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“The 2.4-mile circumference RHIC ring is large enough
to be seen from space”
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ﬂ Some of the largest and most complex (and most expensive) scientific
instruments ever built!

ﬂAII use radio frequency (RF) technology to accelerate particles

© P. Muggli P. Muggli, UCLouvain 03/31/2022
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The future is ...
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PARTICLE COLLIDERS
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is large enough

“The 2.4-mile circumference RHIC ring

energy limited by
» ! magnetic field:

&)
—

i, =S8k, SAMEL =B B ~ 8T for LHC

B,~16T for FCC

ﬂ Some of the largest and most com IR A= 1010 511))
instruments ever built!

ﬂAII use radio frequency (RF) technology to accelerate particles

© P. Muggli
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PARTICLE COLLIDERS

“The 2.4-mile circumference RHIC ring is large enough
to be seen from space”

Yo 14

Light particles (e’/e™)
accelerator

Limited by synchrotron
radiation
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Linear for high energy! 7= 7o @ |y
0o e/et 0-20GeV in 2km FACET
Energy limited by the e 0-14GeV in 1km LCLS

Cloo el gToRe [ EeTe[[=Ta 1B, 1\ 6 (and most expensive) scientific

hnology to accelerate particles
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s \CCELERATING FiELD/GRADIENT LiMIiTATIONS

© P. Muggli

<Gradient/field limit in (warm) RF structures: <1GV/m Pulsed heating fatigue
<-RF break down (plasma!!) and pulsed heating fatigue  Prizau, PRS;TAB 5. 112002 (2002)

<-Accelerating field on axis, damage on the surface
<-Material limit, metals in the GHz freq. range (Cu, Mo, etc.)
<-Does not (seem to) increase with increasing frequency

£

10

—.—.—0-'0,_.;.}@--- ‘
) Teh

Gradient (GeV/m)

01+ L
. SLC

R
m - JLCATF L
+  NLC
® - CERNSLAC A
4 - CLIC (lower limit)
0.01 .
0.1 1 10 100
. Wavelength (mm)
____________________ _ 1.1 GeV/m
T A em)
1.6 MeV
Guay = ———,
I } o =
AT1/2
Gpulse = (28 MeV/m)

[A(mm)]"/%"

Maximum Surface Field (MV/m)
N
8

-

Braun, PRL 90, 224801 (2003)

“20 22 24 26 28 30 32 34 36 38 40
Frequency (GHz)

P. Muggli, UCLouvain 03/31/2022



o
% x

wosmnsr\CCELERATING FiELD/GRADIENT LiMITATIONS

<Gradient/field limit in (warm) RF structures: <1GV/m Pulsed heating fatigue
&RF break down (plasmall) and nulsed heating fatique  Pritzkau, PRSTAB 5, 112002 (2002)

<-Accelerating

<1GVm (
by metal damage:
-RF-breakdown
-pulsed heating
Copper: low damage -
threshold I v

+ - NLC

-

Gradient (GeV/m)
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. 1 10 100
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“The 2.4-mile circumference RHIC ring is large enough
to be seen from space”

Search for a new technology
to accelerate particles

at high-gradient (>1GeV/m)

and reduce the size and cost

of a future linear e-/e* collider
or of an x-ray FEL ...
... and low energy applications

ﬂ Some of the largest and most complex (and most expensive) scientific
instruments ever built!

ﬂAII use radio frequency (RF) technology to accelerate particles

© P. Muggli P. Muggli, UCLouvain 03/31/2022



PARTICLE ACCELERATION

R PHYSIK

Acceleration: ﬁ || v

The (RF, for high energy) accelerator converts (a fraction of the transverse) electric field of a (quasi) EM wave
into a longitudinal component ...

RF cavities: TE,, TM,,,, modes (usually TM,,,)

Plasma, dielectrics convert transverse electric fields of a laser pulse or (relativistic) particle bunch into ...

RF cavities: -large fields through high Q (quality factor), >>1
-store field => time for : - random ionization processes, cascade events, arcing
- pulsed heating
Plasma, dielectrics: -“‘instantaneous” high-fields (“Q"~1)
-wakefields ...

© P. Muggli
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PARTICLE ACCELERATION

Beam dynamics:

Transverse:
RF, dielectrics and magnets: -beam and fields “decoupled”
-B-function, long (RF)
Laser beam, particle bunch: -strongly coupled to plasma, self-consistent system
-B-function, short (<<1m)
Longitudinal:

RF, longitudinal dynamics important (circular)

Plasma: relativistic wave, relativistic particles, “no longitudinal dynamics” (trapping)

Laser-Plasma

i —> ~100um

~10cm

() Y

(-wAD) *3
(o]

© P. Muggli
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<>Introduction

<>Novel Acceleration Techniques

Medium
Dielectric

Dielectric Laser Accelerator Laser Wakefield Accelerator
DLA LWFA

Particle Bunch Structure Wakefield Accelerator Plasma Wakefield Accelerator
SWFA PWFA

<-Summary

Laser Pulse

<-General context: accelerators for high-energy, particle physics (>1GeV)
<-Many “low-energy” (<1GeV) applications, “small accelerators” (medical, imaging, security, etc.)

© P. Muggli P. Muggli, UCLouvain 03/31/2022
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<>Introduction

<-Novel Acceleration Techniques

Medium
Dielectric

Dielectric Laser Accelerator
DLA

. Structure Wakefield Accelerator
Particle Bunch SWFA

<-Summary

Laser Pulse

© P. Muggli

Laser Wakefield Accelerator
LWFA

Plasma Wakefield Accelerator
PWFA

P. Muggli, UCLouvain 03/31/2022
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“Advanced”

“High-gradient”

>1GeV/m (ICFA-ANA)

Average gradient over m—scale

GeV to TeV

© p.Muggll *do not include laser vacuum/direct acceleration P. Muggli, UCLouvain 03/31/2022
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“Advanced”

“High-gradient”

>1GeV/m (ICFA-ANA)

Average gradient over m—scale

GeV to TeV
Novel materials with higher damage threshold: Novel drivers:
<>Dielectrics (*GV/m) <Laser pulse(s)*
<>Plasmas (10-100GV/m or ) <>Charged particle bunch(es)

© P Muggli *do not include laser vacuum/direct acceleration
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“Advanced”

“High-gradient”

>1GeV/m (ICFA-ANA)

Average gradient over m—scale

GeVtoTeV

Novel materials with higher damage threshold: Novel drivers:
<Dielectrics (*GV/m) <Laser pulse(s)*
<-Plasmas (10-100GV/m or =) <-Charged particle bunch(es)
Medium
Dielectric
Laser Pulse Dielectric Laser Accelerator Laser Wakefield Accelerator
DLA LWFA
Particle Bunch Structure Wakefield Accelerator | Plasma Wakefield Accelerator
SWFA PWFA

