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THE ELECTRO MAGNETIC SPECTRUM

1metre =100cm 1cm =10mm 1 millimetre = 1000 microns 1 micron = 1000 nanometres (nm) - one nanometre is one billionth of a metre
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and falls approximately between 700 and 400 nanometres

Electromagnetic Radiation detected by the humam eye is called visible light
Ultraviolet X-Ray Gamma Ray

Radio Microwave Infrared
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Lecture |

<> Particle accelerators

< W
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ny short wavelength accelerators?
ny plasmas?

ny lasers?

< Laser wakefield accelerators (LWFA)
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Electron acceleration from LWFA
Radiation sources
Proton/ion acceleration

< Conclusions
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Learning objectives-Lecture |

? Motivations for short wavelength accelerators
? How laser-plasma acceleration works
? Limitations of laser-plasma accelerators

? Applications of laser-plasma accelerators

26/01/2026 Cl Postgraduate Lectures



Lectures ||

<> Why beam driven plasma wakefield accelerators?

<> Plasma wakefield accelerators (PWFA)
** Electron driven PWFA

+** Positron driven PWFA

** Proton driven PWFA

ielectrics in accelerators

* Dielectric laser accelerators (DLA)

** Beam driven dielectric accelerators (DWA)
*¢* THz driven dielectric structures

<>Conclusions and future perspectives

0 o

0

<>

e o O
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Learning objectives-Lectures Il

Why beam driven PWFA and how it works
Electron driven PWFA experiment
Positron driven PWFA experiment

Why proton driven PWFA and how it works

Why dielectric accelerator and how it works

Future perspectives
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Why beam driven PWFA?

* Owing to the limited research facilities, PWFAs
trailed much behind LWFAs in their development

 However, PWFAs possess a few advantages over
\WFASs

* PWFA drivers propagate through plasma at close
to the speed of light, ¢, leading to a plasma wave
phase velocity much higher than that in LWFA,
where laser pulses propagate at their group
velocity, v,, which is less than c. Limiting effect
such as overtaking and dephasing of accelerated
particles are mitigated.




Why beam driven PWFA?

In PWFAs, strong transverse focusing fields in the plasma
prevent the driver beam expansion, allowing much longer
acceleration lengths than that in LWFAs. Meters long plasma
was demonstrated

The increased wake phase velocity reduces unwanted self
injection of plasma electrons into the wakefield, mitigating the
dark current

Beam drivers have much greater parameter stability than the
high intensity laser drivers

Particle beams for PWFAs can be generated with megawatt
power with efficiencies of ~¥10%. In contrast, state of the art
high intensity laser systems deliver output power of ~100W
with ~0.1% level wall-plug efficiency.



Beam driven facilities: status
N e N

Use for future high energy e-/e+ collider.

AWAKE CEIIRN, Geneva, 400 GeV Externally injected electron 2016 2020+ Study SeIf-ModuIatlor) Ipstablllty (SMm).
Switzerland protons beam (PHIN 15 MeV) 2030+ Accelerate externally injected electrons.
Demonstrate scalability of acceleration scheme.
20 GeV Two-bunch formed with - Acceler.at.lon of witness bunch with high quality
SLAC, Stanford, electrons Sept and efficiency
SLAC-FACET mask 2012 . .
USA and e g e bunelies) 2016 - Acceleration of positrons
positrons - FACET Il preparation, starting 2018
AL, DI 2UIGY No witness (W) beam, onl
DESY-Zeuthen Zeuthen, electron » only 2015 ~2017 - Study Self-Modulation Instability (SMI)
D beam from RF-gun.
Germany beam
X-ray FEL
DESY-FLASH DESY, type D + W in FEL bunch. - Application (mostly) for x-ray FEL
Forward Hamburg, electron Or independent W-bunch 2016 2020+ - Energy-doubling of Flash-beam energy
Germany beam 1 (LWFA). - Upgrade-stage: use 2 GeV FEL D beam
GeV
Brookhaven BNL, 60 MeV Several bunches, D+W On s Ik quaspnqnlmear PWF.A regime.
ATE Brookhaven, electrons formed with mask oin - Study PWFA driven by multiple bunches
USA ’ gomng - Visualisation with optical techniques
SPARC Lab Frascati, Italy 150 MeV Several bunches On. i Mult|-pu.rpose user faC|I|ty:-|ncIudes I?ser— and
going beam-driven plasma wakefield experiments
CLARA Daresbury Lab ~ 35-250 MeV  D+W bunches on going - LWFA with external injection

FACET-II (10 GeV e+e-), LUND, BEPCII... energy boost, ICS, plasma energy recovery

Courtesy to Edda Gschwendtner (CERN)
26/01/2026 Cl Postgraduate Lectures 10



Brief history

Concept on laser plasma-based accelerator was proposed
by Tajima & Dawson in 1979.

The idea was to excite large amplitude plasma electron
waves by using short pulse laser (LWFA) in high density
plasma.

P. Chen et al. proposed to use electron bunch to excite the
plasma electron wave (PWFA) in 1985 and this idea was
confirmed experimentally by Rosenzweig et al (1988).

The PWFA experiments conducted by UCLA/USC/SLAC
collaboration achieved many highlights (FFTB/FACET at
SLAC).

Several other labs, such as ANL, BNL, DESY, INFN, CERN,
Daresbury Lab joined in this exciting research field
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Seminal papers on PWFA

VOLUME 54, NUMBER 7 PHYSICAL REVIEW LETTERS 18 FEBRUARY 1985

Particle Accelerators, 1985, Vol. 17, pp. 171-189
0031-2460/85/1704-0171/$20.00/0

Acceleration of Electrons by the Interaction of a Bunched Electron Beam with a Plasma © 1985 Gordon and Breach, Science Publishers, Inc. and OPA Ltd.
Printed in the United States of America

Pisin Chen‘®
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
A PLASMA WAKE FIELD ACCELERATORT

and
J. M. Dawson, Robert W. Huff, and T. Katsouleas R. D. RUTH, A. W. CHAO, P. L. MORTON and P. B. WILSON
Department of Physics, University of California, Los Angeles, California 90024
(Received 20 December 1984) Stanford Linear Accelerator Center

Stanford University, Stanford, California, 94305

A new scheme for accelerating electrons, employing a bunched relativistic electron beam in a
cold plasma, is analyzed. We show that energy gradients can exceed 1 GeV/m and that the driven
electrons can be accelerated from yomc? to 3yomc? before the driving beam slows down enough to
degrade the plasma wave. If the driving electrons are removed before they cause the collapse of the
plasma wave, energies up to 4y§mc? are possible. A noncollinear injection scheme is suggested in
order that the driving electrons can be removed. 1. INTRODUCTION

(Received December 14, 1984)

PACS numbers: 52.75.Di, 29.15.—n X
One of the main parameters that determines the next generation of high energy

accelerators is the acceleration gradient. Recently there has been interest in the
use of plasma density waves for obtaining high acceleration gradients. The Plasma
Beat-Wave scheme of Tajima and Dawson uses two beating lasers to excite the
EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH plasma at its resonant frequency.' The driven plasma provides an accelerating
field that in principle can be of the order of several GeV/m.>"> This scheme has
also been modified in the Surfatron,®® although the basic principle is similar.

SVDM/afm - CERN/PS/85-65 (AA)
CLIC Note No. 3

IMPROVING THE POWER EFFICIENCY
OF THE

PLASMA WAKEFIELD ACCELERATOR

S. van der Meer

ABSTRACT

Some methods are proposed to improve the efficiency of energy transfer
from the primary beam to the secondary one. The first suggestion is to use
beam diameters small compared to the plasma wavelength; in this regime the
longitudinal wakefield depends little on the diameter. The second possibili
ty is to use a continuous sequence of primary and secondary bunches without
letting the plasma oscillations decay in between. It is shown how a steady-
state solution providing equal deceleration or acceleration for all parti
cles exists in first approximation.
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Basic principle of PWFAs

Electron motion solved with ...

driving force: Space charge of drive
beam displaces plasma
electrons. Space charge
— oscillations
(Harmonic
restoring force: Plasma fons exert oscillator)
restoring force
"EEEEE EEEEE BRI« —_—
- = =T = electron
e - e- 8T Tl - beam
—— — —> e

Longitudinal fields can accelerate and decelerate!

26/01/2026 Cl Postgraduate Lectures 13



Basic principle

- Space charge of drive beam displaces plasma electrons

+ + + 4+ g + + + + T + +
+ 4+ + o+ + + + 4+ ++< —

___ _ electron beam

Ez

* Plasma ions exert restoring force => Space charge oscillations

- Wake Phase Velocity = Beam Velocity (like wake behind a boat)

1

: 2
- Wake amplitude <« Nb/crz (forzozzflpaﬁ)

- Transformer ratio  E;ucc./E dec.beam

26/01/2026 Cl Postgraduate Lectures



Some useful tips

Relativistic plasma wavelength

}Lp =2nc/wp

Plasma frequency

W, = [np62 / (,som)]l/2
The field of a linear plasma wave

E, =% 2 0.96n" [V/em]
e

The field is thus proportional to the square-root of the plasma density
n,. This means that a plasma density of 10%® cm= gives an accelerating
gradient of 1 GeV/cm. In the nonlinear plasma wave, the field is even
larger.

26/01/2026 Cl Postgraduate Lectures 15



Some useful tips

 The plasma wave is linear as long as the density
perturbation is small, i.e., Snp/np <<1. A

nonlinear wave can be excited in the case of
én,/n,>> 1.

* In the PWFA case, if the drive beam density n, >
n,, and in LWFA case, if the normalized vector

potential exceeds unity, a, > 1. The nonlinear
wave can be excited.

