N. Schonenberger' K. J. Leedle’, H. Deng”, A Ceballos’, H. Hoogland®, A,
Ruehl®, I Hartl*, R. Holzwarth’, O. Solgaard?, J.S. Harris*’, R L. Byer’, P. Hommelhoff*

! Department of Physics, Friedrich-Alexander-Universitit Erlangen-Niirnberg (FAU), Staudtstrasse 1,
91058 Erlangen, Germany, EU

? Department of Electrical Engineering, Stanford University, Stanford, California 94305, USA
*Menlo Systems GmbH, Am Klopferspitz 19a, 82152 Martinsried, Germany, EU

* Deutsches Elektronen-Synchrotron DESY, D-22607 Hamburg, Germany, EU

* Department of Applied Physics, Stanford University, Stanford, California 94305, USA

" e-mail: joshua meneur(@fau de

The widespread use of high energy particle beams in basic research’”, medicine®® and coherent X-
ray gnemz*l':-utiull‘5 coupled with the large size of modern radio frequency (RF) accelerator devices and
facilities has motivated a strong need for alternative accelerators operating in regimes outside of RF.
Working at optical frequencies, dielectric laser accelerators (DLAs) — transparent laser-driven
nanoscale dielectric structures whose near fields can synchronously accelerate charged particles —
have demonstrated high-gradient acceleration with a variety of laser wavelengths, materials, and
electron beam parameters ), potentially enabling miniaturized accelerators and table-top coherent
X-ray sources”*. To realize a useful (i.e. scalable) DLA, crucial developments have remained:
concatenation of components including sustained phase svnchronicity to reach arbitrary final
energies as well as deflection and focusing elements to keep the beam well collimated along the design
axis. Here, all of these elements are demonstrated with a subrelativistic electron beam. In particular,
by creating two interaction regions via illumination of a nanograting with two spatio-temporally
separated pulsed laser beams, we demonsirate a phase-controlled doubling of electron energy gain
from 0.7 to 1.4 keV (2.5% to 5% of the initial beam energy) and through use of a chirped grating
geometry, we overcome the dephasing limit of 25 keV electrons, increasing their energy gains to a

Tachilki Taniima Svmnaciiim Tantinryvy 2RB_-264 2018



Hommelhoff Group has recently demonstrated phased
2-stage acceleration with 28 keV electrons
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e M. Kozék et al., arXiv:1512.04394v1
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Focusing Structure
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Figure 4. Demonstration of a dielectric laser focusing structure. a. A scanning electron microscope
image of the dielectric laser focusing element, with parabolic grating teeth fabricated from Si. The radius
of curvature at the vertex of the parabola, 2 5um, 1s indicated. b. The characterization of focusing
performance: accelerated electrons that traverse the lens above the parabolic vertex are deflected
downwards and those that traverse below the vertex are deflected upwards. The grating curvature angle a
and electron beam deflection angle ¢ are shown 1n imnset e. The spatial profile of the accelerated electrons
as a function of x 1s measured with a knife edge scan, sample results of which are shown 1n ¢ d. The position
of the centroid of the accelerated spatial distribution at the location of the knife edge as a function of x, with
linear fits for each energy setting. Due to the chromaticity of the lens, electrons that are accelerated strongly
are also focused strongly, and thus the measured focal distance depends on the electron energy gain.
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Optical structures naturally have attosec time scales
and favor high-repetition rate operation
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Accelerator on a Chip 2¥§Lp

electrons

deflector

accelerator

fiber laser lens
couplers
undulator
X-rays

Goal: all components necessary for building an accelerator
are compatible with planar lithographic processing!

Toshiki Tajima Symposium January 25-26, 2018 UC Irvine, CA



Design Prototypes: How to get laser power onto the chip
with proper phase and timing?
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Use “Inverse design” or “Adjoint Design” to invent new
structures that meet all of the requirements




Splitters (multi-port and phase control)
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Grating Coupler (Fabrication)

Fabrication of grating couplers using e-beam lithography
and plasma etcher



Tyler Hughes - On-Chip Laser Power Delivery System for DLAs

(Sept 14, 2017)

Byer
Group

On-Chip Laser Power Delivery System for Dielectric Laser Accelerators

Tyler W. Hughes,* Si Tan.! Zhexin Zhao, Neil Sapra, Kenneth J. Leedle, Huiyang Deng, Yu Miao,

Dwlan S. Black, Olav Solgaard, James 5. Harris, Jelena Vuckovie, Robert L. Byer, and Shanhui Fan
Seanford University, Stanford, CA 9305

Yun Jo Lee and Minghao On
Purdue University, West Lafayette, IN {7907

[ACHIP Collaboration)
(Dated: September 11, 2017)

We proposs an on-chip optical power delivery system for dielactrie laser accelsrators based on a
fractal ‘tres-branch’ dielectric waveguide network. This svstem replaces experimentally demanding
free-space manipulations of the driving laser beam with chip-integrated techniques based on precisa
nanc-fabrication, enabling access to orders of magnitude increases in the interaction length and

total energy gain for these miniature accelerators.