© P Muggli *do not include laser vacuum/direct acceleration P. Muggli, UCLouvain 03/31/2022
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MAX-PLANCK-INSTITUT

Role of the novel structure / challenge:
convert (some of) the transverse fields (E))

of the novel driver (laser pulse, particle bunch) into a
longitudinal (E,) component for acceleration (E,>1GV/m)

Advantage of novel material:
Sustain higher fields

- E~1-10GV/m for dielectrics

- E~100-0GV/m for plasmas ©
Operate with “short pulses” ... wakefields

Novel materials with higher damage threshold: Novel drivers:
<Dielectrics (*GV/m) <Laser pulse(s)*
<>Plasmas (10-100GV/m or ) <>Charged particle bunch(es)

Medium
Dielectric

Laser Pulse

Particle Bunch

©p Muggi *do not include laser vacuum/direct acceleration
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Laser Pulse: Charged Particle Bunch:

(plane wave) (tri-Gaussian, relativistic)

. 1 1
I ~—¢.cE? - _ V2
Hensiy =5 B B = ) 4 00, (=)

Example: Example:
E =1GV/m N=2x10"", 6,=10um, 6,=20um
I~10""W/cm? E =11GV/m
<Ex§*>
o

Poynting Vector : <S" > =

Challenge / function of the accelerating structure:

Convert a fraction of E, into E, (accel. ~JE dz)
e b o 'S .]\v . »y e p

-22 ky(z — ct) 4 -

© P. Muggli
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D cictic Lser Accsertor Laier Waie Fiod Accceratr ——

/ 1, - pulse duration

lonization Front
Iaser beam
propagatlon
direction

laser beam
propagation
direction

Structure Wake Field Accelerator
2

Instantaneous
electron density

e Witness e Driver

Wakefield

—

Electron beam
Electron bunch

=410
Plasma wake
Beam direction s
Rul

B 46 -~
Z 2
unch 3 E

irection 3 -4

Trailing bunch ~ Drive bunch

v v 12

Dielectric
Layer Cladding  Wakefields  Drive Beam

-200  -150 -100 -50 0
& (um)

© P. Muggli P. Muggli, UCLouvain 03/31/2022
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<-Introduction

<-Novel Acceleration Techniques

Medium
Dielectric

Dielectric Laser Accelerator Laser Wakefield Accelerator

Laser Pulse DLA LWFA
Structure Wakefield Accelerator Plasma Wakefield Accelerator

Particle Bunch SWEA PWEA

<-Use the laser E-field in a ~A\3 (micro-) structure
<-Summary

© P. Muggli P. Muggli, UCLouvain 03/31/2022
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phase front

Elegon laser beam \/ laser beam

propagation . propagation
direction Half-period later direction

<> Laser light: A~1um (or THz, 300um)
<> Structure features ~A~1um

FRIEDRICH-ALEXANDER
UNIVERSITAT
ERLANGEN-NURNBERG

o rwggiCourtesy P. Hommelhoff P Hommelhoff, Accel. Med. Appl., Vésendorf, Austria, 2015 P. Muggli, UCLouvain 03/31/2022



% DIELECTRIC LASER ACCELERATOR (DLA)

R PHYSIK

phase front

EIec’on laser beam \/ laser beam

laser beam
propagation
direction

propagation . propagation
direction Half-period later direction

Damage Threshold Fluence

1ps, 800hm

0 1 2 3 4 5
Fluence [J/cm?]
Soong, AIP Conf. Proc. 1507, 511 (2012)

laser beam
propagation
direction

< Take advantage of large laser E-field
I <~ Take advantage of large damage threshold (SiO,, Si, etc.)
ERLANGEN NOnNBERG <> Structure = phase mask for velocity matching

o rwggiCourtesy P. Hommelhoff P Hommelhoff, Accel. Med. Appl., Vésendorf, Austria, 2015 P. Muggli, UCLouvain 03/31/2022
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Structure

b
Laser pulse (A = 800 nm)
Spectrometer
Magnetic L magnet
lenses Cylindrical lens
Electron

DLA device
beam

Scattered
electrons

Transmitted
electrons

Lanex screen

Intensified CCD
camera

<~Beam not bunched at A_,,

(800nm) scale -> broad spectrum

DLA RESULTS

Demonstration of electron acceleration in a
laser-driven dielectric microstructure

E. A. Peralta, K. Soong’, R. J. England?, E. R. Colby?, Z. Wu?, B. Montazeri®, C. McGuinness’, J. McNeur*, K. J. Leedle®, D. Walz?,
E. B. Sozer?, B. Cowan®, B. Schwartz®, G. Travish® & R. L. Byer

7 NOVEMBER 2013 | VOL 503 | NATURE | 91

Charge density (arbitrary units)

0 0.2 04 0.6 0.8 1

Presented by D. Cesar (UCLA)
@ EAAC 2017
Commun Phys 1, 46 (2018)

Laser off

Energy gain vs. incident laser field

Position (mm) & Position (mm) &

Enel ain
ﬂ 0.0 0.2 04 06 08 10
1 ' '
Laser on o
“1.G.4~850 MeV/m
- —-———————— -
159
%
c &
& 024 ~ % Laser off w0
-Jé? 250MeV/m —— Spectrum fit E
2 Laser on
& 0154 Model
. 1 oo-
3 e Simulation 3
8
2 014
g 0 L] ¥ L]
[}
E’ 0.05 0 / 4 6 8 10
g : Kerr Ep incident (GV/m)
0 | T T *

50 0 saturation

Energy deviation, AE (keV)

... possible bunching: IFEL

<Inferred accelerating gradient in excess of 800MeV/m

<Need sub-(A .. )* beams, naturally low emittance and charge

<-Operate at very high rep-rate

© P. Muggli
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<-Introduction

<-Novel Acceleration Techniques

Medium
Dielectric

Laser Pulse Dielectric Laser Accelerator Laser Wakefield Accelerator
DLA LWFA

Structure Wakefield Accelerator Plasma Wakefield Accelerator

Particle Bunch SWEA PWEA

<-Use the laser E-field in a ~A\3 (micro-) structure
R. England, Rev. Mod. Phys. 86, 1337

<-Summary

<> Demonstrated ~1GeV/m
< Takes advantage of
< y-fabrication
<> rapid progress with fiber lasers
< Symmetric e’/e*
<> Low emittance, low charge, high rep. rate

© P. Muggli P. Muggli, UCLouvain 03/31/2022
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<-Introduction

<>Novel Acceleration Techniques

Medium
Dielectric

Dielectric Laser Accelerator Laser Wakefield Accelerator

Laser Pulse DLA LWFA
Structure Wakefield Accelerator Plasma Wakefield Accelerator

Particle Bunch SWEA PWEA

<-Cherenkov wakes in dielectric layers

<-Summary

Dielectric
Layer

Cladding  Wakefields  Drive Beam

<-Colinear, not corrugated

© P. Muggli P. Muggli, UCLouvain 03/31/2022
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(G
s e IELECTRIC WAKEFIELD ACCELERATOR (DWA)