* Beam density is given by 7= —w—



Key facts in PWFA

Relativistic, short, dense bunch: Eacc[MV/m] — 744

2
N, (600um)

2x10°\ o,

o)
- and £ <<2x

with 1
oY A,

9%
A’P

Typically for 1GV/m: N =2x10" o.=200um 0O, <<137um in n, =14x10"cm™

Blowout, nonlinear regime: -—Z2>1]
n
p
. . BB 1 pe
Pure ion column focusing: ~ —* =~ =42kT'/m free of geometric aberrations
0
Wave-breaking field: E,,=3.6GV/m

Combination of large transverse focusing gradient and large accelerating field
leads to large energy gain

All the beam particles and the wake are ultra-relativistic —» no dephasing!
High energy (per particle) drive bunch

26/01/2026 Cl Postgraduate Lectures 17



First experiment in 1988

VOLUME 61, NUMBER | PHYSICAL REVIEW LETTERS 4 JuLy 1988
Experimental Observation of Plasma Wake-Field Acceleration
J. B. Roscnzweig, D. B, C‘linc.{’] B. Colc_.(b] H. Figueroa, ' W, Gai, R. Konecny. J. Norem,
P. Schoessow, und J. Simpson
Iigh Energy Physics Division, Argonae National Labaratory, Argorne, Hllinois 60439
. (Reccived 11 March 19880
21 MeV drive beam,
H We report 1he lirst experimental test of the physics of plasma wake-ficld acceleration perlormed at the
15 Mev Wltness bea m’ Argannc National Lahoratory Advanced Acceleratnr Test Facility. Megavolt-per-meter plasma wake
. . . Nelds are exciled by a intense 21-MeV. maltipiscosecund bunch of electrons o a plusing ol density
Delay d Istance IS varia ble ne=1%"*em ™7, and probed by a low-iatensity 15-McV witncss pulse with a variable delay time behind
the intense hunch. Accelerating and Jdefleclting wake-field measurements are presented, and (ke results
Plasma density 1012_1013 Cm—3 compared 1o theoretivul pttdit}!il?l‘lﬁ.] : : : :

SE (KeV)

—— = -

+—ADJUSTABLE
DELAY

L 1 1 | | |
SPECTROMETER -50 0 50 100 150 200
[ , :] Witness Beam Delay {psec)
1 METER —-
FIG. 1. Schematic of Argonne National Laboratory AATF FIG. 2. Scan 1: Witness-beam energy-centroid change £

layout. vs time delay behind driver. Total driver-beam charge Q =2.1

nC; plasma parameters £ =28 cm and n, =8.6x%x10'? ¢cm ™
Theoretical predictions are given by the dashed line.
Cl Postgraduate Lectures
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Experiments at FFTB@SLAC

PEP I SSRL PEP I
Low Energy SPEAR IR-2
Ring (LER) Detaclor

North Damping Ring

Baam
F}\r - . Switch
Positron f%eium Line Posllroln Source (;Sars) * Station A
@-gun N (ESA)
7 - - g ! Final Focus * SLD
- Linac Test Beam
200 MeV
injector T
PEPII
. High Energy
South Damping Ring Ring (HER)
- 3km - .

Final Focus |
Test Beam
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Experiments by UCLA/USC/SLAC collaboration

Long beam vs. short beam

Table 1

Typical parameters for the long and short bunch experiments.

Parameter/symbol/unit Long bunch Short bunch

Beam e~ and et e

Energy E( (GeV) 28.5 285,42

Beam relativistic factor y 55,773 55,773, 82,192

Bunch length o, (um) (730} [30t0 15}

Bunch radius oy y (um) 30, 30 10, 10

Bunch population N, 1.8 x 101% 1.2 x 1010+ 1.8 x 1019

Beam density nj, (cm ™) 1.8 x 101, 1.2 x 101 2.3 x 107 t07.6 x 10!
Normalized emittance® €y y (m-rad) 50,5 x 10~ 50,5 x 10~

Lithium plasma Photo-1onized Field-ionized

Density range n, (cm™) 1012-5 x 101 10103 x 10°

Length L (cm) 140 10, 20, 30, 60, 90, 120

P. Muggli, M. Hogan, C.R. Physique 10, 116 (2009)

26/01/2026 Cl Postgraduate Lectures
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E-157/162 Results with 600 micron electron bunches

Focusing e-

X-ray Generation

Wakefield Acceleration e-

300 = _
[ CFO Plasma EntrancezSO”m
250 ¢ =12x10" (m rad) ] ;’; 200; (a)
[ B,=1.16m ] %’ 150 ¢ /
’é\ 200 — - 1 April 2002 < 100 _ |
= ; ' & s .
£ 150} ] 5 . /)
] [ = 0 3 '_:. '\. "'./‘(
z Fo” ; M so: EUR ol
gt 100 | _ > : O o
: : ) .
0| v E s * .
L Q G‘ U‘ } UJ t Gz {2 G‘ 1
Gl ¥V 2D S N N D W I
2 0 2 4 6 8 10 12 & 4 2 0 2 4 6 8
[m"":: E= o Time (pS)
Phase Advance ‘P oC l’lel/zL (@g Published by The American Physical Society
Phys. Rev. Lett. 88, 154801 (2002) Phys. Rev. Lett. 88, 135004 (2002) Phys. Rev. Lett. 93, 014802 (2004)
Matching e- Electron Beam Refraction at the Gas— \Wakefield Acceleration e+
600 E7SMANIeyIeasasasssssases Plasma Boundary 100 e 100
. L=14m ® Plasma OFF irecticn o
- ® - , B0 F Popagatic
1 T R I Boc fsing e o
: ° 8N=18><105 m-rad oal 60 | i
400 8V e P =6.1cm ' o 40 0
—~ : i G.O=-O.6 [ ‘?J o) - H) g
E 0 —_ 0.1 2 _0 - —
S 300 f -9 =~ 0 £
= g £ Jo 3
200 [ .; 2 -20 i{}{i c
i h = -40 l 420
v 02y ° BPM Data 00 B teas i i * Tail
Loy PepRSBegXSene — Model -80 L L L L 0
0 0 2 4 6 8 10 12 1 03—t L -6 -4 -2 0 2 4 6
-8 -4 0 4 8

26/0Phase Advance W o n,'2L
Phys. Rev. Lett. 93, 014802 (2004)

Cl Postgrad@iétadctures
Nature 411, 43 (3 May 2001)

Position in Bunch (ps),

Phys. Rev. Lett. 90, 214801 (2003)



Energy gain scaling law

14 GeV Energy Gain in less than 30 cm !

._ N B Y
%\ 40.5 = o - 445
o oo vee 0 1%0|
o N ) < 405
= 31.7 & | qJ
< 28.5 = - =
e < K\l B ﬁ B 365
™ Energy = V o _ N’

e o >\ 325
5 V’ = EEEEAgetece C)
S 25 ¢ a=38s = o 1
~ t b) h o .. - &
o i a e -
2 - : < D
x % . . -
= E = * 1
g St | A oll Ll IV C 28.5
g . . '
s i . . s R W —
< t +"e . - o
g 0.5 F ... [ ] n -
< I g° L mg e
o 0. . ®eeccce®™n * . |
20 10 0 10 20 30

Position (cm)

Figure 1: a) energy spectra before (1) and after :
propagation through the three longitudinal _5 O 5

density profiles (Il to IV) shown in Fig. b). ;
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Long electron beam

IP2:
lonizin .
,€"  Laser Pu?se Po: Streak Camera

(193 nm) Li Plasma (1ps resolution) JCdt ‘[ X
/\ ngex101em®  quadrupoles Bending Magnets . 4

[~1.4m - X-Ray

f_\_'-_, ' . Diagnostic
A=2%1010 y : &l x> |
0~0.7 mm '})ptical Transiton ~— ~ -~~~ -~ T777°7 Cherenkov

F=28.5 GeV - | .
05 Ge Radiators Imaging Spectrometer Radiator  Dump

25 m |

ptlcal Transition Radiation

Lithium vapor plasma cell
Laser ionized!

spatial resolution <9 um
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E-162 plasma wakefield experiment

PEP I SSRL PEP II

Located in the FFTB Low Energy  SPEAR IR-2
Ring (LER) Detaclor

North Dampmg Ring

Baam
Switch
Posdron Retum Line Positron Source  Yard End
(BSY) ~_Station A
&-gun N (ESA)
- Final Focus * SLD
200 MeV Llnac e - Te(?:tF_B]%a)m
injector T
PEP II
h Ri P High Energy
South Damping Ring T Ring (HEA]
- s 2 3km
K lonizing

) Streak Camera
€ Or €' aser Pulse | Plasma

(193 M) n2. 1014 ey PS resolution) JCdt

(Aerogel)

i Le1.4 m

i X f

- N=2-10% \ /' Quad+Bend ‘

| oz 3%% V Optical Transition = Magnets Cerepkov -
E= © Radiators Radiator

\ 12 m

\

N
~
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PWFA experiment E162

Typical parameters:

2-D PIC Simulation OSIRIS

n~1.5x10"4cm-3

Long € - beam:
E 28.5 GeV

Blow-Out. Focusing @ o,
LN B B BN R T

N <2x1010 ¢ R 0
o, 0.63mm (2.1 ps) E
n,  >4x10"cm = ol 1-100
gy  5x107° m-rad 2
gy  0.5x10"° m-rad g 01f
aa
Plasma: g 02¢ 1-200
14 e-3 E
n, 0-2x10'* cm =
. . 2 03}
L 1.4 m, laser ionized =2
Y T I i s Y0
-15 -10 -5 0 5 10 15
Experiment: n,>n,=> nonlinear, blow-out regime T (ps)

* Uniform focusing field (r,2)

26/01/2026 Cl Postgraduate Lectures
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Plasma focusing

Beam Envelope Model for Plasma Focusing

Plasma Focusing Force > Beam “Emittance Force” Envelope equation:

2 2
(ﬁbeamZI/K> ﬁplasma) J (3 + K2(7 — 8_3
200 —4 W+ 0z O
p —No Plasma 1 Inanion channel:
150 [ =n_=0.03x10"* cm™ Plasma Lens 1
[ m— =1.5%10'* cm® 3 Betatron Pinch i C()pe 172
= " K= (n,)
S 100 2ye
- [ with a focusing strength:
50 L
: ] W=Er=Be=lnpe
O : . . . . l . ) ) A :l ) ) ) { ) ) ) ) BelamF:)cusilng(zl).gralph: r C r 2 goc
0 1 .fZ 3 4 5
«—n —i z (m) =6 kT/m
A

@ n,=2x10"* cm3

Multiple foci (betatron oscillation) within the plasma
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et and e as drive beams

o,= 35 um

b s - N=1.8x1010
[

‘\/r' n,=1.5x10% cm3
[

homogeneous, QUICKPIC

0.2, T T LA L L B AL BN RN | 300
—
E
> 0.1} -
2 ol g
% 0L - 200 B
o o
5 0.1L §
= o
= 02} . 100 =
5 =
2 >
2 03+ ~
S
a8 .
—O '4 N IElelctrlonlflelldsICheanlunl.kg L L | 0
215 -10 -5 0 5 10 15 15 <10 -5 0 5 10 15
T (ps) T (ps)
* Blow-Out * Fields vary along r, stronger

» Accelerating “Spike” * Less Acceleration, “linear-like”
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et acceleration

200_"'|"'|"'|"'|"'|"'|"'

< o ]
% g b TnElatem? | PRE-IONIZED plasma

_ —®— 1 =1.8+0.1x10" (cm™ _ H
=) 100 Ao { LONG bunch operation
> ; ;
o1 ) 50 N .
= C ]
g 0L > 0= 730 pm
M 50 : N = 1.2x10%0 e*
O : : k,0,= V2
> 100 | ]
© 20 -0 0 +20 +3oz_§
o 2000 |7 1 ]

6 4 2 0 2 4 6 8

Time (ps) PRL 93, 014802 (2004)

Energy gain smaller than, hidden by, incoming energy spread

Time resolution needed, but shows the physics
Peak energy gain: 279 MeV, L=1.4 m, =200 MeV/m
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Acceleration gradient vs. bunch length

E-164X:
c,=20-10 ym
>10 GeV/m

gradient!