Based on computational modeling, our laser

deliverv syvstem is estimated to provide 21 keV of energy gain over an acceleration length of 192 pm
with a single laser input, corresponding to & 108 MV /m acceleration gradient. The system may
may achisve 1MaV of energy gain over & distancs less than 1em by sequentially illuminating 49
identical structures. These findings are verified by detsiled numerical simulation and modeling of
the subcomponents and we provide a discussion of the main constraints, challenges, and relevant
parameters in regards to on-chip laser coupling for dielectric lasar accalerators.

I. INTRODUCTION

In recent years, dielectric laser accelerators (DLAs)
have demonstrated acceleration gradients (energy gain
per unit length) approaching 1 GV/m [1-7], several or-
ders of magmitude higher than those attainable by con-
ventional linear accelerator systems hased on microwsve-
driven metal waveguide struoctures (2. This break-
through 1z made possible by the advent of advanced
nanc-fabrication techniques [0-13] combined with the
fact that diclectric materials may sustain electric fields
close to 10 GVI."m when lluminated by ultra-fast NIR
laser pulses [14-16]. High acceleration g:'a.dlcnta. may al-
low DLAs to accomplish significant energy gains in very
short lengths, which would enable numerous opportu-
nitiez in fields where compact and low-cost accelerators
would be useful, such as medical ima,g,ing radiation ther-

py, and industrial applications [17-19].

delivery system would allow for orders of magnitude -
creases in the interaction lengths and energy gains achiev-
able from DLA by replacing fres-space manipulation with
precise nano-fabneation technigues.

In de=migning any laser power delivery system for DLA,
there are a few major requirements to consider. (1) The
optical power spatial profile must have good overlap with
the electron beam side profile. (2) The laser pulses must
be appropriately delayved slong the length of the scceler-
ator to armve at the same time as the moving electron
bunches. (3] The optical fields along each zection of the
acoelerator must be of the correct phase to avold dephas-
ing between the electrons and incoming lazer felds. To
accomplish all three of these requirements, we introduce
a method for on-chip power delivery, which 15 based on
a fractal ‘tree-branch’ geometry introduced in Fig. 1. In
thiz paper, we provide a systematic study of the stroe-
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Tyler Hughes report - SLAC ACHIP meeting Byer
(Sept 14, 2017) Group
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Jelena Vukovic group: Neil Sapra (Siemann Fellow) Byer
Inverse Design of Laser Couplers one to many Group

ACHIP Collaboration Meeting V

LASER COUPLING — VVUCKOVIC LAB
14 September 2017
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Steps in using inverse design Byer
Group

Using Inverse Design to Engineer Solutions

Laser deliveryand Avoiding nonlinear Fiber-coupled accelerators
phase control effects with hollow-core fibers

~-

Additional developmentin inverse Coupling to slot-wavequides may New efficient and broadband
design software has allowed for provide advantages in avoiding grating couplers designed to
integration of more advanced nonlinear effects and power- interface with commercial hollow-
optimization algorithms and features handling increases are being core fibers have opened up the
to enable design of phase-controlled investigated possibility for an easily integrated
power splitters in 3D simulations. fiber-coupled accelerator to be
tested.

Stanford University
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Broadband, ultrafast 2micron wavelength Coupler - Byer
Hollow Core Fiber to DLA Group

Free-space broadband vertical couplers

03 i 2 1 . . . L A 1
1500 1510 1520 1530 1540 1550 1560 1570 1580 1590 1600
Free-space wavelength (nm)

Previously shown, we use inverse design to design ultra-compact and broadband
vertical couplers. Design scalable to 2um wavelength.

Stanford University
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What We Do Byer

Dielectric Laser-driven Accelerators (DLA)

*The Economist, Oct 19th 2013




55 Scientists attend ACHIP meeting in Erlangen Byer

(September 2016 Group
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Injector Group Update Byer
(January 17,2018 ACHIP Telecon) Group

On behalf of

« R.L.Byer, J.S. Harris, O. Solgaard groups at Stanford
 P. Hommelhoff group at FAU Erlangen

 F. X. Kaertner THz group at DESY

Outline:

o Stanford Update

« DESY THz Update

 FAU Update

 Research Plans for Year 3
 Shoebox Test Platform Overview

Toshiki Tajima Symposium January 25-26, 2018 UC Irvine, CA



Sine-pillar Stucture Testing

Byer
Group

Simulations indicated 700 MeV/m
gradient possible, but only <100
MeV/m measured, likely due to gap
size smaller than design
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Byer
Group