MAX-PLANCK-INSTI
FUR PH

a: vacuum channel radius
b: dielectric outer radius

Dielectric
Layer Cladding  Wakefields  Drive Beam
E

® Peak decelerating field

—@emecz
eEz,dec = 8.7'L'
=6

ormggiDetailed fields; Jing, RAST 09, 2016



IELECTRIC WAKEFIELD ACCELERATOR (DWA)

PRL 100, 214801 (2008) PHYSICAL REVIEW LETTERS 30 MAY 2008

Breakdown Limits on Gigavolt-per-Meter Electron-Beam-Driven Wakefields
in Dielectric Structures

M. C. Thompson,">* H. Badakov,'! A.M. Cook,' J. B. Rosenzweig,' R. Tikhoplav,' G. Travish,' I. Blumenfeld,’

M.J. Hogan,” R. Ischebeck,* N. Kirby,” R. Siemann,’ D. Walz,® P. Muggli,* A. Scott,” and R. B. Yoder®

Shot# 184

‘Breakdown

Dielectric
Layer Cladding  Wakefields  Drive Beam

o O .
.. [ ]
°® . . ° L4 : LY L ]
Peak decelerating field -
N,rm, ¢’ Peak Beam Current (kA)
8n <>0,=100-10um, N=2x10" e
£ — 1 <-a=50um, b=162um, fused silica, ¢~3, f,;*470GHz
<-Breakdown field at 13.8+0.7GV/m

<>Estimated max. decelerating field: 11GV/m
<>Estimated max. accelerating field: 17GV/m

ormgiDetailed fields; Jing, RAST 09, 2016
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O’Shea et al., Nat . Comm. 7, 12763 (2016)

Wakefield

Electron beam

DWA RESULTS

T

B No structure
W Structure

80 . '
« el Drive Bunch
2 s}

20 |

9.4x10%
G=252+14MeV/m

0
20.6 20.65

Centroid energy (GeV)

20.7 20.75

b 100 . .
6X1096' :z Witness
. Bunch

G,=320x17MeV/m = «f
E =80% 19.94 1996 19.98 20

Shots

20.02 20.04 20.06 20.08 20.1 12

,7\9, eXt ra Cti on Centroid energy (GeV)
za=300um /50? C 637 e . — : :
2b=400pum E 3°2% SN
. g:. . | ‘\\ \/V ‘\\ /A d
S|02, 8=3_4? Beam direction u e ‘ ‘ . N ,"l . N
Cu cIa d dmg 02 0 0.2 0.4 z;(ml::; 0.8 1 1.2
b Multimode excitation
g TM,; (422GHz)
. 2 100f TM,, (1.27THz) 1
150 N
100 - - =z 0 |
2 0 0.5 1 15
g 50 Frequency (THz)
2x10%0-

0
20.05

20.1

20.15 20.2 20.25 20.3

Centroid energy (GeV)

20.35

20.4

** AE=220+3MeV in 15 cm

-> G=1.347+0.020GeV/m

‘\/“

\/

<-“Large” gradient demonstrated
<~Energy gain by W bunch!

-0.1 0 0.1 0.2 0.3 0.4

£ (mm)

0.5

© P. Muggli

0.6

0.7

0.8

0.9

<Lack of proper beams
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DWA RESULTS
Acceleration in slab symmetric DWA UCLA

. Structure:
WEEK enaing

PRL 108, 244801 (2012) PHYSICAL REVIEW LETTERS 15 JUNE 2012

— Si02, planar geometry, beam gap 240um

. BNL ATF Dielectric Wakefield Acceleration of a Relativistic Electron Beam in a

Slab-Symmetric Dielectric Lined Waveguide
— Flat beam

. G. Andonian,' D. Stratakis,' M. Babzien,? S. Barber,' M. Fedurin,? E. Ht:msing,3 K. Kusche,? P. Muggli,4
—  Long bunch structure with two peaks B. O’Shea,' X. Wei,' O. Williams,' V. Yakimenko,? and J. B. Rosenzweig'

*  Acceleration of trailing peak

Si0,, Al
. . . L 2
*  Robust start-to-end simulations for benchmarking T ag=240Hm
. _ Tgap=240pm
bl | L,=2cm
al —_Cc-beam gy=2mm-mrad

Slab geometry allows for: '|"
<>Reduced transverse wakefields '
W’|0ermk3 ->0when G,>>a ) E,=59MeV
<>More charge per bunch : W gain [N
/

. . L,~1.2mm
<-Demonstration of energy gain! gy=2mm-mrad

(a)

TABLE 1. Comparison multibunch BBU of a cylindrical and
slab-symmetric linear accelerator with an average accelerating gra- T .
dient of 1 GeV/m, fundamental wavelength \,=2m/k, UL

=10.6 um, a=2.5pum, and beam loading quality factor O PRE 56 7210 (1997) 200 Slab Si \ .
=1000; only the lowest frequency dipolelike mode is considered, a Im. I No Slab Sim.
with 0,=100 xm in the slab case. Comparison parameters: average \
current eNc/\,, transverse wake strength W{/eN, and BBU QSIafo Exp. \ , \
=]
growth length L, . 2 150 \{ | No Slab Exp. Energy
5 .
Slab case Cylindrical case = l Gain
=
Average current 490 mA 16 mA L:{ 1000 G~7MeV/m
Transverse wake 30 V/(mm? fC) 10° V/(mm? fC) 2
(dominant dipole) 2
Multibunch BBU 15 cm 1.4 cm -
growth length 50
-400 - 200 400
H o 14 H Relative Energy (keV)
<-Appropriate for “flat” collider beams? -
on o APPTOP Courtesy G. Andonian
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~ Acceleration in slab symmetric DWA UCLA

. Structure:
WEEK enaing

. PRL 108, 244801 (2012 PHYSICAL REVIEW LETTERS S TONE 202
—  Si02, planar geometry, beam gap 240pum 012 : :

® BNL ATF Dielectric Wakefield Acceleration of a Relativistic Electron Beam in a

Slab-Symmetric Dielectric Lined Waveguide
—  Flat beam gul

. G. Andonian,' D. Stratakis,! M. Babzien,? S. Barber,! M. Fedurin,? E. Hemsing,> K. Kusche,? P. Muggli,*
— Long bunch structure with two peaks B. O’Shea,' X. Wei,! O. Williams,' V. Yakimenko,? and J. B. Rosenzweig!