(o, dependent! k,c, = 1)

f,=2.8 THz, W = 3MT/m
@ n,=10"" cm3

26/01/2026

Electric Field (GV/m)

1000 :Azch'eécléiéIds(sigmaz) ' L ' ' o r e
- ® Accel. (Useful) 0 =20 (um)
I O Accel. (Useful) 0 =10 (um)
100 £ O m Deccel. (Useful) 0 =20 (um)
n e O Deccel. (Useful) o =10 (um)
L & -
10 E_ | | -
i °
1k " E
°
0.1 ¢ .
5 3 P
L <—:‘_’ - -
0.01 L 2 L L : Lo, e
10 100 1000
o_(um)

Cl Postgraduate Lectures

29



Short bunch experiment@ FFTB

Chirping Compression

Damping Ring

N\ SLAC Linac FFTB

1GeV  9ps I 0.4 ps 20-50 GeV <1005

Add 12-meter chicane compressor
in linac at 1/3-point (9 GeV)

Existing bends compress to < 100 fsec

_O_‘\O\v—o- 14

» Bunch length/current profile is the
convolution of an incoming
energy spectrum and the
magnetic compression

AEKE) 1%

AEKE) 1%

z/mm

0 =28.0 um (FWHM: 24.6 um, Gauss: 11.0 um)

30 kA - > § [,=30631kA
80 fs FWHM <
28 GeV

n/10°
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Energy [GeV]

Puvsicat GeV energy gain

REVIEW
— Accelerating Gradient > 27 GeV/m!

p
29 JuLy 2005

(Sustained Over 10cm)

- Large energy spread after the
plasma is an artifact of doing single
bunch experiments

e | - Electrons have gained > 2.7 GeV
29.5 . : over maximum incoming energy in
' 10cm
28.5 - Confirmation of predicted
dramatic increase in gradient with
27 5 - ol move to short bunches
* First time a PWFA has gained
26.5 more than 1 GeV
- Two orders of magnitude larger
25.5 than previous beam-driven results
* Future experiments will accelerate
24.5 a second “witness” bunch

PRI |\ Plasma IR PG LAl V.. Hogan et al. Phys. Rev. Lett. 95, 054802 {2005)



Plasma source

Plasma source starts with
metal vapor in a heat-pipe oven

Optical Optical
Window Hez|1ter Window v ]?/oundary Laye{\s L
5
E — _ e H % —)w< M > -
=l L e
T ek ; S ~ ,
He Cooling Insulation Cooling Pum 0 ‘ ’
Jacket Jacket p fe—— L—
Peak Field For A Gaussian Bunch: lonization Rate for Li:
N 20u100 ) 3.60x10°' —85.5.
E=6GV/m e M//.z[s I]z SSNTY Py R o e 1
2x10° o, o E*IGV /m| T\ E|GV /m]

See D. Bruhwiler et al, Physics of Plasmas 2003

Space charge fields are high enough to field (tunnel) ionize - no laser!

- No timing or alignment issues - However, can’ t just turn it off!
- Plasma recombination not an issue - Ablation of the head
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Energy doubling experiment

PEP Il
Low Energy
Ring (LER)

SSRL
SPEAR IR-2

North Damping Ring
Positron Retum Line Positron Source # Station A
a-gun L,
- - -—— Final Focus
200 MoV Linac ~ Te(gF?r%a)m
injector T NLCTA
PEPII 5 Et,"d B
. _ High Energy ation

South Damping Ring Ring (HER)

- 3km -

Spectrometer
magnet Plane 1 Plane 2
Plasma
Electron
Pulse
) 85 cm 218 cm g 86 cm 100 cm

Electron beam (beam energy 42 GeV, bunch length 50 fs, bunch
charge 2.9 nC)

Plasma (heat Li oven, length 85 cm, density 2.7e17 cm-3)

Max. energy gain
43 GeV (85 cm column) =52 GeV/m |

26/01/2026

Position (mm)

Charge density (~e mm™1)

Cl Postgraduate Lectures

Dispersion (mm)

L -16 -14 -12 -10 -8

Energy loss

Energy gain
%

Scalloping of the beam

180 120 60
109 k / Charge density (-e um2) 4
108 | 3
Experiment -3 x 100 e GeV-1 ' |
Simulation FI»
1 07 1 1 1 1 1 1 ﬂ
35 40 50 60 70 80 90 100

Electron energy (GeV)

Energy spectrum of the electrons in the

35-100 GeV range as observed in plane 2

Blumenfeld et al., Nature 445 (2007) 741
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2nd generation PWFA experiment---FACET

Focusing (E)
Decelerating (E.)

ﬁ
electron
beam

Focusing (E,)
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Accelerated Wltness Bunch

The Facility for Advanced Accelerator Experimental Tests (FACET)

Physical mechanism of the Plasma Wakefield Accelerator for previous single bunch experiments
in the FFTB (top) and the two bunch case proposed for FACET (bottom)
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Layout of FACET

; Bunch Compressors
North D
St oot (e- & e+) Positron Source  FFTB < 2006

Ring ;
p\ Positron Return Line }
| ‘ LCLS Injector
= 4
e gun \

Linac
FACET Sector 10 FACET Sector 20

South Damping
Ring

Figure 4. Schematic of the SLAC site with proposed FACET modifications to
the linac systems marked in red. The positron bunch compressor is at Sector 10
and the experimental area is at Sector 20 along the linac. A shielding wall at the
end of Sector 20 will allow access to the upstream portion of the linac during
LCLS operations.

M. Hogan, et al., New Journal of Physics 12 (2010) 055030
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FACET beam parameters

Energy 23 GeV with full compression and
maximum peak current

Charge per pulse 3 nC per pulse with full compression

Pulse length at the focal point or 25 um with 4% full-width (fw) momentum spread with

interaction point IP (o) full compression and 40 um with 1.5% fw momentum

spread with partial compression

Transverse spot size at IP (o) <10 um nominal

Momentum spread 4% full-width with full compression (3% full-width at

half-maximum (FWHM)) <0.5% full
width without compression

Momentum dispersion at IP ( and ") 0
Drift space available for experimental 2 m from the last quadrupole to the focal point;
apparatus approximately 23 m from the focal point to the
beam dump
Transverse space available for 3 m (width) x3 m (height)

experimental apparatus

M. Hogan, et al., New Journal of Physics 12 (2010) 055030
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FACET bunch compression
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Simulation results

Nonlinear Longitudinal Wakefield

T T — T T ‘g T
100l Drive Beam = : :
v -, ;| ===Theory
O 100} | ""b ' | O Experimental Results|]
50+ w ' Sael : [ simulation results ]
m LY
E e | T
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(U] E 1 h‘\
o C6 | T
@ Usable Value—\| o ' ' O..
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a b

Figure 2. (5) %\Ionlinear longitudinal wakefield excited by the drive (be)am in
a plasma. (b) Peak accelerating field versus drive electron bunch length for
N =2 x 10'0 electrons for a fixed beam spot size of 5um. The density is
varied such that the normalized bunch length is kept fixed at k,0, = /2. As the
bunch length is shortened, there is a transition from the linear to the nonlinear
regime. The dashed line is the prediction from linear theory for narrow bunches
(equation (1)). The squares are the results obtained from QuickPIC simulations.
The circles are experimental data points. Note that in the experiments the
bunch length is not exactly matched to k,o, = /2. When the exact experimental
parameters are simulated, the gradients are in agreement, e.g. see [8].

M. Hogan, et al., New Journal of Physics 12 (2010)055030
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FACET

Generate Two Bunches by Selectively Collimating
During Bunch Compression Process
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Two bunch acceleration at FACET

Double Energy of a 25GeV Beam in ~1m

Drive beam to witness beam efficiency of ~30% with small dE/E

E_ [GV/m], Beam Density [a.u.]
Energy [GeV]

il

M. Hogan, PACO9



Bunch acceleration at FACET

QuickPIC simulation, D: 5,=30um, N=3x10"%-
W: 5,=10um, N=1x10"%", 5,;=3um
Az=115um, n,=10"cm-3, E;=25GeV

50 T T T 1 T T T 1 T T T 1

Ee‘/e‘ 60 [ S— |
L i 0 20 40 60 80 100
45 1 Spec. Den. [a.u.]
~ I 50
Z |
&) 40 5 .
> < 40
o | >
g 35 5 . (2‘
=L 3 30
= 30 . o
i c
[ w 20
25 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 20 40 60 80
Propagation Distance (cm) 10

Wake evolution “bends” energy gain

L,=80cm, gain 25GeV, AE/E;=3%,
BUNCH ACCELERATION!

D to W energy transfer efficiency =30%

No bunch shaping, bunches carved out of a single SLAC bunch
26/01/2026 Cl Postgraduate Lectures
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Multibunch experiment @ BNL

Ry
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ﬂhrf Demdor*f%;4 |
Charge/bunch ~500pC >/l / E .l Az'=15Az |
b e- 1000 -500 0 500 1000
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—t R
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& PWEA Spectrometer
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high energy physics
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M. Hogan, EuroNNAc Workshop 2011



Applications---afterburner scheme

PEP I SSHL PEP I

100* GeV, e’/e* Collider S

North Dampmg Ring

Beam % e
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Pos:tmn Retum Line Positron Source  Yard End
(BSY) v_Slation A
a-gun Ny (ESA)
R _aa S 1 Final Focus
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injector
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it !
Ring (HER)
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IR-2
Detactor
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AA Mt%A A
e-and e*: «— m — IP «—  2Im >
Driver bunches: 0,=63 um, ¢,=5 um, N=3x10%0e"/e*, 50 -> 0 GeV
Witness bunches: 0,=32 um, o,=5 pm, N=1x101%e"/e*, 50 -> 100* GeV
Delay: d=200 pm
Plasma: n.=1.8 x10® cm3, L=7,21 m
Accelerating gradient: 8,3 GV/m, AE/E <10%
26/01/2026
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S. Lee et al., PRST-AB (2001)
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Simulation results

Simulations
by
C. Huang
UCLA
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Np=3x1010, N,=101,

enx=eny=2230x10° m-rad, 6,=6,=15 pm , (beam matched to the plasma)
o,p=145 pum, 6,,=10 um, Az=100 um

N.=5.66x10'® cm3, L,=30 m, pre-ionized, Gradient>17 GeV/m

Doubling the energy of 500 GeV bunch possible!,... in only =30 m! (simulation)
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LETTER

High-efficiency acceleration of an electron beam in a
plasma wakefield accelerator