1.2

«  With DBR
Fit No DBR
Fit With DBER

100 fs laser pulse | : NoDBR

Normalized electron counts
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1.2 keV (~100 MeV/m) energy gain with DBR, 0.8 keV (~66
MeV/m) without

Better statistics needed for comparison to simulations -
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Byer

Shoebox Platform Design
Group

 Goal: A modular test platform for ACHIP Shoebox Demonstration
« Platform Provides:
— All necessary electron optics for any electron gun on a CF2.75(CF40) flange

Focusing, imaging, spectrometer, divergence setting
Provide maximum flexibility as electron gun performance improves
Electron guns will be interchangeable without changing any other part of the system
Solenoid lens works up to over 100keV
— Uses interchangeable pole pieces for different configurations
Spectrometer works from 15keV to 10MeV
Scanning transmission electron imaging for maximum contrast, speed, flexibility

— Uses existing STEM controls and interface

— DLA Hexapod platform

Interchangeable samples on standard SEM mounts
6-axis nanometer-scale positioning

— Free space optics will be located outside vacuum chamber

— Waveguide optics will be located inside chamber with external alignment
— Vibration-free UHV system

— Entire system will fit on optics table

Toshiki Tajima Symposium January 25-26, 2018 UC Irvine, CA



Byer

Shoebox Testing Chamber 30cm length
Group

Electron Source Concept, Solenoid, Main Chamber

Solenoid Winding

100um Aperture +
Scanning Coils

Electron Gun
w/ HV Shield

Uv g o '
sy L \wj

Al Gasket/Space

CF2.75%"

Ferritic Stainles Double Cube

Solenoid+Anode

UC Irvine, CA
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| DLA is a promising new approach to particle acceleration CB;yer
: roup

TECHNISCHE
UNIVERSITAT
DARMSTADT

ACHIP Collaboratlon Meetmg 6

4 14-16 March 2018 TU Darmstadt Search
America/Los_Angeles timezone
The Accelerator-on-a-Chip International Program (https://achip.stanford.edu) is a consortium of
(ot seven universities, three national research laboratories and one company, that has been
( formed with the goal to develop a micrometer-scale accelerator which is driven by the
l Timetable electromagnetic fields of a laser.
Venue We are pleased to announce the biannual collaboration meeting in March 14-16, 2018, which
€ GsITour will be organized by the DLA group of Technical University Darmstadt, and which will be held
at the old university main building. This meeting is intended to share progress at the different
Social event partners, and to discuss collaboration efforts.
szt due The workshop will start with the working groups on March 14. The plenary sessions will start
Visa Information on March 15.
Travel Information Registration for this workshop is free of charge, but participation is subject to invitation. =
Contacts =
. Dates: from 14 March 2018 05:00 to 16 March 2018 09:30
a
P Timezone: America/Los_Angeles
GORI Location: TU Darmstadt

Altes Hauptgeb&ude
HochschulstraBe 1
64289 Darmstadt
Room: S1|03 175

FO
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Integration Group Report

Quarterly Reports Teleconference: Nov 15, 2017

Accelerator on a Chip International Program (ACHIP)
Gordon and Betty Moore Foundation

Co-leads: R. Joel England, P. Musumeci,
P. Hommelhoff

i

ACHIP

Accelerator on a Chip International Program

GORDON AND BETTY

MOORE

FOUNDATION



Org Chart Year 3 — New Group Structure

N

NEW ACHIP Program - Technical Group(s) Organization

Pl's

Robert Byer &
Peter Hommelhoff

Byer - Stanford
Hommelhoff-FAU

Collaboration Executive Committee (CEC)

England - SLAC

Assmann-DESY Ischebeck-PSI

AdvisoryBoard |
Charé :ishi Lia hgt;"éinga B?ﬁ:ﬂ::::n
DESY
I
1. Injector

Co-Chair: Ken Leedle

Co-Chair: Josh McNeur

2. Relativistic Structures
& Facilities
Co-Chair: Joel England

Co-Chair: Rasmus Ischebeck
Co-Chair: Ralph Assmann

3. Laser Sources & Coupling

Co-Chair: Franz Kaertner
Co-Chair: Ingmar Hartl
Co-Chair: Jelena Vuckovic

Technical Teleconference
Rotation

Co-Chair: Thilo Egenolf
Co-Chair: David Cesar

4. Simulation & Beam
Dynamics

Co-Chair: Uwe Niedermayer

Co-Chair: Ben Cowan

5. Radiation Generation
and Applications
Co-Chair: Yen-Chieh Huang

Co-Chair: Eugenio Ferrari
Co-Chair: Zhirong Huang

6. Integration

Co-Chair: Joel England
Co-Chair: Pietro Musumeci
Co-Chair: Peter Hommelhoff

Co-leads for all technical groups have now been finalized.