*  Acceleration of trailing peak o A
. . . L 10, A
*  Robust start-to-end simulations for benchmarking / T ag=240Hm
Tgap=240pm
bl / L,=2cm
. e-beam g,=2mm-mrad

In Cartesian coordinates the field is
constant:

In cylindrical coordinates the field
decreases as 1/r:

<>Appropriate for “flat” collider beams? Courtesy G. Andonian Y

© P. Muggli
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<-Introduction

<>Novel Acceleration Techniques

Medium
Dielectric

Dielectric Laser Accelerator Laser Wakefield Accelerator

Laser Pulse DLA LWFA

Particle Bunch Structure Wakefield Accelerator Plasma Wakefield Accelerator
SWFA PWFA

<-Summary

< Simple structure to fabricate
<> Demonstrated

<>1GeV/m

< energy transfer efficiency
< Symmetric e’/e*
<> Dielectric “CLIC"?

© P. Muggli

<-Cherenkov wakes in dielectric layers

Dielectric
Layer

Cladding  Wakefields  Drive Beam

<-Colinear, not corrugated

P. Muggli, UCLouvain 03/31/2022
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<-Introduction

<-Novel Acceleration Techniques

Medium

Dielectric

Dielectric Laser Accelerator Laser Wakefield Accelerator

Laser Pulse

DLA LWFA
Particle Bunch Structure Wakefield Accelerator Plasma Wakefield Accelerator
SWFA PWFA
<-Summary

© P. Muggli P. Muggli, UCLouvain 03/31/2022
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<-Introduction

<-Novel Acceleration Techniques

Medium

Dielectric

Dielectric Laser Accelerator Laser Wakefield Accelerator
Laser Pulse

DLA LWFA
Particle Bunch Structure Wakefield Accelerator Plasma Wakefield Accelerator
SWFA PWFA

<-Summary

<-Mmmmm ... plasmas, is there anything they can’t do?

(adapted from H. J. Simpson)

http://simpsons.wikia.com/wiki/Mmm...

© P. Muggli P. Muggli, UCLouvain 03/31/2022
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<-Relativistic Electron, Electrostatic Plasma Wave (E_//k, B=0):

NoA
n;

Wikipedia Plasma: (from Ancient Greek tTAdoua 'moldable substance')

Plasma: “Gas” of charged (ionized) particles (e-, ions) that exhibits a
collective behavior (screening, waves, etc.)

< First plasma wave discovered: Langmuir wave
2
. . . Neo€
<> Dispersion relation: w? = wf,e =
€Me

< wp plasma electron (angular) frequency, n,, plasma e~ density

< Longitudinal electric field, E,//k, B=0 — electrostatic wave
< Erwin Langmuir, Nobel Prize in chemistry(!), 1932
<-Hannes Alfvén, 1970, MHD

<> Uniform plasma: on average (~n, '’ scale) no fields!

© P. Muggli
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<-Relativistic Electron, Electrostatic Plasma Wave (E_/k, B=0):

2\ 1/2
. Neo€ Plasma
Wpe = | ——— Electron

S Frequency

Collective response!

© P. Muggli
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<-Relativistic Electron, Electrostatic Plasma Wave (E_/k, B=0):

2\ 1/2
= p Neo€ Plasma Wpe Nep€
V-E=— Wpe = Electron kpeEz = —Fk, =

S Frequency €0

Cold Plasma “Wavebreaking” Field

[EWB — mecwpe] Dawson, PRL (1959)
e
m (32 1/2
e 1 2 ~ —
Collective response! Ewp = ( e ) / 100\/7%0 em=3] 2 1GV/m

n=10' cm=3

© P. Muggli
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<-Relativistic Electron, Electrostatic Plasma Wave (E_/k, B=0):

2\ 1/2
— p Neo€ Plasma Wpe _ Neo€
V-E=— Wpe = Electron kpeE = —Fk, =
€0Me €0

Frequency

Cold Plasma “Wavebreaking” Field

[EWB — mecwpe] Dawson, PRL (1959)
e
moc2\ /2
1/2 ~ 7~
Collective response! Ewp = ( :0 ) e(/, > 100+/neolem=3] = 1GV/m

n=10' cm=3
<~Plasmas can sustain very large (collective) E,-field, acceleration
+Wave, wake phase velocity = driver velocity (~c when relativistic, w?=w?,)
<-Plasma is already (partially) ionized, difficult to “break-down” _

Single mode

<>No structure to build .... Wave in a uniform medium ... system!

<-Plasmas wave or wake can be driven by:

»Intense laser pulse (LWFA)
»Dense particle bunch (PWFA)

© P. Muggli
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« Plasma Wakefield Accelerator (PWFA) W
A high energy particle bunch (e-, e*, ...) azz)Lpe/4
P. Chen et al., Phys. Rev. Lett. 54, 693 (1985)

- Laser Wakefield Accelerator (LWFA)"

A short laser pulse (photons, ponderomotive)

« Plasma Beat Wave Accelerator (PBWA)" %

Two frequencies laser pulse, i.e., a train of pulses

- Self-Modulated Laser Wakefield Accelerator (SMLWFA)"

Raman forward scattering instability in a long pulse (LWFA of 20t century)

evolves into QW

"Pioneered by J.M. Dawson (Tajima, Dawson, Phys. Rev. Lett. 43, 267 (1979))

© P. Muggli
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ey 4 PLASMA-BASED ACCELERATORS'

YSIK

* Plasma Wakefield Accelerator (PWFA)

A high energy particle bunch (e-, e*, ...)
P. Chen et al., Phys. Rev. Lett. 54, 693 (1985)

- Laser Wakefield Accelerator (LWFA)"

A short laser pulse (photons, ponderomotive)

- Plasma Beat Wave Accelerator (PBWA)"

Two frequencies laser pulse, i.e., a train of pulses

- Self-Modulated Laser Wakefield Accelerator (SMLWFA)"

Raman forward scattering instability in a long pulse (LWFA of 20t century)

# evolves into QW

"Pioneered by J.M. Dawson (Tajima, Dawson, Phys. Rev. Lett. 43, 267 (1979))

© P. Muggli
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<-Introduction

<>Novel Acceleration Techniques

Medium
Dielectric Plasma

Laser Pulse Dielectric Laser Accelerator Laser Wakefield Accelerator
DLA LWFA

Particle Bunch Structure Wakefield Accelerator | Plasma Wakefield Accelerator
SWFA PWFA

<Intense laser pulse to drive wakefields in plasma

<-Summary

© P. Muggli P. Muggli, UCLouvain 03/31/2022



% LASER WAKEFIELD ACCELERATOR (LWFA)
8

bunches

<-Laser pulse ponderomotive force (~light
pressure) drives the wakefields S

Trapped

| r
~ electrons ntense lase

/ 7, - pulse duration -8 Z = 1 - 75 CIn
lonization Front -22 lfp (Z — Ct) 4

Instantaneous
electron density

Typical parameters:
Laser: 1=1078-102°W/cm?, ~40fs, w,=10um
Plasma: n,=10'6-102°cm-3

Gas Jet Plasma

(short, injector)

<-Most active field

<-Availability of TW Titanium:Sapphire laser systems
<-Laser pulse provides the plasma (ionization)
<-Few TW for 10-100MeV e- in a few mm

<-Medical, THz/x-ray source, ...