M. Litos', E. Adli"%, W. An?, C. I. Clarke', C. E. Clayton®, S. Corde', J. P. Delahaye’, R. J. England', A. S. Fisher’, J. Frederico,
S. Gessner', S. Z. Green', M. J. Hogan', C. Joshi*, W. Lu®, K. A. Marsh*, W. B. Mori®, P. Muggli®, N. Vafaei-Najafabadi*, D. Walz',
G. White!, Z. Wu', V. Yakimenko' & G. Yocky'

_INSIGHT

doi:10.1038/nature13882

Accelerating gradient 4.4 GeV/m
Final energy spread of training bunch:0.7%

SPEED
AHEAD

Plasma wakefield

machines — theparticle
accelerators of the

future? eaces40292

92 | NATURE | VOL 515 | 6 NOVEMBER 2014

| ,l!!ﬂ ]
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Two bunches at FACET

High Energy
Y

: ) y
' 4 \ | y
Low Energy

Z

Extended Data Figure 1| FACET experimental area schematic. Electron  magnets, h, spectrometer dipole magnet, and i, Cherenkov and phosphor
beam line features: a, beam notching device, b, transverse deflecting structure, ~ screens. Bend dipole magnets in the “W'-shaped chicane are each labelled D’
¢, initial spectrometer, d, final-focus quadrupole magnets, e, lithium plasma ~ The arrow beneath the e symbol indicates the electron beam’s direction of
ionization laser, f, lithium vapour column, g, spectrometer imaging quadrupole  motion (left to right).
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Longitudinal profile of two bunch
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Extended Data Figure 2 | Measured longitudinal profile of two-bunch monitor screen, while the colour axis indicates the charge density of the
beam. Image of a typical two-bunch beam streaked onto a profile monitor ~ transverse profile. The bottom (z) axis shows the streaked dimension (y) with
screen by the transverse deflecting radio-frequency structure (Extended the appropriate scaling factor applied to give the corresponding longitudinal
Data Fig. 1b). The drive bunch appears on the right-hand side. Overlaidon the  coordinate. The right axis shows the linear charge density corresponding to the
image is the projected longitudinal profile (red line). The left (x) and top (y)  projected longitudinal profile.

axes show the transverse dimensions of the streaked beam on the profile
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Plasma density profile

26/01/2026

—e—Density deduced from temperature profile
—Fit
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Extended Data Figure 3 | Lithium vapour column density profile. The
profile of the neutral vapour pressure density of the lithium vapour column
deduced from the measured temperature profile (temperature versus relative
distance of insertion of a thermocouple probe) along the heat pipe oven is
shown as the blue line. The simple fit used to describe the density profile in our
model is shown as the red line.
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Positrons in hollow plasma

Positron beam Gold mirror
with hole

Laser profile

Kinoform by
. 250 um
Imaging
Plasma channel quadrupoles
L”V Dipole
YAG screen Spacirameatos

Without plasma With plasma

channel channel

@ @ LANEX screen
b 200 um c

Figure 1 | Experimental layout. The laser passes through the kinoform and is coupled to the beam axis by a gold mirror with a small central hole.
Inset (@) shows the laser profile upstream of the lithium oven. A scintillating YAG screen 1.95 m downstream of plasma is used to measure the positron
beam profile. Inset (b) shows the positron beam spatial profile as imaged on the YAG screen with the laser off and no plasma present. Inset (¢) shows the
beam profile with the laser on when the positron beam propagates through the plasma channel. The two profiles are similar, indicating that there are no net
focusing forces because of the plasma channel. A scintillating Lanex screen downstream of the dipole measures the beam energy spectrum.

Gessner et al., Nat. Commun. 7: 11785 (2016)
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Positrons in hollow plasma
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Figure 4 | Energy loss measurements. (a) A histogram of the beam energy loss for all 315 shots corrected for incoming energy jitter (see the Methods for
details). The plasma channel is present when the laser is on (red). When the laser is off (blue) the beam is propagating through neutral lithium vapour.
We fit the laser-on data to a gaussian (black dashed curve) with mean energy loss 18.9 MeV and width 3.2 MeV. (b) A comparison of the average
beam energy spectra for laser on and laser off shots. The s.d. error bars represent the statistical uncertainty in the upper and lower regions of the spectrum
due to averaging (see Supplementary Fig. 4 for details). The error has been multiplied by a factor of five so that it is visible in the plot.

Deceleration field: 220 MV/m!
Gessner et al., Nat. Commun. 7: 11785 (2016)
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FACET II

User Programs 2019-2026

Timeline: Key R&D Goals:
« Nov. 2013, FACET-Il proposal, Comparative review ' 19h brightness beam generation, preservation,
characterization
* CD-0 Aug. 2015 « e* acceleration in e- driven wakes
* CD-1 Oct. 2015 « Staging challenges with witness injector
e CD-2/3A Sep. 2016 * Generation of high flux gamma radiation
* CD-2/3 Apr. 2018
. Three stages:
* Experimental program (2019-2026) * Photoinjector (e- beam only)
* e+ damping ring (e+ or e- beams)

* “sailboat” chicane  (e+ and e- beams)

On schedule to start commissioning in 2019

V. Yakimenko, Workshop on Beam Acceleration in Crystals, June 24-25, 2019
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FACET Il parameters

TABLE IV. Single-bunch, high Q mode parameters.

TABLE II. Common machine parameters for all following
FACET-II configurations.

Parameter e et
Injected energy @ sector 11, E;, MeV 335

Pulse rep. rate f.,, Hz 1-30 1-5
Emittance into sector 20, ye, ,, pm-rad 34 13

TABLE III. Two-bunch mode parameters. f* refers to the
optical beta function magnitude at the interaction waist in
sector 20.

Parameter (units) Value
Final beam energy E; (GeV) 10.0
Bunch charge Q, (nC) 2.0
Peak current 7, (kA) 50-200
p* (cm) 5-100
Final rms energy spread, dE/E (%) 1.2

TABLE V. Single-bunch, high-quality mode parameters.

Parameter (units) Drive pulse Witness pulse  Parameter (units) Value
Final beam energy E; (GeV) 10.0 Final beam energy E; (GeV) 13.0
Bunch charge Q, (nC) 1.3 0.6 Bunch charge Q, (nC) 2.0
Peak current 7, (kA) 30 15 rms bunch length ¢, (mm) 0.1
/* (cm) . 5-50 p* (m) 10
Bunch spacing (um) 150 Final rms energy spread, dE/E (%) 0.05
Final rms energy spread, dE/E (%) 0.8 0.3
V. Yakimenko et al., Phys. Rev. Accel. Beams 22, 101301 (2019)
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Latest FACET-II results
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Fig. 1| Experimental setup, drive-beam depletion, and self-injection in a meter-
scale plasma wakefield. a A 10 GeV electron drive bunch is focused by quadrupole
magnets into a four-meter-long hydrogen-filled region confined by beryllium win-
dows with sub-mm apertures. A two-centimeter-long supersonic gas jet with a
movable blade creates a sharp density downramp. As the drive bunch approaches
its vacuum waist, its electric field ionizes the hydrogen to form a plasma column
(magenta cylinder) and excite a wake. The plasma prior to the gas jet acts as a
plasma lens to further focus the drive bunch. Plasma electrons injected at the

Energy (GeV)

at 15 GeV.

downramp are accelerated in the wake formed in the subsequent acceleration

26/01/2026

Energy (GeV)

C. Zhang et al., Nat. Commun. 16: 10719 (2025).

Cl Postgraduate Lectures

section. b Energy spectrum showing drive beam depletion to -1GeV (at 5.3 Torr,
1.7 x10'7 cm™3, gas jet off), indicating significant energy transfer to the wake. The
spectrometer is focused at 2 GeV. ¢ Energy-dependent betatron oscillations of the
drive bunch envelope (at 2.4 Torr, 7.8 x 10" cm™3, gas jet off) enable determination
of the effective plasma length'. d A distinct injected bunch accelerated to 26 GeV
with 0.7% r.m.s. energy spread appears only when the gas jet is activated (at 4 Torr,
1.3 x1017 cm™3, gas jet on). For this shot, the spectrometer quadrupoles focus
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Applications---PWFA based e* e collider

) A Conceptual PWFA-LC

~3km

v

New concept for a PWFA-LC
CW option with recirculation
E,,, = 500 GeV, L=2.1x10*, T=1.0

Mot ioccale

Main e- beam (CW) :
Q=1.0 x 10'%- @ 20 kHz
P final = 8 MW

Main e+ beam (CW) :
Q=1.0 x 10'%* @ 20 kHz

e-source e+source
10 plasma stages, AE=25 GeV each stage

BDS and final focus,

Magnetic chicanes: 2.5 ns delay (2.5 km)

<

Main e- plasma acceleration (0.25 km)

-
Injection every half turn, Main e+ plasma acceleration (0.25 km)
€=1000 m, P,,./Pp, = 13%

Drive beam after accumulation : " Accu- 4 passes recirculating SCRF CW linacs
Trains of 10 bunches, 2.5 ns apart @ 20 kHz mulator Each linac: 3.16 GV, 19 MV/m, 250m
. ring Each arc: 437.5m
Main beam structure Y =
~ N ~ @
ESU usE

~
Drive beam (CW) :
Drive beam structure out of linac  Drive beam out of acc. ring E=25GeV,
U ? O U QO VOO Q=2.0x 10%% @ 20x20 kHz
254 50 us Pog inival = 2 X 16 MW

e-source

E. Adli et al., ArXiv 1308.1145
J. P. Delahaye et al., Proceedings of IPAC2014

Key elements for the next decade:
» Beam quality — focus on emittance
preservation at progressively smaller values

http://science.ener * Positrons — use FACET-II positron beam
hep/pdf/accelerator-rd-stewardship/

.gov/~/media

Advanced Accelerator Development
Strateqgy_Report.pdf

identify optimum regime for positron PWFA
* Injection — ultra-high brightness sources,

staging studies with external injectors
26/01/2026
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PWFA at CLARA/FEBE

Why it makes sense

Free space available close to CLARA beam line
Unique beam properties (low emittance, high charge, relativistic, ultrashort)
Diverse beam operation modes

Well developed beam diagnostic equipment for VELA and CLARA (deflecting cavities,
longitudinal bunch length measurement, etc.)

