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Motivating compact electron accelerators ACHIP

* High gradients enable compact linear accelerators
1947 2013

Applications:
- Radiotherapy

Industrial/security

Attosecond science

~MeV m’
SLAC Archives, ARC127
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~GeV m-!

SLAC National Accelerator Laboratory



Laser driven accelerators

“Is there any point in

considering the far infrared
L?

Only if the breakdown
conditions there are
different, yielding
spectacular values of E,.”

field gradient / V/m

J. D. Lawson, Laser Accelerators?, Tech. Rep. RL-75-
043, Rutherford Laboratory (Chilton, Oxon, UK, 1975).
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Material damage fluence and accelerating gradient
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ACHIP
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K. Soong, et al., AIP Conf. Proc., 1507, p. 511 (2012)
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Lasers for accelerators

= =4
ACHIP

el A

* fs-duration lasers
commercially available
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1970 1980 1990 2000
J. Levesque and P. B. Corkum, Can. J. Phys., 84, 1-18

(2006).
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« Tabletop-scale fibre,
regenerative amplifiers

. Pulse energy O 1-5 mJ

D AN



http://dx.doi.org/10.1139/p05-068
http://dx.doi.org/10.1139/p05-068
http://dx.doi.org/10.1139/p05-068
http://dx.doi.org/10.1139/p05-068

Dielectric laser accelerator structures ACHIP

 Dielectric-
vacuum
structures

UV and
electron
beam
lithography

" .,
Peralta, et al., Nature A e "V -‘

503, p. 91 (2013) Noble, et al., PRSTAB, 14, 121303 (2011) Wu, et al., IEEE JSTQE, 22,
4400909 (2016)
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DLA — Acceleration ACHIP

\KEZ

D e AN\
 Plane wave
 No acceleration

SLAC National Accelerator Laboratory https://youtu.be/V89qvy8whxY
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DLA — Acceleration ACHIP
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D e AN\
 Plane wave
 No acceleration

SLAC National Accelerator Laboratory https://youtu.be/V89qvy8whxY

Wootton — 8% Int. Part. Accel. Conf. - WEYB1 — 17t May 2017


https://youtu.be/V89qvy8whxY
https://youtu.be/V89qvy8whxY

e

DLA — Acceleration ACHIP

J?EZ

D e A\
« Plane wave
* No acceleration

 Refractive index
modifies phase

 Acceleration

SLAC National Accelerator Laboratory https://youtu.be/V89qvy8whxY
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DLA — Acceleration ACHIP

\KEZ

D e A\
« Plane wave
* No acceleration

 Refractive index
modifies phase

 Acceleration

SLAC National Accelerator Laboratory https://youtu.be/V89qvy8whxY
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Recent DLA Acceleration Experiments

SiO, Single | SiO, Dual Si Single Si Dua
grating grating Grating Pillars
-~ i L

\ VoY
o — )

Electron Energy 30 keV 96.3 keV
Relativistic 3 0.33 0.54
Laser Energy 160 nJ 5.2nd
Pulse Length 110 fs 130 fs
Interaction Length 11 um ~20 um 5.6 um
Peak Laser Field 2.85 GV/m 3.5 GV/m 1.65 GV/m
Max Energy Gain 0.275 keV 20 keV 1.22 keV
Max Acc Gradient 25 MeV/m 0.85GV/m* 220 MeV/m
G, ./E ~0.01 ~0.18 ~0.13

max’ =p

* Preliminary

Wootton — 8 Int. Part. Accel. Conf. - WEYB1 — 17t May 2017

86.5keV
0.52
3.0nJ
130 fs
5.6 um
~1.1 GV/m
2.05 keV
370 MeV/m
~0.4
12
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Fundamental accelerator properties ACHIP

o1 A~

e AN

A

» Structure period A =hBA, B ==, h=1,2,3,..

o

« A1 =800nm, optical cycle — 2.7 fs

A1 =2 um, optical cycle — 6.7 fs

* Bunches occupying a few degrees of laser
phase would be sub-femtosecond duration

» What is needed for a tabletop source of relativistic
(~1 MeV) attosecond bunches?

Wootton — 8! Int. Part. Accel. Conf. - WEYB1 — 17" May 2017 13



Accelerator ‘in-a-shoebox’ ACHIP

N stages

&
I 1

Phase 1 Phase 2 Phase N

emitter buncher l I

=il e 115
—I'mEl 11

| tapered DLA |
40 keV (B<1) B = 1 with focusing deflector/undulator

R.J. England, et al., AIP_Conf. Proc. 1777, 060002 (2016).