<-PW for multi-GeV energy gain

Thermal pr;s.;;lr:'
Capillary Discharge

© P. Muggli Plasma (long, accelerator)



% LASER WAKEFIELD ACCELERATOR (LWFA)

<-Wakefields driven by ponderomotive force of an intense laser beam

Ap=V,s/C=€Ey/mcm,>~1 Ag=Vsc/C=8.5x101%[um] 1,2 [Wem-?]

“Forced” or “bubble” regime

10
8r .
T
> ,
)
S 6F ] i -
B i
= % ‘1
> Y
© i
2 L X =
\
\
% 50 100 150 200 250
S. P. D. MANGLES et al. (IC)
Energy (MeV) C. G.R. GEDDES et al. (LBNL)
J. FAURE et al. (LOA)
Nature 431, 2004
<-“”Monoenergetic”” bunches (self-trapped)

<>Previously: continuous, thermal energy spectrum
<~Short laser pulse (a,>1)

© P. Muggli



s LASER WAKEFIELD ACCELERATOR (LWFA)

“Forced” or “bubble” regime Ilat_LlI_’Q

10 Dream beam
8 -
T
> ,
[
S 6r ]
=) /
A ‘1
Y a4 !
S
: a,
ol |
% 50 100 150 200 250
S. P. D. MANGLES et al. (IC)
Energy (MeV) C. G. R. GEDDES et al. (LBNL)
J. FAURE et al. (LOA)
Nature 431, 2004
<-“”Monoenergetic”” bunches (self-trapped)

<>Previously: continuous, thermal energy spectrum
<~Short laser pulse (a,>1)

© P. Muggli



% LWFA RESULTS

Qlw
o PHYSICAL REVIEW LETTERS 122, 084801 (2019)

mmmmmmmmm

/ | Featured in Physics _|

Magnetic spectrometer o '

o Wedge with holc ::;:xlh\;y d::schugt

og' = b . ](- g -\

’..!....... Bloghor oo Off-axis paraboloid 3 .

OB vy 4 b colitor | ' Petawatt Laser Guiding and Electron Beam Acceleration to 8 GeV
o in a Laser-Heated Capillary Discharge Waveguide

000
o 2™

Spectrometer
" S.S. Bulanov,' J. van Tilborg,' C.G.R. Geddes,' C.B. Schroeder,” Cs. Téth,' E. Esarey,' K. Swanson,"?
L. Fan-Chiang,"2 G. Bagdasamv,g"‘ N. Bobmva,” V. Gasilov,g"‘ G. Kom,6 P. Sasomv,a'6 and W. P. Leemans’>*

Heater laser
—

Telessmpei
Newinfrared ‘ : A.J. Gonsalves,"” K. Nakamura,' J. Daniels,' C. Benedetti,' C. Pieronek,"” T.C. H. de Raadt,' S. Steinke,' J. H. Bin,'
7

(e)

E,=7.8 GeV

Q=5pC

O,s=0.2 mrad

L,=20cm, n=2.7x10"cm3
Capillary discharge, heater
Paser=850TW

W=31J, 0,=61um, t=35fs

Capillary exit

Capillary exit

Vacuum focus
z=0cm z=20 cm (experiment) z=20 cm (simulation)

2=5.4cm Experiment

150 oy
50 50 8
0 0o 3
55 6.0 6.5 7.0 E
150 9 2
100 E 6
o O W
0 0
7.0 75 8.0 85

G
W_—"CAPILLARY '/ACUUM Yogy,

<-PW laser pulse (850TW)

0 2 4 6 8 10
Simulation
400

<>Peak energy gain 7.8GeV in 20cm !200
<>Laser guiding essential o
<>Plasma optical fiber 600
- 400
<-Self-trapped plasma e gzoo
0
Momentum (GeV/c) Momentum (GeV/c)

<LWFA does NOT need conventional injector
<-e" trapped from the plasma

© P. Muggli
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MAx-PLA/:::Zt-lFNUMUT LWFA .NJECTORS (m) . ]

1) Wave breaking: drive the wave very non linearly (pawson, PRL,1956)

u+t-miniy, )

2) lonization trapping
(Oz, PRL 98, 084801 (2007), Hidding, PRL 108 035001 (2012))

3) Three- two laser beams
(Umstadter PRL 76, 2073 (1996), Esarey, PRL 79, 2682 (1997)

4) Density step (suk PRL 86, 1011)

5) Density down-ramp

6) Shock in a gas jet (schmid PRST-AB 13, 091301 (2010)

710
Yk (z-v 1)

7) External injection

.+ '|*,_~Focused Laser

5-6)

‘From Gas Reservoir
6 Direction of laser . :
propagation
| e

0 5 10 15 20 25 15 20 25 30 35 40
kpII z k;I z

&

[5]
T

Plasma Density T
(10°cm™)

(=3

-1;)0 -5‘0 6 5|0 100
Laser Propagation Axis (um) 8 He electron v / 18 m/s
Physics of laser-driven plasma-based electron accelerators, E. Esarey et al., Rev. Mod. Phys. 81, 1229 (2009)
Overview of plasma-based accelerator concepts, E. Esarey et al., IEEE TPS, 24(2), 252 (1996)
© P. Muggli P. Muggli, UCLouvain 03/31/2022
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LWFA INJECTORS (some)

2) lonization trapping
(Oz, PRL 98, 084801 (2007), Hidding, PRL 108 035001 (2012))

3) Three- two laser beams
(Umstadter PRL 76, 2073 (1996), Esarey, PRL 79, 2682 (1997)

LWFA is also an e injector
Plasma as beam optic (plasma lens)
==) All laser + plasma accelerator!!

Yk (z-v 1)

7) External injection D R

DeLaval Nozzle

) ‘From Gas Reservoir IN—
6 I Direction of laser . !
propagation
—

e
2
3“ e

] . 0.0.. ) (; i
0 5 10 15 20 25 15 20 25 30 35 40
kpI z k z

-
T

[5]
T

Plasma Density T
(10"%em™)

(=]

-100 -50 0 50 100
Laser Propagation Axis (um)

Physics of laser-driven plasma-based electron accelerators, E. Esarey et al., Rev. Mod. Phys 81, 1229 (2009)
Overview of plasma-based accelerator concepts, E. Esarey et al., IEEE TPS, 24(2), 252 (1996)

© P. Muggli
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<-Introduction

<>Novel Acceleration Techniques

Medium
Dielectric Plasma

Laser Pul Dielectric Laser Accelerator Laser Wakefield Accelerator
PEREEISE DLA LWFA

Particle Bunch Structure Wakefield Accelerator | Plasma Wakefield Accelerator
SWFA PWFA

<Intense laser pulse to drive wakefields in plasma

<-Summary

<> No structure to fabricate

<> Demonstrated >100GeV/m

<> Demonstrated large energy gain (~8GeV, 20cm)
< LWFA is also the injector (e7)

< All plasma accelerator!