FEBE 100 TW laser will be available in 2025/26

e Possible contributions to advanced accelerator community

26/01/2026

Two-bunch experiment for energy doubling of CLARA beam

High transformer ratio (laser shaping of the bunch density profile, hard-edge bunch
for an efficient wakefield excitation)

Ultrashort pulse x-rays production from betatron radiation
Plasma lens focusing effect

Hybrid wakefield acceleration

External injection in LWFA

Inverse Compton scattering based radiation source

Many others...
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Plasma acceleration research station (PARS->FEBE)
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FEBE beam line at CLARA

Screen
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40 Cavity

Bunch Compressor
Diagnostics

Linac 3

Linac4

Dogleg

VELA| 70-150 MeV ~250 MeV
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CLARA beam parameters

Operating Modes

Parameter Seeding SASE Ultra-short Multibunch
Max Energy (MeV) 250 250 250 250
Macropulse Rep Rate (Hz) 1-100 1-100 1-100 1-100
Bunches/macropulse 1 1 1 16

Bunch Charge (pC) 250 250 20-100 25

Peak Current (A) 125-400 400 ~1000 25

Bunch length (fs) 850-250 (flat-top) 250 (rms) <25 (rms) 300 (rms)
Norm. Emittance (mm-mrad) <1 <1 <1 <1

rms Energy Spread (keV) 25 100 150 100
Radiator Period (mm) 27 27 27 27

Table 3.1: Main parameters for CLARA operating modes.

CLARA CDR, July 2013
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Two-bunch acceleration
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Two-bunch acceleration
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Plasma density scan
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Proton driven plasma wakefield
acceleration (PDPWA)

HERA | TEVATRON LHC
Circumference [km] 6.336 6.28 26.659
Maximum energy [TeV] 0.92 0.98 7.0
Energy spread [1073] 0.2 0.14 0.113
Bunch length [cm] 8.5 50 7.55
Transverse emit. [10° 7 m rad] 5 3 0.5
Particles per bunch [10'°] 7 26 11.5

26/01/2026
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high energy proton beam as driver

Huge energy stored in current proton machines like
Tevatron, HERA, SPS and LHC

For example, the SPS/LHC beam carries

significant stored energy for driving plasma waves
e SPS (450 GeV, 1.3e11 p/bunch) ~10kJ
e LHC (1 TeV, 1.15e11 p/bunch) ~ 20 kJ
e LHC (7 TeV, 1.15e11 p/bunch) ~140 kJ
e SLAC (50 GeV, 2e10 e-/bunch) ~0.1 kJ

However, the current proton bunches are quite longer
to use as driver directly. Need much effort to
compress the beam

How to couple the energy of driver to the plasma and
the witness beam efficiently?
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PWFA and PDPWA

Pros. of PWFA

Plasma electrons are expelled by space charge of beam, a nice bubble will be
formed for beam acceleration and focusing.

The short electron beam is relatively easy to have (bunch compression).
Wakefield phase slippage is not a problem.

Cons. of PWFA

One stage energy gain is limited by transformer ratio, therefore maximum electron
energy is about 100 GeV using SLC beam.

Easy to be subject to the head erosion due to small mass of electrons

Pros. of PDPWA

Very high energy proton beam are available today, the energy stored at SPS, LHC,
Tevatron, HERA

SPS (450 GeV, 1.3e11 p/bunch) ~ 10 kJ
LHC (1 TeV, 1.15e11 p/bunch) ~ 20 kJ
LHC (7 TeV, 1.15e11 p/bunch) ~ 140 kJ
SLAC (50 GeV, 2e10 e-/bunch) ~ 0.1 kJ

Cons. of PDPWA

Flow-in regime responds a relatively low field vs. blow-out regime.
Long proton bunches (tens centimeters), bunch compression is difficult.
Wave phase slippage for heavy mass proton beam (small y factor),
especially for a very long plasma channel

E.,GV/m
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Schematics of PDPWA

focusing quadrupoles

\;

A thin tube containing Li plasma is
surrounded by quadrupole
magnets with alternating polarity.
The magnification shows the
plasma bubble created by the
electron proton
bunch  bunch proton bunch (red). The electron
bunch (yellow) undergoing
Gy acceleration is located at the back
4 of the bubble. Note that the
dimensions are not to scale.

Li gas cell

* A. Caldwell et al., Nature Physics 5, 363 (2009)
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Parameter setting

Symbol Value
Drive Beam
Protons in drive bunch [10" ] N, 1
Proton energy [TeV ] E, 1
Initial proton momentum spread o,/p 0.1
Initial longitudinal spread [um ] o, 100
Initial angular spread [mrad ] O, 0.03
Initial bunch transverse size [mm ] Oxy 0.4
Witness Beam
Electrons in witness bunch [107°] N, 1.5
Energy of electrons [GeV ] E, 10
Plasma Parameters
Free electron density [cm™ ] n, 6x10"
Plasma wavelength [mm ] Ao 1.35
External Field
Magnetic field gradient [T/m ] 1000
Magnetic length [m ] 0.7
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Simulation

X, mm

0.7

0.

(=]

-0.7

0.7

0.

(=]

-0.7

2 D and 3 D Particle-In-Cell (PIC) codes are employed to simulate the

interactions between plasma and beams.

n, 10 cm?

E, GeV/m
a) D)
d)

5
1‘ I<|% 'I

i
E

(4

|
|

-4 -2 0
Z. mm

26/01/2026

4 2

0
Z, mm

@
a

e) E, GeV/m,
loaded vs unloaded

vvvvvvvv

Fig.a-d), Simulation results for the
unloaded (no witness bunch) case (a,b)
and in the presence of a witness bunch
(c,d). The witness bunch is seen as the
black spot in the first wave bucket in d).
d) also shows the driving proton bunch
at the wavefront (red). e) The on-axis
accelerating field of the plasma wave for
the unloaded (blue curve) and loaded
(red curve) cases.

* A. Caldwell et al., Nature Physics 5, 363 (2009)

Cl Postgraduate Lectures 68



Simulation results

* Energy gain

1TeV

10 GeV

phase



Phase space of driver & witness

b)

1.0
0.8 ;
0.6 —_
0.4 _
02

Energy, TeV

1.0 |

0.5

N per MeV, a. u.

A, | ’p:"'hl\.

00 0 g Tev 1 0 F Tev | 0 E

b,

| .

Tev 1 0 £ Tev 1

Fig. a-h), Snapshots of the combined longitudinal phase space of the driver and the witness
bunches (energy versus coordinate) (a—d) and corresponding energy spectra (e—h). The snapshots
are taken at acceleration distances L=0, 150, 300, 450 m. The electrons are shown as blue points
and the protons are depicted as red points.

* A. Caldwell et al., Nature Physics 5, 363 (2009)
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Energy gain & energy spread

Energy, TeV AW/W, 102
1.0 ' ' ' ' ' |
6
5
4
05}
3 i
2 |
1t
0.0 . . . .
0 200 400 600 O 200 400 600

Z,m Z,m

Fig. a,b), The mean electron energy in TeV (a) and the r.m.s. variation of the energy in the
bunch as a percentage (b) as a function of the distance travelled in the plasma.

* A. Caldwell et al., Nature Physics 5, 363 (2009)
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Simulation results

 Proton bunch can indeed to be used as

the drive beam for exciting a large
amplitude wakefield

* Proton-driven PWFA can bring a bunch
of electrons to the energy frontier in
only one stage.

* An unsolved questions, short beam!
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Magnetic bunch compression

L Beam compression can be achieved:
(1) by introducing an energy-position correlation along the bunch with an RF section at zero-crossing of voltage
(2) and passing beam through a region where path length is energy dependent:
this is generated by bending magnets to create dispersive regions.

AE/E

.i

..';.l
lower energy trajectory

Head (delay) @ center energy trajectory

--------------- higher energy trajectory

Tail

(advance)

U To compress a bunch longitudinally, trajectory in dispersive region must be shorter for tail of the bunch
than it is for the head.
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Bunch compressor design

For a thousand-fold compression, one

Value
stage compression looks infeasible Bunch charge ppws
We expect that the ring could compress the Pr,°,t°" eneroy [Tev] 1

. Initial energy spread [%] 0.01
bunch by a factor of 10 and the rest will be Initial bunch fength fom] o
realized via magnetic chicane Final bunch length [um] 165
RF frequency [MHZz] 704.4
Z(SZ )j _ (1 R56 )( 1 OJ( Z(SO )j _ (1 + R56R65 R56 J( Z(SO )J Average gradient of RF [MV/m)] 25
o(s,) 0 I AR 1)Nd(sy) Rgs 1 \o(s,) Required RF voltage [MV] 65,000
S(AE/E) A RF phase [degree] -102
Compression ratio ~60
1+ R56R65 =0 Momentum compaction (MC) [m] -1.0
Second order of MC [m] 1.5
- R — é _ l AE _ eVO ) Bending angle of dipole [rad.] 0.05
z 6~ S FE E fc | Lengthof dipole (m] 14.3
2 Drift space between dipoles [m] 190.6
R, =-20, (5 Ly + AL) Total BC length [m] 4131
Final beam energy [GeV] 986.5
Final energy spread [%] 0.93
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Phase space of beam
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0,02 |
2 0,00 a) am = =
o
©
-0,02 - -
[ ] L]
| a) initial phase space
b) phase space after RF
c) phase space after bunch compressor
-0,04 1 ! 1 1
-0,04 -0,02 0,00 0,02
z/m

26/01/2026

G. Xia, A. Caldwell et al., Proceedings of PAC09 (FR5RFP011)
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Plasma wakefield slicing via modulation

* Magnetic bunch compression: formidable RF power for energy chirp!

e Self-modulation via plasma wakefield (the transverse instability modulates the
long bunch into many ultra short beamlets at plasma wakelength.

«ofl density modulation effect

400
H0.06
. 200
0.064IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_é SQ,‘ 0,05
0.05 F S
— 0.04 F ] w 0 H0.04
£ 003;
€ 002 ¢ : -
0.01 wu 3
0 100 200 300 400 500 600 —400
Elc/o]
. . ° -6 -4 -2 0 2 4 6
on-axis (X = 0) beam density profile X[c/w, |
P
after 5 m propagation in plasma
G. Xia, et al., AIP Proceedings of Advanced Accelerators Concepts 2010, 510-515. G. Xia, F.Zimmermann, et al., Proceedings of PAC09, (FR5RFP004)
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From idea to real experiment

AWAIKE

CERN Courier November 2013

CERN COURIER

Feb 24, 2010
Workshop pushes proton-driven plasma
wakefield acceleration

PPAO9, a workshop held at CERN on
proton-driven plasma wakefield
acceleration, has launched discussions

about a first demonstration experiment

PPAOQ9

using a proton beam. Steve Myers,
CERN'’s director for Accelerators and Technology, opened the event
and described its underlying motivation. Reaching higher-energy
collisions for future particle-physics experiments beyond the LHC
requires a novel accelerator technology, and “shooting a high-energy
proton beam into a plasma" could be a promising first step. The
workshop, which brought together participants from Germany,
Russia, Switzerland, the UK and the US, was supported by the
EuCARD AccNet accelerator-science network (CERN Courier
November 2009 p16).