* Electron source » Accelerating

* Buncher structures

« Transverse « Laser delivery
focussing  Diagnostics/control

Wootton — 8% Int. Part. Accel. Conf. - WEYB1 — 17" May 2017
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Electron source emittance requirements

. Admittance of structure between 2

two focussing elements
e Assuming 1 = 2 um \g"“

« Gapg=A1/2 S22

. q 4
1, o
58

A. Ody, et al., NIMA, (2016, in press)

Parameter Value

A kA Lmm
1 um
X L J
K. Admittance 1 nm rad

Wootton, et al., Opt. Lett., 41, p. 2696 (2016)
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http://dx.doi.org/10.1364/OL.41.002696
http://dx.doi.org/10.1016/j.nima.2016.10.041

Low emittance electron sources

e

ACHIP

Flat RF
photocathode

&, = 5 nmrad

e = 0.3 nm rad
J. Maxson, et al., Phys. Rev.
Lett., 118, p. 154802 (2017)

Tungsten nanotip

M. Kruger, PhD thesis

LMU-Minchen (2013)

&, = 1lnmrad
¢ = 0.08 nm rad

J. McNeur, et al., J. Phys. B:
At. Mol. Opt. Phys., 49,

034006 (2016)

Diamond nanotip

18.0kV X3.80K 10.0um

E. Simakov, et al., AIP Conf.
Proc., 1812, 060010 (2017)

REG/

/

| p-metal Iﬂy ng tul

H. Ye, et al., Ultrafast
Phenomena, 09.Wed.P3.37

(2014)

:::::::

-
—

S
e
<~

i

H. Ye, etal., ibid, (2014)
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http://dx.doi.org/10.1364/UP.2014.09.Wed.P3.37
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http://dx.doi.org/10.1088/0953-4075/49/3/034006
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http://dx.doi.org/10.1088/0953-4075/49/3/034006

DC photocathode electron gun ACHIP
ol AR
Photo-assisted field-emission < 1-3cm

Inci laser

source
Extracti d Collimation anode
Cathode geometry may be xiraction aANg b
flat or nanotip
5th spatial
Emitted electrons with Fncrea

UV and IR laser pulses
produced from same source

4th spatial harmonic
with increasing periodicity

Few nm rad transverse
emittance

Electron bunch Iength J. McNeur, et al., J. Phys. B: At. Mol. Opt. Phys., 49,
7~ 100 — 300 fs 034006 (2016)

* Needs microbunching
Wootton — 8" Int. Part. Accel. Conf. - WEYB1 — 17" May 2017 17
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Buncher — Velocity microbunching ACHIP
o1 A
b M\
laser laser _
S 3.5
DLA g
— 3.04
Z
e- beam e- beam m § 2 Time t after
%00000» ; 2.0 1 interaction:
~0.5 mm 5 1.5 ps
. o s A 5
Initial bunch Energy Velocity  Main accelerating g [T ™ 0.2 ps
modulation  bunching structure E 77 lermrtrneettissttrpstyn s impsrnbeptrn 0.2 DS
E t=-0.2 ps | t=0.2 ps‘_ | t=1.5 ps W 0'00'0 0i5 -Iio

z-pct (lp)

/ ; i | Wootton, McNeur, Leedle, Rev. Accel.
- Bl

Sci. Technol., 9, p. 105 (2016)

A. Ody, et al., NIMA, (2016, in press)

.0 05 1 0 05 1 0 05
zfct ) zfct (lp) z-pct (xp)

—> ¢ Wootton — 8" Int. Part. Accel. Conf. - WEYB1 — 17" May 2017 18

1


http://dx.doi.org/10.1142/S179362681630005X
http://dx.doi.org/10.1142/S179362681630005X
http://dx.doi.org/10.1016/j.nima.2016.10.041

Buncher — optical phase-controlled acceleration ACHIP

Energy
high-pass
filter

e~ detector

Y 1 3R MCP
: | |

DC electron THUl

beam ¢ L e :

‘ i " ' I
70 nm ‘J e®
../T :
Femtosecond laser pulses

E=28.1keV At=nT

M. Kozak, et al., Nat. Commun., 8, 14342 (2017)
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Electron current (counts per sec)

0.6 1

Optical cycle (T)

+ + (eUs—Eyo)(keV)

0.0 0.5 1.0

180

185 190
Time delay (fs)
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Acceleration — sub-relativistic structures

o

ACHIP

e AL

« Synchronicity condition
between electron and
accelerating mode

A = hBA
f K17
* Accelerate low energy

electrons using high-order
mode h = 3,4,5, ...