<> Not symmetric e’/e*
© P. Muggli P. Muggli, UCLouvain 03/31/2022
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<-Introduction

<-Novel Acceleration Techniques

Medium
Dielectric

Laser Pulse Dielectric Laser Accelerator Laser Wakefield Accelerator
DLA LWFA

Particle Bunch Structure Wakefield Accelerator Plasma Wakefield Accelerator
SWFA PWFA

<-Dense, relativistic particle bunch (e, e*, p*, ...) to
drive wakefields in plasma

<-Summary

Plasma wake

—>
4/ Bunch
direction

(-wAD) “3
o

Trailing bunch ~ Drive bunch

v v 12

-200 -150 -100 -50 0
& (um)

© P. Muggli P. Muggli, UCLouvain 03/31/2022
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o PLASMA WAKEFIELD ACCELERATOR (€7)
Focusing (E))
Decelerating (E,)

Relativistic

electron
bunch

‘ Plasma wave/wake excited by a relativistic particle bunch
‘ Plasma e expelled by space charge force => deceleration + focusing (MT/m)
‘ Plasma e rush back on axis => acceleration, GV/m

‘ Ultra-relativistic driver => ultra-relativistic wake
=> “no dephasing”

Particle bunches have long “Rayleigh length”
(beta function p*=c*4/e ,~cm, m)

) Acceleration physics identical PWFA, LWFA

© P. Muggli



ncrumosTTT PWFA NUMBERS (€")
. Focusing (E,)
Defocusing Accelerati Decelerating (E,)

== Neutral
.‘— + Plasma
o+
- = Relativistic
- e~ bunch

<>Linear theory Eacc o~ IOO[MV/m] N/2 X 10 X
(n,<<n,, scaling: (0,/0.6mm)?
@kpeaz = \/5, kpear <1 kpe - wpe/c X nié2

<-Focusing strength: By _ 1mece

r 2 €oC

(Np>Ng0)

© P. Muggli



O PWFA NUMBERS (€)
Focusing (E,)

ng
— 7 = ?zt__— Neutral
+ + + + + Plasma
o+ r— + + .
- = b oD o+ 4+ Relativistic
- _==- — e- bunch

<>Linear theOry Eacc o~ 100[MV/m] N/2 X 10 X
(n,<<n,, scaling: (0,/0.6mm)?
@kpeo-z = \/5, kpear <1 kpe = (.dpe/C X nié2

<-Focusing strength: By _ 1mece

T N 5 €oC
<>N=2x101°: 5,=600 pym, n,.=2x10'* cm™3, E_..~100 MV/m, By/r=6 kT/m
o,= 20 um, n,.=2x10"" cm3, E_,,.~ 10 GV/m, B,/r=6 MT/m

(Np>Ng0)

<Frequency: 100GHz to >1THz, “structure” size Tmm to 100um
<-Conventional accelerators: MHz-GHz, E_ . .<150 MV/m, By/r<2 KT/m

© P. Muggli



% PWFA NUMBERS (€)

Focusing (E,)
Defocusing Accelerati Decelerating (E,)
— Neutral
—a Plasma
.+
- = Relativistic
- e- bunch

. N/2 x 1
<-Linear the.ory Eace = 100[MV/m)] /2% 10 5 X
(n,<<ns) scaling: (02/0.6mm)
@kpeaz = \/57 kpear < 1 kpe — wpe/c X nt].;,éz

<-Focusing strength: By _ 1mece

r 2 €
<>N=2x101°: 5,=600 pym, n,.=2x10'* cm™3, E_..~100 MV/m, By/r=6 kT/m
o,= 20 um, n,.=2x10"" cm3, E_,,.~ 10 GV/m, B,/r=6 MT/m

(Np>Ng0)

<Frequency: 100GHz to >1THz, “structure” size Tmm to 100um
<-Conventional accelerators: MHz-GHz, E_ . .<150 MV/m, By/r<2 KT/m

© P. Muggli



04 Byz 1t

FiIRST PWFA OBSERVATION (€)

P. Chen et al., Phys. Rev. Lett. 54, 693 (1985) =&

e Witness e Driver

ST g S T T L
+ +H+ + - Cﬂ++ +
+ + + + + 4
++ + T+ g e bunch

-

+ +
=S 4 4+ =k W R

+—ADJUSTABLE
DELAY

SPECTROMETER

L—‘I METER ‘j
FIG. 1. Schematic of Argonne National Laboratory AATF
layout.

Rosenzweig, PRL 61, 98 (1988)
T T T T i T 1~38ps

r -—»r ,ﬁ— =
3 g o/
50 |- i Mo - LLUGMY
i : | !
- 1} e
= ! 'S AN I
- L L
p— '
s T :nl":l ,
LS) R EEUA | |
\ Wi |
A [ | ]
]
~50 e . T
= ¢! i 1 i

R E )
= R
50 0 50 100 150 200

Witness Beam Delay (psec)

FIG. 2. Scan 1: Witness-beam energy-centroid change 6E
vs time delay behind driver. Total driver-beam charge Q =2.1
nC; plasma parameters L =28 cm and n,=8.6x10'> cm >,

Theoretical predictions are given by the dashed line.

<Drive/witness bunch experiment

<-Low wakefield amplitudes (low n,, long bunches, ...)

© P. Muggli
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o PLASMA WAKEFIELD ACCELERATOR (€)
Focusing (E))
Decelerating (E,)

#

Relativistic
e~ bunch

Blumenfeld, Nature 445, 741 (2007) Muggli, Phys. Rev. Lett. 93, 014802 (2004)

Dispersion [mm] Charge Hogan, Phys. Rev. Lett. 95, 054802 (2005)

418 -16 -14 -12 -10 -8 density M |" H ’ C t Rend Phvsi , 10
¢ Energy Gain n.=2.3x10"7cm-3 [~e/um?] (2???)9, [116()(92%?)9) omptes Rendus ysique

Muggli, New J. Phys. 12, 045022 (2010)

> 0,~20um 240

Scalloping of the Beam

78N I N\
(SR

180

NN
§.~‘ 120
SN

S
C )

Position [mm]

60

&

n,=2.3x10"cm=3

35 40 50 60 prl et 00 GZ~Or~20” m
1 Electron Energy [GeV] (1 N=2x1 01 0
E, 2E, E,=42GeV

42 => 84GeV in 85cm! 50GeV/m | ~10kA

© P. Muggli
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e” Witness

Blumenfeld, Nature 445, 741 (2007)

Position [mm]

35

E,

Dispersion [mm]

-14

Energy Gain
—=

40 1 50
Electron Energy [GeV]

-12 -10 -8
n,=2.3x10"7cm-3

0,~20um

Scalloping of the Beam

periment

60 70 8(1 90 100

Charge
density

(~e/um?)
240

180
120

60

42 => 84GeV in 85cm! 50GeV/m

© P. Muggli

Hogan,
NJP 12,
055030 (2010)