J. Plasma Physics: page 1 of 7. (© Cambridge University Press 2012
d0i:10.1017/S0022377812000086

Plasma acceleration

AWAKE: to high energies
in a single leap

| acceleratior

Proton-driven plasma wakefie
could accelerate electrons to the terascale
‘

a single plasma stage. The AWAKE project is

5 novel technique using proton

To complement the results that will come from the LHC at CERN,
the particle-physics community is looking for options for future
lepton colliders at the tera-electron-volt energy scale. These will
need to be huge circular or linear colliders. With the accelerating
gradients of today’s RF cavities or microwave technology limited
to about 100 MV/m, the length of the linear machines would be tens
of kilometres. However, plasma can sustain much higher gradients
and the idea of harnessing them in plasma wakefield acceleration is
gathering momentum. One attractive idea is to use a high-energy
proton beam as the driver of a wakefield in a single plasma section.

83m o
propagation direction
= _—
Z BN
=2
2
=1 )
TTrrrr ‘\rlb\\“\[‘l
R Al
distance in beam (z)
T T T T T
L Iahe
512 -0.8 -0.4 0.0
Pptasma (Neo)
[T
I I 1
0.00 0.10 0.20

Ppeam (Neo)

Fig. 1. Simulation of a self-modulated proton bunch resonantly
driving plasma wakefields sustained by the plasma-density
perturbation. The plasma density is shown increasing from white
to blue and the proton density increasing from yellow to dark red.

A proposed demonstration of an experiment of proton-driven
plasma wakefield acceleration based on CERN SPS

G. XIA!L, R_. ASSMANN2 R. A. FONSECA3 C. HUANG* W. MORYD’,
L. O.SILVA3 J. VIEIRA> F ZIMMERMANN? and P MUGGLT!
for the PPWFA Collaboration

'Max Planck Institute for Physics, Munich, Germany
(xiaguo@mpp.mpg.de)
2CERN, Geneva, Switzerland
3GoLP/Instituto de Plasmas e Fusao Nuclear-Laboratorio Associado, IST, Lisboa, Portugal
4Los Alamos National Laboratory, Los Alamos, NM, USA
SUniversity of California, Los Angeles, CA, USA

(Received 20 September 2011; accepted 2 January 2012)
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AWAKE

Advanced Proton Driven Plasma Wakefield Acceleration Experiment

Final Goal: Design high quality & high energy electron accelerator based on acquired knowledge.

Proof-of-Principle Accelerator R&D experiment at CERN

First proton driven wakefield experiment worldwide
Study the Self-Modulation Instability
Demonstration of high-gradient acceleration of electrons

Approved in 2013
First beam in late 2016

AWAKE Collaboration: 23 Institutes world-wide

O Vancouver

26/01/2026

Spokesperson: Allen Caldwell->Patric Muggli, MPI Munich

Deputy Spokesperson: Matthew Wing, UCL

Physics and Experiment Coordinator: Patric Muggli, MPI Munich

Simulation Coordinator: Alexander Pukhov, BINP

Technical Coordinator and CERN AWAKE Project Leader: Edda Gschwendtner, CERN
Deputy: Chiara Bracco, CERN

-

O Novosibirsk
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Drive beam: SPS proton beam

CMS =>» SPS Beam at 400 GeV/c

oy
7 5ps: 400 GeV LHCh AWAKE was installed in the CNGS, CERN

TT40

Neutrinos to Gran Sasso, experimental facility.
S CNGS physics program finished in 2012.
CNGS

SPS

o ATLAS
HiRadMat
2011 | TT60
I
AD

1999 (182 m)

LINAC 2

N LINAC 3

lons

- Proton beam for AWAKE requires:
— High charge
— Short bunch length
— Small emittance
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Proton beam specifications

Nominal SPS Proton Beam Parameters

Momentum 400 GeV/c
Protons/bunch 3x1011

Bt et %:n?)4 ns (12 cm)-0.2ns
Bunch size at plasma entrance G*X'y =200 pum
Normalized emittance (r.m.s.) 3.5 mm mrad

Relative energy spread Ap/p =0.35%

Long proton beam &, = 12cm! €=»Compare with plasma wavelength of A = Imm.
=>» Experiment based on Self-Modulation Instability!

L=4m

I, mm

-30

Self-modulation instability of the proton beam: modulation of a long (SPS) beam in a series of ‘micro-
bunches’ with a spacing of the plasma wavelength.

26/01/2026 Cl Postgraduate Lectures
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AWAKE: 15t experimental phase

Perform benchmark experiments using proton bunches to drive wakefields for the first time ever.

Understand the physics of self-modulation instability processes in plasma.

10m plasma cell OTR, CTR, TCTR

Proton diagnostics

f o —
1

SPS
protons plasma gas
< @ protonbunch
laser pulse

— 0.0

| ‘ 1 ;—{-0.4

Self-modulated proton bunch

mmmmmm |

Distance in beam (z

Cl PostdrMieiraceteal:PoPs 19063105 (2012)

Plasma electron density pyjasma
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0.20

0.10

0.00

Proton
beam

dump

Proton beam density ppeam
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Drive beam diagnostics

Direct Measurement of self-modulation instability of the proton beam

- results in radial modulation of the proton beam (micro-bunches)

— Measured by using the radiation emitted by the bunch when traversing a dielectric interface or by directly sampling
the bunch space charge field. = streak-camera.

OTR screen

G~ 400 ps

T CTR & TCTR

LS / Optical Transition Radiation (OTR)

l\ Coherent Transition Radiation (CTR)

CXER R RN R R AT

Transverse Coherent Transition Radiation (TCTR)
OTR

Indirect Measurement by observing the proton bunch defocusing downstream the plasma

-> Proton bunch: 1mrad divergence

SPS P
proto

Laser
SMI dump
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Withess beam

— Optimal electron energy is 10-20 MeV

— Electron velocity = wakefield phase velocity at self-modulation stage.
- Electron bunch length:
— Should be small to be in phase with high field region.

- Electron beam should have small enough size and angular
divergence to fit into high capture efficiency region.

- Electron beam intensity: get good signal in diagnostics!

phase

Momentum 16 MeV/c 10-20 MeV
Electrons/bunch (bunch charge) 1.25 E9 0.6 -6.25 E9
Bunch charge 0.2nC 0.1-1nC
Bunch length G, =4ps (1.2mm) 0.3-10ps
Bunch size at focus G’y =250 um 0.25-1mm
Normalized emittance (r.m.s.) 2 mm mrad 0.5-5 mm mrad
Relative energy spread Ap/p=0.5% <0.5%

26/01/2026 Cl Postgraduate Lectures
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Electron source

PHIN Photo-injector for CTF3/CLIC:

— Charge/bunch: 2.3 nC Laser type Ti:Sapphire Centaurus

— Bunch Iength; 10 ps Pulse wavelength Ao =260 nm

— 1800 bunches/train, 1.2ps train-length Pulse length 10 ps

- Program will stop end 2015 Pulse energy (after compr.) 500 pJ
Electron source cathode Copper
Quantum efficiency 3.00 E-5

- Fits to requirements of AWAKE

- Photo-injector laser derived from low power
level of plasma ionization laser system.

Energy stability +2.5% r.m.s.

e-beam diagnostics

Klystron from CTF3 1m booster linac

(Cockcroft)

Incident, Reflected electron beam line

Power and phase

Spectrometer
Indlident, Reflected, Al
trdhsmitted Power E. A€

Laser
+Diagnostics

Matching
triplet

MTV,
Emittance

Accelerator

A
v

Length~4 m
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AWAKE: 2" experimental phase

Probe the accelerating wakefields with externally injected electrons, including energy spectrum
measurements for different injection and plasma parameters.

e spectrometer

proton |

Proton diagnostics

Laser
—_———p = = = = —— —
- = < Acceleration OTR, CTR, TCTR

dump
plasma g3

electron bunch laser pulse

* Trapping efficiency: 10 -15%
* Average energy gain: 1.3 GeV
 Energy spread: + 0.4 GeV
 Angular spread up to = 4 mrad

Number of electrons

00 05 10 15 20 6 4 2 0 2 4 6
E (GeV) r' (mrad)

26/01/2026 Cl Postgraduate Lectures 86



AWAKE at CERN

CERN NEUTRINOS TO GRAN SASSO
Underground structures at CERN

Excavated

B Concreted

Access shaft
PGCN

SPS
e,

SPS/ECA4

B Decay tube

(2nd contract)
SPS tunnel

LHC/TI8 tunnel
Target

chamber 4

LEP/LHC tunnel

ions y
aons ,/
4

dump
Hadron stop
and first muon detector

muons A
neulrinos,./.

o N -

protons

Access galleries

TCV4 sump

AWAKE experiment 30mA3

Service gallery

TSG4 sump

30 mA3

TNM41 sump
8 mA3

Connection gallery
to TI8/LHC

TNM42 sump

Second muon detector P

i

neutrinos e
to Gran Sasso
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8 mA3

06 /2003

CERN-AC-DI-MM
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beam dump

@ e .
;m// . .JAWAKE experimerft‘

Cl Postgraduate Lectures



AWAKE milestone in 2016
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>
4 AWAKE highlight 2018

AWAKE—

Electron source system Accelerated electrons on the scintillator screen

Laser beam
. RFgun
20 MeV i E
(& RF structure 1

-

m Dipole 2 ™ Electron beam

-y ~

Dipole 10 m Rb Plasma
:’\\{ 5 ‘
=

Imaging station 1
Proton beam

-
OTR, CTR screens
G
] L l
" \\ ~ Quadrupoles
. Ll L Dipole
-
Electron 4
. B spectrometer v /\
6| Electron bunch H Long proton bunch 6 Proton microbunches *
2 2
£ | £ .
R e E oje ®e & « « « « « S Laser
"2 "2 dump ~
- » Imagmg
=0 |:| lonising laser pulse -6 Captured electrons station 2
25 -20 15 -10 -5 0 =T -20 -15 -10 -5 0
£ (mm) £ (mm)

26/01/2026 Cl Postgraduate Lectures 90



4> T : ATVAKE
AWAKE highlights in 2018
of Accelerator Science and Technology
100 300 500 700 900 _
E 1 1 1 1 1 Y
E F AWAKE 05
>~ 50 [~ o
IS
0.4 £
w q('—)
03 —
30 |- %
402 §
G
«
101 T
10 -
. 0.0
£
E 2
Q
=
S
g o
0.5 0.7 1.0 1.5 2.0 4.0
E/GeV

nature

International journal of science

J. Viera, IST
CERN’s pioneering mini-accelerator passes first
test

Physicists achieve powerful acceleration by ‘surfing’ electrons on proton waves

over short distances.
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4>

The Cockcroft Institute

of Accelerator Science and Technology

AWAKE highlights in 2018

nature

THE INTERNATIONAL WEEKLY JOURNAL OF SCIENCE

GROW WITH THE FLOW

lissues ‘melt’ like
glass to shape
vertebrate embryos
PAGES 315 & 401

D NATURE.COM

CLIMATE CHANGE

riven pi
PASES 218 £ 36

ue / GeV

Event

22
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AWAIEE

X/ mm
900
0
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L +anmetd 1.4
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E S 1.2
50 |- =
L
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. Adlj, et al., Nature, 561,

npe / 10" cm™®

363-367 (2018).