J. Breuer and P. Hommelhoff, Phys. Rev.
Lett, 111, 134803 (2013)
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J. McNeur, et al., NIMA,

829, 50 (2016)
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Sub-relativistic structures ACHIP
SLACS
I i A=Ay+ dA >
ncreasing =Ng+—2 S<oc|
chirp to X 4 dz A o E 25
. c=
velocity o Z 2.01
match | Flectron | dA x 'g 1.5
accelerating | = o
electrons ] *
J. McNeur, et al., arXiv: £ 0.5 - ' L
1604.07684 (2016). O . 0.0 5.0x10" ga
Z Chirp parameter 2,
VA

Velocity buncher

Chirped accelerating structure

[y
(SIS

<<‘-:I
N

U. Niedermayer, WEPVAOQO3 (this afternoon)
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Focussing requirements for demonstration

pymec
Ge

PMQs may be viable for low
emittance beams without
space charge
Long term, require MT m-’
transverse gradients for
transport of high peak charge
microbunches

« Laser driven focussing

structures

TZ

BI

o

ACHIP

— Space charge on

4 MeV

= Space charge off

Laser-driven
(B’=0.4 MT/m)

il PMQ (B’ = 1 KT/m)
0 10 20 30 40 50
€y(nm)

A. Ody, et al., NIMA, (2016, in press)
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e

Focussing structures — magnetic ACHIP

Micro electromagnetic quads

Yoke length Effective magnetic len

Electron beam

(focusing axis) —— 6mm long quad

7001 —— 3 mm long quad

10 8 6 4 -2 0 2 4 6 8 10

z (mm)
D. Cesar, et al., Phys. Rev. Lett., 117,

J. Harrison, et al., Phys. Rev. ST Accel Beams,
, , 24801 (201
18, 023501 (2015) 024801 (2016)

Focal length ( 1)

200 T m-"! 700 T m™
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Focussing structures —

laser-driven

e

ACHIP

e

F < I I
Electron beam emtosecond laser pulse

E.=29.2 keV

Retarding field
spectrometer

Focus for
accelerated electrons

Deflection angle (mrad)

1000 500 0 500 1000
Distance of electron beam from design axis (nm)
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MCP

Adjustable
knife edge

2 10

Measu‘red MCP current (a.u.)

-
0
Minimum deflection angle (mrad)

J. McNeur, et al.,
arXiv: 1604.07684

[physics.acc-ph]
(2016).

Laser phase, ¢,

Vertical Displacement [nm]
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50 0 50
Horizontal Displacement [nm)

0,2 N ’_[
T YN T
A e
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~ N V™
\\\?f//‘

-0.2 \

Radial Focusing Fleld [MT/m]

(a) Transverse force at ) = 0 deg

e1 An
D M

T. Plettner, et al.,
J. Mod. Opt., 58,
p. 1518 (2011).
K. Soong, et al.,
AlIP Conf. Proc.

1507, p. 516
(2012).

0.4 MT m-

K.P. Wootton, et al.,
AIP Conf. Proc.
1812, 060001

(2017).

2 MT m-
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High-gradient structures — previous experiments  aAcHiP

el AR
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Wootton, et al., Opt. Lett., 41, p. 2696 (2016)
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High-gradient structures — Nonlinear effects

At high fields, T
self focussing 3
and self-phase 2
modulation :
distort phase i

L=1mm

1 10
pulse width (ps)

100 1000

Koyama, et al., J. Phys. B: At. Mol. Opt. Phys., 47, 234005 (2014)

Laser pulse before

Laser pulse after

structure 500 pym SiO,

@ " L (D)7 .

1m \ 1m \ —_
R I €
> b 0 1) 0 o
Qo | ~ I/ \ g
Z\ ™\ A} . v\ >
= v \‘. _ \ r{_

0 T x 0 T T

—200 0 200 —-200 0] 200
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.
+
030 O
0.15

0.00

0

] ] ] i
2 4 6 8 10 12
E, incident [GV/m]

onf. — WEYB1 — 17" May 2017

Results in
saturation of
energy gain

D. Cesar, et al.,
(in preparation)
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Diagnostics/control ACHIP

o1 A
D AN

Beam transverse posmon Electron steering

electron path radiation T T
A 1117} > s £ 960y I l' §ra e | T4 mm X & detector
3 ; A Vi | MCP
/ 5 2-940—' R 0=37°
\ o 5 G0 : : e beam =t
>8 S 00 - 9. SR R oo e B _‘P\_ S .
’ 5 g : "': o | : : ‘ ‘
X s 2900 i g i 0 data ] ! h
/ 3 ¢ " o
z AN 02 06 1 880 T 00 50 0 50 100 13 Adjustable filter
’ intensity [arb. units] 130 E}g&,onsgeam gosmcf,? [“1:‘)]0 150 Femtosecond 'as"rr p“'se‘s. knife-edge
K. Soong, et al., Opt. Lett., 39, 4747 (2014) Time delay At (fs)