PLASMA WAKEFIELD ACCELERATOR (€°)

e Driver

+ e~ bunch

=

“quality”

Energy [GeV]

n
o

Simulation

AE<<E &
Witness

F-S
o

[
o

o

0
40 -20 0 20 40
X [um]
T e
0 20 40 60 80 100
Spec. Den. [a.u.]
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woiners PLASMA WAKEFIELD ACCELERATOR (€")

e Witness e Driver

S
+
y e- bunch
= 1 L,
quality
y (mm)
Blumenfeld, Nature 445, 741 (2007) SLAC | prese—
Dispersion [mm] Charge £ 250
-18 -16 -14 -12 -10 -8 density 0 ; - | PR
- Energy Gain ne:2'3X1017("’m_3 [—e/um2] FAC ET ) = . 200 g
— 3  0,~20um 240 E st ‘ , :
Scalloping of the Beam 180 0 } / / | 150 g
s 120 - w
ﬂg., d%E‘lZO © $
60 f:% 80
E"E 40
periment Litos, B R IR
) 50 60 70 804 90100 Nature 515(6 ~ .
% 0 1 Electron Energy [GeV] (1 92 (20 14§ ) 2Gev N 36cm
E, 2F, AE/E~%
. ~200,
42 => 84GeV in 85cm! 50GeV/m Nyw.y~30%
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% PWFA, TeV COLLIDER

R PHYSIK

e~ Witness e” Driver

e~ bunch

J. Rosenzweig et al /Nucl. Instr. and Meth. in Phys Res. A 410 (1998) 532-543

<*ILC, 0.5TeV bunch with 2x101%-

Wake-field modules Gamma converter and Detector

N \

<~SLAC, 20GeV bunch with 2x10%%- ~60) Y e

Heavily Beam-loaded Electron Linac

<~SLAC-like driver for staging (FACET= 1 stage, collider 10* stages) core

Rf photoinjector

© P. Muggli
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p*-Driver

relativistic
proton
bunch

<*ILC, 0.5TeV bunch with 2x101%- ~1.6kJ

Wake-field modules Gamma converter and Detector

<>SLAC, 20GeV bunch with 2x101%- ~60J ,
<>SLAC-like driver for staging (FACET= 1 stage, collider 10* stages) WW% o

<SPS, 400GeV bunch with 10'p* ~6.4kJ
LHC, 7TeV bunch with 10p* ~112kJ

<A single SPS or LHC bunch could produce an ILC bunchmispm
a single PWFA stage! / \\

<>Wakefields driven by e* bunch: Blue, PRL 90, 214801 (2003)

© P. Muggli

Caldwell, Nat. Phys. 5, 363, (2009)

<>Large average gradient! (21GeV/m, 100’s m)
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MAX-PLANCK-IFl\LlJS;T pROTON‘DRI'VE N pWFA

Caldwell, Nat. Phys. 5, 363, (2009)

1.0
. e p*:
.+-
- Wi p*-Driver
& -Witness E,=10GeV E,=1TeV
e 0,=100um
it 10 11
- + + + N=10 N=10
+ ST relativistic i — _
et 44 Sroton Single mm W =16) W =16k]
- bunch Stage W=1kl
e p’
Parameter Symbol  Value Units
2 Protons in drive bunch Ne 10" Sk
Proton energy Ep 1 TeV l
= Initial proton momentum spread op/p 01 o~ 51
a3 Initial proton bunch longitudinal size o, 100 um CI) 3
» o Initial proton bunch angular spread oy 0.03 mrad — 4}
g\ Initial proton bunch transverse size Oxy 043 mm o
& Electrons injected in witness bunch Ne 1.5x10° LLJ 3
Energy of electrons in witness bunch  Ee 10 GeV % r A E/ E ~ 1 0/0
) Free electron density n, 6x10™ cm—3 2 j
L 1 ! Plasma wavelength Ap 1.35 mm
-4 -2 0 Magnetic field gradient 1,000 Tm™! <€
Z (mm) Magnet length 0.7 m [ ‘ J
0 200 400 600

<-Accelerate an e- bunch on the wakefields of a p* bunch L (m)

<-Single stage, no gradient dilution
<-Gradient ~1 GV/m over 100’'s m
<-Operate at lower n, (6x10'%cm™), larger (A,.)°, easier life ...

© P. Muggli
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Caldwell, Nat. Phys. 5, 363, (2009)

: e -
e -Witness p*-Driver b

+ + + +
L, S relativistic i

dm e+ + + o proton Single
i — bunch Stage

b AE/E~1%

~

| 1 | I
200 400 600

L (m)

over 100’'s m
dwer n, (6x10'*cm™), larger (A,.)°, easier life ...

P. Muggli, UCLouvain 03/31/2022
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SELF-MODULATION

R PHYSIK

< Long driver (e7), dense plasma, 6>>1/w,, 0;~Clo,,

pe’

< ‘tpe >

4

© P. Muggli P. Muggli, UCLouvain 03/31/2022
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MAX-PLANCK-IFI‘LIJSTITUT

SELF-MODULATION

O{~Clwpe Growth mechanism:

R PHYSIK

<Long driver (e7), dense plasma, 0>>1/w,,
< T »
Initial (transverse) wakefields

pe
m Periodic focusing/defocusing
Density'dulation

Self-modulation ‘
Full moduIaLi‘; bunch train

Pukhov, PRL107 145003 (2011)

l v 1

4 i i i

()

0 5 7m0

4

P. Muggli, UCLouvain 03/31/2022
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MAX-PLANCK- INSTITUT
UR PHYSIK

<-Long driver (e°), dense plasma, 0t>>1/oope, Ot'“C/(Dpe

.

: t -

m

Self-modulation ‘

Self-modulated bunch )
— Mbunch train

® 0%\0—

Plasma wakefields

QOQOOOOQ

© P. Muggli

SELF-MODULATION

Growth mechanism:

Initial (transverse) wakefields

Periodic focusing/defocusing

Density'dulation

Full moduIaLi‘; bunch train

Pukhov, PRL107 145003 (2011)

l v 1

4 i i i

()

0 5 7m0

4

P. Muggli, UCLouvain 03/31/2022
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< Long driver (e°), dense plasma, 6>>1/wp,, 0y~Clo,, Growth mechanism:

-4 . : : : r
; Initial (transverse) wakefields

|
(8]
T

" Periodic focusing/defocusing
[ * ‘ ’ ‘ ‘ ‘ _ Density+édulation

2} » ; Full modulati.- bunch train
A.-M. Bachmann

x 'mm]

4 1 1 1 ! 1 1 1
100 80 60 40 20 0 -20 Pukhov, PRL107 145003 (2011)

F ¥ 0 i l v 1 1 i 1

. - (a)
— Mbunch train

£ 10
> [
w' 10 '

Plasma wakefields 108
0 5 710

< Train period ~t,,=2m/w,,
<-Wbunch length <<,
<~Resonantly drives wakefields to large amplitude 4

© P. Muggli P. Muggli, UCLouvain 03/31/2022

time [ps|

Self-modulated bunch




AvakE— @ CERN

R PHYSIK

<Use a long (0,>>A,,), relativistic (400GeV/p*), high energy (~20kJ) p* bunch to
resonantly drive large amplitude wakefields (E,~1GV/m) in a long (~10*m) plasma

<-Demonstrated self-modulation of the long proton bunch by the plasma wakefields

PP Self-Modulation

|
SM e
ic -
relativistic .
proton ura”] of HbunCheS
bunch

10 W

Laser Off/no plasma. (s sets, 2 events, saturated) ;.. " ..