4>

The Cockcroft Institute

of Accelerator Science and Technology
I | \

—

Laser pulse ?

Rb density
easurement

& p bunch Plasma (10m) OTR foil

Laser beam dump

Streak Optical filters B

| :

B
camera

0

g?g —— Fit with mode values C)

250/ Fit uncertainty

2300} Mean & Standard Deviation

Time (ps)
A
o

Q190 a)

|
=)
o

1 2 3 4 5 6 7 8 910
Rubdium vapour density (10*cm~3)
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Frequency (GHz)

AWAKE Collaboration, PRL 122 (5) 054801 (2019)
AWAKE Collaboration, PRL 122 (5) 054802 (2019)
AWAKE Collaboration, PRL 125 (26) 264801(2020)
AWAKE Collaboration, PRL 126 (16) 164802(2021)
AWAKE Collaboration, PRL 129 (2) 024802 (2022)
AWAKE Collaboration, PRL 132 (7) 075001 (2024)
AWAKE Collaboration, PRL 134 (15) 155001 (2025)
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4> AWAKE highlights

of Accelerator Science and Technology

a) ~1.5m plasma off plasma on
5 10m :‘ZFQ_A .. ~6.5m a) _
A REOEA g c 103 ¥
P [ N0 N\ \ E » » >
o N N N N 10°¢
plasma IS 1 streak IS 2 §
b) OTR Lot
scintillating
p+ screen from IS
3
. N lens core 10 .
beam- N camera . g
. o
splitter\ = - halo £ ~
camera > L2
10° >
mirrox I ' [ ] S
mask
lens lens
10!
1074 €) ., = plasma on -10 0 10 -10 0 10
------- interpolation x /[ mm X/ mm
== plasma off
21064 “ . .
5 M. Turner et al. “Experimental observation of plasma
v wakefield growth driven by the seeded self-modulation of
1054 a proton bunch”, arXiv:1809.01191 (2018)

20 -15 -10 -5 0 5 10 15 20
y / mm
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4> ATVARE—=
The Cockceroft Institute —

AWAKE current activity - Run 2

Possible injectors?

Scalable sources?

ATl Bunch compression, increased acceleration e- spectrometer
e (~100s fs, > 20 MeV) e- emittance
10m p|asma measuremen

Optimized
SPS
protons

Proton diagnostics

e iriing --—p= == = — = —» BTV,0TR,CTR Laser
SMI Acceleration dump

AWAKE Run 2, 2021-202x (after LHC LS2) : main goals

Accelerate an electron beam, while preserving beam quality as well as possible
* injection: into the wake of an already modulated proton beam
e generate optimum electron bunch to be accelerated

Demonstrate scalability of the AWAKE concept
e sustain gradient in SMI wake over long distance
e scalable length plasma sources
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AWAKE Run 2a,2b (2021-2026)

Electron source system

Laser beam l
RF gun
’ 20 MeV . .

RF structure NEW: higher energy

o —
s, f e EECONSOUrcESyStem Accelerated electrons on the scintillator screen
L

" Dipole /"// Electron beam
- = '
=L 0P 10 m Rb Plasma ~150 MeV N -
—~— —~—x ot

JER NEW: density step RF structure

Proton beam ol -
- - //’
oo -/'ﬂ Electron beam
] \.\Lj,_:\‘ e 10 m Rb Plasma
S
\. 23 NEW

€
[ Bectron bunen[[ tong proton bunch Proton microbunches “ | e N\
~ N Laser beam -
E,{ ! RSO 2 ‘ NEW: back-propagating e
f s

:‘ I : Captured electrons ‘ ‘3. /7\;\
5 T 5 5 25 ® B R @ | *

Laser

dump

Goals:

Accelerate an electron beam to high energy (gradient of 0.5-1GV/m)
Preserve electron beam quality as well as possible (emittance preservation at 10 mm mrad level)
Demonstrate scalable plasma source technology (e.g. helicon plasma source or discharge plasma source)
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[ ]
> ATWAHE—

~ Experimental setup for Run Il (2021-LS3)

rf gun

) 10-20MeV e- ITIYILIR
e 18 e- spectrometer
lonizing “W

UL ZL“ ,4
il
Final Laser .«“m LAY

Focus . Plasma

p* dump

/7(_) OTR/CTR € OTR/CTR, 2-screen

SM  Laser.—. , Acceleration . :
* é stics . . Diagnostics
Piom SPS Seeding Diagnostic Discharge/Helicon 0
pulse
— N. Lopes —
T' Trenae
gr— R | R i
O 1@ . O. Grulke A m .
" Imperial College M =1/
, London (o Plmghsk___ helicon led
— @) water-coo
b "2 field coils

<> Laser ionization of a metal vapor (Rb), 3-4m plasma for p* SSM only, SEEDING NECESSARY!
<~10m discharge or helicon source for acceleration only (scales to 100's m)
<Inject short e bunch (o,<<A,.), quality of the bunch: AE/E, £ => beam loading and blow-out

<Density step to maintain accelerating gradient
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AWAKE Run 2c,2d (2028-203x)-> application

* Along and modular plasma cell to boost e-
energy up to 100 GeV

e A fix target experiment at CERN (50-100 GeV
electron), similar to NA64-dark side of the
universe and looking for new bosons!
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e*e” and e-p colliders

1 ©

e* source e source
2 km 2 km 2 km

LHC

e+
Proton Plasma IP Plasma Proton

W, TeV
[N T 'S B S e

(K. Lotov)

y 0 2 4 6 8 10 12 14 16

. - - - - =
An e + e_ COI | I d e r Contents lists available at ScienceDirect B e
Nuclear Instruments and Methods in S

Physics Research A

ELSEVIER journal homepage: www.elsevier.com/locate/nima . .

LEP/LHC

Collider design issues based on proton-driven plasma
wakefield acceleration

G. Xia®"*, 0. Mete *®, A. Aimidula "<, C.P. Welsch "<, S. Chattopadhyay *<,
S. Mandry ¢, M. Wing ¢

aschool of Physics and Astronomy, University of Manchester, Manchester, United Kingdom

" The Cockcroft Institute, Sci-Tech Daresbury, Daresbury, Warrington, United Kingdom

©The University of Liverpool, Liverpool, United Kingdom

9 Department of Physics and Astronomy, University College London, London, United Kingdom
© Deutsche Elektronen-Synchrotron DESY, Hamburg, Germany

Layout 2

/
ARTICLE INFO ABSTRACT

Layout 1 Recent simulations have shown that a high-energy proton bunch can excite strong plasma wakefields
Keywords: and accelerate a bunch of electrons to the energy frontier in a single stage of acceleration. It therefore
PDPWA paves the way towards a compact future collider design using the proton beams from existing high-
Colliders energy proton machines, e.g. Tevatron or the LHC. This paper addresses some key issues in designing a
Self-modulation instability compact electron-positron linear collider and an electron-proton collider based on the existing CERN
Dephasing accelerator infrastructure.

© 2013 Elsevier B.V. All rights reserved.
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2022 fast plasma recovery time-60ns

Article
Recovery time of a plasma-wakefield
accelerator
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M. Thévenet', S. Wesch', M. Wing'? & J. Osterhoff'
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Theinteraction of intense particle bunches with plasma can give rise to plasma
Open access wakes'? capable of sustaining gigavolt-per-metre electric fields**, which are orders of
/™ Check for updates magnitude higher than provided by state-of-the-art radio-frequency technology®.

Richard D’Arcy, et al., Nature 603, 58 (2022)

Jens Osterhoff
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2022-PWFA driven FEL

Article
Free-electronlasing with compact
beam-driven plasmawakefield accelerator ' N .
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M Check for updates

PMQ

Received: 11 June 2021 Undulators

The possibility to accelerate electron beams to ultra-relativistic velocities over short
distances by using plasma-based technology holds the potential for arevolutionin
the field of particle accelerators'™*. The compact nature of plasma-based accelerators
would allow the realization of table-top machines capable of driving a free-electron
laser (FEL)°, a formidable tool to investigate matter at the sub-atomic level by
generating coherent light pulses with sub-angstrém wavelengths and
sub-femtosecond durations®”. So far, however, the high-energy electron beams
required to operate FELs had to be obtained through the use of conventional
large-size radio-frequency (RF) accelerators, bound to asizeable footprint as a result
of their limited accelerating fields. Here we report the experimental evidence of FEL
lasing by acompact (3-cm) particle-beam-driven plasmaaccelerator. The accelerated
beams are completely characterized in the six-dimensional phase space and have high
quality, comparable with state-of-the-art accelerators®. This allowed the observation
of narrow-band amplified radiation in the infrared range with typical exponential
growth of its intensity over six consecutive undulators. This proof-of-principle
experiment represents afundamental milestone in the use of plasma-based
accelerators, contributing to the development of next-generation compact facilities
for user-oriented applications’.

'Mauimo Ferrario
ANFN, Laboratori Nazionali di Frascau

1

R. Pompili et al., Nature 605, 659 (2022) Riccardo Pompili Massimo Ferrario
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Why dielectrics?

* A dielectric material is an
electrical insulator that can  charge
be polarized by an applied +O
electric field. When a
dielectric is placed in an
electric field, electric
charges do not flow
through the material as Electric
they do in a conductor, but  field F
only slightly shift from
their average equilibrium
positions causing dielectric
polarization

= S e e e e S e 0 e S A 0 N N O
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Plate separation d
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Why dielectrics?

* Dielectric strength of an insulating material is

the maximum electric field that a pure
material can withstand under ideal conditions

without breaking down (i.e., without
experiencing failure of its insulating
properties).

* For example, dielectric strength for diamond is

about 2000 MV/m. For the fused silica (SiO,) is
about 1500 MV/m



Dielectric Laser Accelerators (DLA)

S-Band RF RF structures

f=2-4 GHz, = 10-20 cm * high gradient

metal  machining tolerance
X-Band RF * transverse wakefield
f=8-12 GHz, A= 2.5-3.75 cm e breakdown (E, <100 MV/m)
metal Laser-driven photonic crystal
Optical « higher field gradient (1 GV/m)

* Dielectric : high breakdown

f=10-100 THz, » =1-10 pm threshold (1-5 GV/m)

dielectric materials
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Typical structures of DLA

(" )

Periodic Phase Modulation Structures

Phase Mask Structure S e o

Lens Channel Lens

Silica, A=8oonm, Ez=830 MV/m

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

Wave Guiding Structures

Silica, A=1890 nm, E =400 MV/m
X. Lin, PRST-AB, 4, 051301 (2001).