186 188 190 192

Temporal + spatial

(a) 2D translation stage (x-y plane)
X

Retarding-field
spectrometer

Electron
beam

Min.deflection angle (mrad)

Electron current (counts per sec)

0 1/2n n 3/2n 2n

Femtosecond laser pulse Relative phase (rad)

M. Kozak, et al., Opt. Letf,, 41, 3435 (2016) M. Kozak, et al., Nat. Commun., 8, 14342 (2017)
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e

Pulse-front tilt

ACHIP
(ad B V
o b M\
* Dispersive elements produce « High field <100 fs laser pulse
pulse-front tilt « Extended interaction distance
cylindrical e cylindrical

- channel

lens

.".' i
: . . lect
Diffraction grating clecon 3 ’ Ay
S. Akturk, et al., Opt. Express, 11, 491 T. Plettner, et al., PRSTAB, 9, 111301 (2006)
(2003)
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On-chip laser management ACHIP

Power splittr Incremental delay line

Pulse compression

e T g and final focus
2 = -y : Fr—— s %)
Fiber ™\ B o — 8
iNput Nyt — A —
coupler N = + = 0
(Uses large aspect ratio or other high power waveguide) Input electron beam f

E. Peralta, et al., AIP Conf. Proc., 1507, 169 (2012)
Inverse design 1—5 coupler 1—3, 0.3 rad phase advance per arm

-

A. Piggott, et al., Nat. Photonics, 9, p. 374 (2015)
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http://dx.doi.org/10.1038/nphoton.2015.69
http://dx.doi.org/10.1063/1.4773690

Future — 3D printed DLASs ACHIP

el AR

Nanoscribe feature
size <100 nm

Enable fabrication of
exotic structures,
waveguides

Material damage
tests underway

E. Simakov, et al., AIP Conf. Proc., 1812, 060010 (2017)
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http://dx.doi.org/10.1063/1.4975877
http://dx.doi.org/10.1103/PhysRevSTAB.11.011301

Summary

ACHIP

e AL

Tabletop demonstration

» DC photocathodes produce few nm emittance required

* Phase-controlled acceleration suggests velocity bunching feasible
* Integrate with chirped structures, demonstrated

PMQs may provide necessary focussing for tabletop demonstration
Longer-term integrated accelerator

« Laser-driven focussing structures

« Laser delivery and control on-chip

« 3D printing of photonic crystal structures

Wootton — 8% Int. Part. Accel. Conf. - WEYB1 — 17" May 2017
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DLA posters at IPAC’17 ACHIP

Monday, ABISKO
MOPVAO12 U. Dorda, et al., The Dedicated Accelerator R&D Facility “Sinbad” at DESY
Tuesday, ABISKO
TUPABO040 B. Marchetti, et al., Status Update of the SINBAD-ARES Linac Under Construction at DESY
Wednesday, VALHALL
WEPVAOQ002 T. Egenolf, et al., Simulations of DLA Grating Structures in the Frequency Domain
WEPVAOO03 U. Niedermayer, et al., Designing a Dielectric Laser Accelerator on a Chip
WEPVAO005 W. Kuropka, et al., Simulation of Many Period Grating-Based Dielectric Laser Accelerators for Electrons
WEPVAOO06 F. Mayet, et al., A Concept for Phase-Synchronous Acceleration of Microbunch Trains in DLA ...
WEPVAOQOO7 F. Mayet, et al., Simulations and Plans for a Dielectric Laser Acceleration Experiment at SINBAD
WEPVAO011 K. Koyama, et al., Development of a Laser Driven Dielectric Accelerator for Radiobiology Research
WEPVAO016 J. Oegren, et al., Dielectric Laser Accelerator Investigation, Setup Substrate Manufacturing ...
WEPVAO020 Y. Wei, et al., Dielectric Accelerators Driven by Pulse-Front-Tilted Lasers
Thursday, ABISKO

THPABO13 F. Mayet, et al., A Fast Particle Tracking Tool for the Simulation of Dielectric Laser Accelerators
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