CirsebbbaRRaRbRRBBOCY”

P. Muggli

~0,/c~200ps Defocused p* F. Batsch

Laser On/plasma (5 sets, 10 events, saturated)

AWAKE, PRL 122, 054802 (2019)
Turner et al. PRL 122, 054801 (2019)
Braunmueller, PRL 125, 264801 (2020)
Batsch, PRL 126, 164802 (2021)

© P. Muggli
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MAX-PLANCK-INSTITUT /‘ ‘V/] /(E @ CE RN

<-Acceleration of externally-injected e-
<-19MeV -> 2GeV

22

F  Gradient AWAKE +
20F 4§ No gradient
oL J 1.8F
= : 1.6F +
g 2 5 1 aia S L 4F
o0 8 E e —— +
z " o Db E“ 12F
2 4 1.05— +
A.-M. Bachmann : 0'8;_’
4 L ' . ' . H . 05k ® AWAKE, Nature 561, 363 (2018)
100 30 60 40 20 0 -20 CE | ) \ |

2 3 4 5 6 7
14
Ny, (10 cm9)

time [ps]

Laser Off/no plasma. (5 sets, 2 events, saturated) " © .

~0,/c~200ps Defocused p* s

Laser On/plasma (5 sets, 10 events, saturated)

<rExternal injection of e~ for acceleration AWAKE, PRL 122, 054802 (2019)
Turner et al. PRL 122, 054801 (2019)
. . . Braunmueller, PRL 125, 264801 (2020)
<-Development of a physics case and e’/p* collider design Batsch, PRL 126, 164802 (2021)
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<-Introduction

<-Novel Acceleration Techniques

Medium
Dielectric

Laser Pulse Dielectric Laser Accelerator Laser Wakefield Accelerator
DLA LWFA

. Structure Wakefield Accelerator

<-Dense, relativistic particle bunch (e, e*, p*, ...) to
drive wakefields in plasma

<-Summary
<> No structure to fabricate 10
<> Demonstrated: S S
% >50GeV/m o 13
<~ large energy gain £, S 1
<> Not symmetric e’/e* 20 o0 o0 e o o

<~ Application to e’/e* and e/p* colliders £um)
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<-Introduction

<-Novel Acceleration Techniques

Medium
Dielectric

Laser Pulse Dielectric Laser Accelerator Laser Wakefield Accelerator
DLA LWFA
Particle Bunch Structure Wakefield Accelerator Plasma Wakefield Accelerator
SWFA PWFA

<-Summary
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PWFA FOR e'/e* COLLIDER

PWFA Research Roadmap for Electron Driver:
Goal is to Get to a TeV Scale Collider for High Energy Physics

ol AL
T\

J. Rasemzweig et al | Nuci. Instr. and Meth. in Phys. Res, A 410 (1998} 532343 539

Rosenzweig et al (1998)

Wake-fleld modules Gamma converter and Detector

Y :m &l:g‘buuon network
Heavily Beam-loaded Electron Linac I
RF Drive beam aceelerat .
il gun nve dam acceleralor Seryl et a/ (2008)

) : RF separator
photoinjector bunch compressor L 2lile
‘p Drive beam distribution

Fig. 6. Schematic of a y—7 collider using a hardware transformer scheme, A large numby
linac fed by an RF photoinjector followed by a compressor, Seperate wake modules a
a binary RF spliting scheme,

Beam Delivery and IR )
‘ - i il
‘ PWFA cells PWFA cells

main beam

Adli et al (2013)

main beam

e- injector 5
~ 4 km

< >

| V0 “\ New concept for a PWFA-LC iy ¢
e- £, = 1TeV, L=1.3010%, T=10 e+
Main e- beam [CW) Absolutely not to scale Main e+ beam {CW)
Q=1.0x 10" @ 12.5 kHz DR DR Qe1.0 x 10%" @ 12.5 kHz
k o e+ source

Pupsns = 10 MW x A d 'e source g +

| 20 plasma stages, AE=25 GeV each stage
t+—D
BDS and final focus,

(3 km)
Injection every half turn,
€=1200m, P__/P.. = 10%

SCRF CW recirculating linac
“500 m, 19 MV/m

PWFA-LC concepts highlight
key issues and help us prioritize
our research programs e.g.
efficiency, positrons

Magnetic chicanes
2 ns delay

Drive beam after accurmulation :
Trains of 20 bunches, 2 ns apart @ 12.5 kMz

Drive beam (CW)

Presented at ANAR 2017 WG Summary by M.J. Hogan <o zo<einly b o

Print ISSN: 1793-6268
e- source Online ISSN: 1793-8058

<> Staglng also required for LVVFA Mark J. Hogan, Rev. Accl. Sci. Tech., 09, 63 (2016)

© P. Muggli



04 By5 3£

MAX-PLANCK-INSTITUT S U MM/ \I {Y
FUR PHYSIK

< Advance and novel accelerators (ANAs) have demonstrated very high gradient acceleration
(1-100GeV/m)

<-Large energy gains have been achieved:
0-7.8GeV in ~20cm plasma (LWFA, LBL)
42-84GeV in ~ 85cm plasma (PWFA, SLAC)
0.019-2.0GeV in <10m (SM-PWFA, AWAKE)

<-Schemes based on dielectrics are symmetric for the acceleration of e and e*
<-Challenges remain in producing beams of collider quality

<-Concepts/straw-man design of ANA-based colliders exist ...
<-e/e* collider, Higgs physics
<-e/p* collider, QED, p* structure physics
<~Reduction in km-length by a factor of a few

<-Long term possibility:
<>ANA part of an energy upgrade of a linear collider (CLIC, ILC)
<-ANA replaces “conventional” accelerator parts, e.g., injector
<-ANAs need to meet all challenges of colliders

<-Exciting research field since in its discovery phase ... opportunities ...
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~

RF-based acceleration ...

F %
i

... plasma-based acceleration
|. Blumenfeld

YEAH, ITS KINDA LIKE THAT ...
... ITWILL CHANGE YOUR LIFE!
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