Silicon, A=2200nm, Ez=400 MV/m

B. Cowan, et al, PRST-AB, 11, 011301 (2008).
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Dielectric dual-grating structure

Structure overview

26601/2026

Polarization
< M

Electric field of the laser

>

Electric field of the laser

Polarization

Simulation result

Working principle
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Laser driven dielectric accelerators

LETTER

Demonstration of electron acceleration in a
laser-driven dielectric microstructure

doi:10.1038/nature12664

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

E.
E.

Photo by Brad Plummer,
SLAC (2013)
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Laser driven dielectric acceleration

a b
| Laser pulse (4 = 800 nm)

Spectrometer
magnet
B Cylindrical lens

Electron
beam

Eloctrons = o S
‘....-.-.. B
4 n- :~.‘: »
e e B B B >
Intensified CCD
camera

Scanning electron microscope image of the longitudinal cross-section of a DLA
structure fabricated as depicted in Extended Data Fig. 1a. Scale bar, 2 um. b,

Experimental set-up. 60 MeV injected electron beams;
250 MeV/m accelerating field;
~ 563 optical period in structures;

le6 electrons
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Milestone experiment

E. A. Peraltal et al. NATURE
VOL 503 (2013) o Laser pulse (1 = 800 nm)

0.2 - Laser off
—— Spectrum fit
Laser on
0.15 - Model

e Simulation

Charge denstty (arbitrary units)
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One more step forward (nonrelativistic beam)

Electron source: 28 keV

Observed maximum
acceleration gradient:
25 MeV/m

John Breuer and Peter Hommelhoff
Laser-Based Acceleration of Nonrelativistic Electrons at a Dielectric Structure

Phys. Rev. Lett. 111, 134803 (2013)
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Beam driven dielectric acceleration

Relativistic electron

bunch with ‘pancake’
electric field

Image charge created
in dielectric, cannot
propagate at c due to
g >1

The field is reflected
at the metal layer
The field is coupled

back to the vacuum
behind the drive

bunch, with a sign
shift
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Beam driven dielectric accelerators

e High gradient DWA applications
— HEP
— Radiation Source

— Advanced accelerator for future FEL
* ~GV/m fields reduce size of machine

* Larger scales (THz), relax emittance, higher
charge beams

* Relevant Issues in DWA research
— Determine achievable field gradients
— High energy gain in acceleration
— Transformer ratio enhancement
— Resonant excitation of structure
— Dielectric/metal heating issues

— Cladding composition, dielectric material oh
and thickness

— Alternate geometries (planar)
— Periodic structure development (1D, 3D)
— Transverse modes and beam-breakup

Accelerating gradient
scales with high charge,
short beams
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Dielectric wakefield accelerators

® Electron bunch (B = 1) drives wake in

cylindrical dielectric structure
®Dependent on structure properties
® Generally multi-mode excitation

® Wakefields accelerate trailing bunch

® Peak decelerating field

.
Design Parameters 7 b O, E oE ~4N,r.mc’

z,dec
81
780‘2 +a
e-1

9.00E+009 a

6.00E+009 -
3.00E+009
0.00E+000 4

3
2 3006+009- .
¥ sooeians] ®Transformer ratio (unshaped beam)

-9.00E+009

E
-1.20E+010 z,acc
=<
00014 00016 00018 00020 00022 R E - 2
Z(m z dec

26/01/2026 Ez on-axis, OOPIC Cl Postgraduate Lectures 113



Recent results from FACET (2016)

Wakefield

Electron beam

Beam direction
A cutaway view with the dielectric shown in grey and metal cladding in copper. The beam
(dark red) travels along the structure in the vacuum region, leaving an idealized
accelerating wakefield Ez shown in a colour intensity map (red to blue). The wakefield
inside of the excited wave-train is shown as constant in magnitude as a function of distance
behind the beam, consistent with theory and simulation assuming lossless media.

B.D. O’Shea et al., Nat. Commun. 7: 12763 (2016).
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Recent results from FACET (2016)

Shots
D
o

Shots

E,(MVm™)

I No structure ||
I Structure

20.7 20.75

Centroid energy (GeV)

60 -
40
20 +

0
19.94

20.02 20.04 20.06 20.08 20.1 20.12

Centroid energy (GeV)

637

300

-300

-637

-0.2
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Histogram of centroid energy of
(a) the driver and (b) witness
bunch. Blue and red indicate
measurements made with and
without the structure,
respectively. A mean decelerating
gradient of 252414 MeV m1is
observed in the driver; a mean
accelerating gradient of

320+17 MeV m-1lis seen by the
witness. (c) Theoretical prediction
of wake from beam current
(blue), with (black) and without
(dashed) witness beam.

B.D. O’Shea et al., Nat. Commun. 7: 12763 (2016).
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DWA experiment at DL

CCR structure 51 mm dia. OAP
e Beam axis
7 —
10 mm 40 mm 10 mm

z-cut quartz -~

vacuum window

Removable for >

energy measurement

B

Martin-Puplett
Interferometer

Pyroelectric
Detector —>

Iy‘ wx =2 mm
X ®Z

1.0f ]
o o
-0~ 2a =300 £+ 20 um
- 08¢ - 2a=480+20 um |
S 06} - 2a =910 + 20 um
E 04}
0.2}
0.0
0.4 0.6 0.8 1.0 1.2 1.4
f (THz)
26/01/2026

FIG. 1. Experimental setup. The CCR was collected by a
51 mm diameter off axis parabolic (OAP) mirror with a hole
to pass the electron beam. TPX lenses were used for focusing of
the CCR onto the detectors. All mirrors were gold coated and
polished to optical finish. An additional pyroelectric detector (not
shown) was used for shot-to-shot subtraction of environmental
noise. Inset i), cross-section of the DLW with coordinate system
and parameter notation.

121 |, | | o CST Wakefield]
1.0 —e— §=25um |
e §5=1
< o0l - 0 OO/Jm_
= -~e-- ¢ =200 um
— 0.6
2
0.4f -
SRR
oabo Foweee -
R """'i"""----._i_-. ______________________________________
0.0

200 400 600 800 1000
Structure gap: 2a (um)

T. Pacey et al., Phys. Rev. Accel. Beams 22 (9), 091302 (2019)
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THz driven dielectric structures

* Terahertz (THz) radiation falls in between

infrared radiation and microwave radiation in the
electromagnetic spectrum

* Terahertz radiation — also known as
submillimeter radiation, terahertz waves,
tremendously high frequency, consists of
electromagnetic waves within the frequency
bands from 0.3 to 3 terahertz (THz; 1 THz =
1012 Hz). Wavelengths of radiation in the

terahertz band correspondingly range from 1 mm
to 0.1 mm



THz driven dielectric structures

a 2
E| inear /

M IT, DESY Segmented

waveplate

E-L. radial

THz accelerator

Electrons to

THz E-field polarization energy

Photoemitted electrons  longitudinal + radial THz mirror  spectrometer
from d.c. gun

Figure 1| Terahertz-driven linear accelerator. (a) Schematic of the THz LINAC. Top right: a linearly polarized THz pulse is converted into a radially
polarized pulse by a segmented waveplate before being focused into the THz waveguide. The THz pulse is reflected at the end of the waveguide to
co-propagate with the electron bunch, which enters the waveguide through a pinhole (lower left). The electron bunch is accelerated by the longitudinal
electric field of the co-propagating THz pulse. The electron bunch exits the THz waveguide and passes through a hole in the focusing mirror (right) for the
THz pulse. (b) Photograph of the compact millimetre scale THz LINAC. (c¢) The time-domain waveform of the THz pulse determined with electro-optic

E. A. Nanni et al., THz driven linear acceleration, Nat. Commun. 6, 8486 (2015)
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THz driven dielectric structures

a i5 b 62 . . ; . ;
_ __ 60
S 10} 1l A4 3%
(] l / x 58
= //0 5
8 5 Pl 1 @ 56
~ : o
e | § o
i - ©
w == THz off
. M.easured. = 521 & == THz on .
== Single-particle model m— \lodel
-5 - ' : 50 ' : : : :
45 50 55 60 65 -1 -10 -5 0 5 10 15
Initial energy (keV) Time (ps)

Figure 3 | Acceleration gradient and terahertz phasing. (a) Scaling of energy gain for accelerated electrons as a function of the initial electron energy
at the entrance of the THz LINAC. Black dots with one s.d. error bars are measured values and the red line is a single-particle model. (b) The temporal
profile for the mean energy gain of accelerated electrons comparing the THz on and THz off signal against the simulated electron bunch. The initial
electron energy was set at 55 keV to ensure stable performance of the d.c. electron gun over the acquisition time of the data set.

Accelerating gradient: 2.5MV/m!
E. A. Nanni et al., THz driven linear acceleration, Nat. Commun. 6, 8486 (2015)
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THz driven dielectric structures

Accelerating field:
300 MV/m!

Fig.1. THz gun concept. (a) Photograph of the THz gun; (b) a single-

cycle THz pulse, generated via optical rectification in lithium niobate

(LN), is coupled into the THz gun, which takes the form of a parallel-

plate waveguide for field confinement. A UV-backilluminated photoca-

thode emits an electron bunch, which is accelerated by the THz field.

The bunch exits through a slit on the top plate, and a retarding field

MIT. DESY analyzer (I.{FA) measures its energy spectrum. (c) Cross section of the

! gun, showing the UV-photoemitted electrons accelerated by the THz
field and exiting through the slit.

Huang et al., Terahertz driven all optical electron gun, Optica 3, 1209 (2016)
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Conclusions and future perspectives

 PWFAs have several advantages over LWFAs due to their intrinsic properties

[ The experiments at SLAC (FFTB, FACET/FACET-1I) have achieved many milestones

U 0O 0 0 D

U

on electron and positron driven PWFAs

AWAKE experiment has demonstrated electron acceleration for PDPWFA
Proton driven PWFA will advance the future collider design in a single stage
Dielectric laser accelerators have demonstrated several hundreds MV/m field
THz driven structures have recently achieved 300 MV/m accelerating field

Beam driven dielectric accelerators can produce THz radiation, accelerate a
second witness beam efficiently and de-chirp the drive beam energy

The extensive short wavelength accelerator R&D will open the doors to many
compact, cheap and advanced accelerators for research and applications
(radiation sources, colliders, medical, biology, etc.).
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Learning objectives-Lecture ||

v"Why beam driven PWFA and how it works

v Electron driven PW
v Positron driven PW
v"Why proton driven

A experiments
A experiments

PWFA and how it works

v"Why dielectrics and how it works

v Future perspectives
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Small is good !
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