Stretch Goals

The stretch goals of the program, as stated on Page 2 of the ACHIP proposal:

Goal 1. Demonstrate acceleration with an integrated multi-stage DLA with GV/m
peak gradients and energy gain = 1 MeV for sub-relativistic and relativistic
electrons.

Goal 2: Exploration of capabilities enabled by the transverse fields in DLA
structures, including X-Ray and EUV production, focusing, and sub-fs-level
diagnostics.

We note that Goal 1 is most strongly tied to the activities of the Integration
Group (Group 6, and by extension to groups 1-4), while Goal 2 is most closely
aligned with the Radiation Generation and Applications group (Group 5). We
also note that pursuant to prior discussion, focusing was deemed to be such an
intrinsically critical need that it spans all technical groups and is not limited to
any particular one.




Some Potential Applications
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K. Wooton, J. McNeur, & K. J. Leedle, submitted to RAST; slac-pub-16810 (2016)



10 TeV Collider Parameters

Source

Wavelength

Bunch Length

Bunch Charge
Required Emittance
Rep Rate

Confinement of Mode
Material

Max Unloaded Gradient
Power Coupling Method
Luminosity (cm~-2/s) *

Wall Plug Power (MW) *

Beamstrahlung E-loss (%) *

Traditional RF

Klystron (Microwaves)
2-10 cm

1-5 ps

1-4 nC

0.1-1 ym

1-1000 Hz

Metal Boundaries
Metal

30-100 MV/m

Critically-coupled Metal WG

1.70E+35
53
540

DLA

Commercial pJ Class IR Laser
1-10 pm

1-100 attosec

1-10 fC

1-10 nm

1-10 MHz

Photonic Crystal (1D, 2D, 3D)
Dielectric

0.5-2 GV/m

Free-space /Silicon WG
1.05E+36

4.4

390

* For 10TeV c-o-m collider scenario, based on numbers from Report of ICFA-ICUIL 2010 Joint
Task Force on Ultra-High Intensity Lasers, Ch. 1. RF numbers extrapolated from ILC
parameters scaled to higher luminosity.

Tachilki Taniima Svmnaciiim
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Future high energy physics facilities could be smaller

and more affordable.

International Linear Collider
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Accelerator Team at E163 Experimental Hall

|
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ACHIP.stanford.edu - Web Site
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A selection of relevant papers published prior to the start of the ACHIP Collaboration:

= E. Prat, et al., "Outline of a dielectric laser acceleration experiment at SwissFEL," Nuclear Instruments and Measurements A, in press.

= T.Hughes, G. Veronis, K. P. Wootton, R. J. England, S. Fan, "Method for computationally efficient design of delectric laser accelerator
structures,” Optics Express 25 (13), 15414-15427 (2017).

= K. P.Wootton, et al., "Towards a Fully Integrated Accelerator on a Chip: Dielectric Laser Acceleration (DLA) From the Source to
Relativistic Electrons,” JACoW, IPAC (2017).

= K. J.Leedle, R. F. Pease, R. L. Byer,and J. 5. Harris, “Laser acceleration and deflection of 96.3 keV electrons with a silicon dielectric
structure,” Optica 2, 158-161 (2015).

= K. J. Leedle, A. Ceballos, et al., “Dielectric laser acceleration of sub-100 keV electrons with silicon dual-pillar grating structures,” Optics
Letters 40 (18), 4344 (2015).

= R.J. England, R. J. Noble, eds., "Dielectric laser accelerators,"” Reviews of Modern Physics 86, 1337 (2014),

= K. Soong, E. Peralta, et al., "Electron beam position monitor for a dielectric microaccelerator,” Optics Letters 39 (16), 4747-
4750 (2014).

= J.Hoffrogge, et al., "Tip-based source of femtosecond electron pulses at 30 keV," J. Appl. Phys. 115 (9), 094506 (2014).
= E.A. Peralta, K. Soong, et al., "Demonstration of Electron Acceleration in a Laser-Driven Micro-Structure," Nature 503, 91-94 (2013).

= J. Breuer and P. Hommelhoff, "Laser-Based Acceleration of Nonrelativistic Electrons at a Dielectric Structure,” Phys. Rev. Lett. 111,
134803 (2013).

= T.Plettner, R. L. Byer, B. Montazeri, "Electromagnetic forces in the vacuum region of laser-driven layered grating structures," J. Mod.
Opt. 58,1518 (2011).

= C.M.S. Sears, et al., "Phase stable net acceleration of electrons from a two-stage optical accelerator," Phys. Rev. ST-AB 11, 101301
(2008).
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