Wakefield Accelerator

Process: Laser radiation pressure displaces electrons
Space charge causes oscillating density ‘wake’ moving with the laser
Wake electric fields of ~GV/cm accelerate particles

Trapped
particles
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The Advanced Proton Driven Plasma Wakefield Experiment

Motivation: Increase Particle Energies

* Increasing particle energies probe smaller and smaller scales of matter el DS O TR
« 1910: Rutherford: scattering of MeV scale alpha particles revealed structure of atom (RS AT < il
e = K " 3 e s e - L
« 1950ies: scattering of GeV scale electron revealed finite size of proton and neutron E B R -
k P T L]
« Early 1970ies: scattering of tens of GeV electrons revealed internal structure of proton/neutron, ie OO :?.';— -
quarks. I = :.,,r*ﬁ;j“ =
. SO = =
A l-:" . Mo
H T 11 ., rey = i
* Increasing energies makes particles of larger and larger mass accessible =0 aG) -
+  GeV type masses in 1950ies, 60ies (Antiproton, Omega, hadron resonances.., = O 06 "
Thon Wi ol e il ol et iy e
g Bonrired 1 vmeme meded

* Upto 10 GeV in 1970ies ()/Psi, Ypsilon...)
Up to ~100 GeV since 1980ies (W, Z, top, Higgs...)

* Discoveries went hand in hand with theoretical understanding of underlying laws of nature e
00,000
= Standard Model of particle physics H::; e
First :
seconds mimutes

* Increasing particle energies probe earlier times in the evolution of the universe.
Temperatures at early universe were at levels of energies that are achieved by particle accelerators

L]
today
= Understand the origin of the universe

=> Large list of unsolved questions!
=» Need particle accelerators with new energy frontier

After
1 biltlan
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Big questions in particle physics

The Standard Model is amazingly successful,

but there are unanswered questions:

% What are the consequences of the “Higgs”
particle discovery?

J/

% Why is there so much matter (vs. anti-
matter) ?

s Why is there so little matter (5%) in the
Universe?

Leptons < Can we unify the forces?
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Large Hadron Collider, LHC, 27 km circumference, 7 TeV

LHE- 27 4%nt

)
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Circular Collider

FCC, Future Circular Collider

80— 100 km diameter
100 TeV (pp)
>350 GeV (e*e)

20 T dipoles :
(]
|

g4 80-100 km
¢ long tunnel

)
L]
|
Schematic of an :
]
r
r
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Linear Colliders
CLIC sl

Legend

= CERM existing LHC

Potential underground siting :

48 km length sses CLIC 500 Gev
3 Tev {e-i-e-) ssse CLIC 1.5 TeV
ssss CLIC3TeV = 48 km

Accelerating elements:
Cavities: 100 MV/m

Jura Mountains
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Conventional Accelerating Technology

Today’s RF cavities or microwave technology:

* Very successfully used in all accelerators (hospitals, scientific labs,...) in the last 100
years.

* Typical gradients:
* LHC: 5 MV/m
* |LC: 35 MV/m
» CLIC: 100 MV/m

However:

* accelerating fields are limited to <100 MV/m

* In metallic structures, a too high field level leads to break down of surfaces, creating
discharge.

* Fields cannot be sustained, structures might be damaged.

* several tens of kilometers for future linear colliders
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Saturation at Energy Frontier for Accelerators
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=> Project size and cost increase with energy
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New directions in science are launched by new tools
much more often than by new concepts.

The effect of a concept-driven revolution is to explain
old things in new ways.

The effect of a tool-driven revolution is to discover new
things that have to be explained.

from Freeman Dysen ‘Imagined Worlds’
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RF Cavity Plasma Cavity

1 m= 50 MeV Gain 1 mm = 100 MeV
Electric field < 100 MV/m Electric field > 100 GV/m

Compactness of plasma ‘cavity’. Left: Radiofrequency cavity. Right: Non-linear laser plasma wakefield.
The laser pulse in yellow propagates from left to right, the iso-electronic density is shown in blue and
the electron bunch in red.
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Linear Colliders

ILC

W Ui

Plasma based Linear Collider

- =y -
2= 3km oo concent for 8 PWFALC
i T CW option with recircularion
%] 3 L
u-.i“;- ?;:‘;:-{3:::: kHz DR £, = 500 GoV, L. 1x10™, To1.0 Main e+ beam (OW]) :
Pis o =8 MW — Qe1.0 x 10%%" @ 20 kHz
L - -

€- Source e+ 30urce
10 plasma stages, AE=25 GeV each stage
e e ]
BDS and final focus,
(2.5 km)

= Magnetic chicanes: 2.5 ns delay

g . ‘ " Injection every half turn, MMain e+ plasma acceleration (0.25 km)
Main e- plasma acceleration (0.25 km) C21000 m, Py, /P, = 13%
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Let’s look at the driver first: a relativistically intense laser pulse

» Peak power 1 PW or 1,359,621,617,300 PS (if you are into cars)
compare to total nuclear power output in the world 0.000 374 PW

» Energy ~10Jin~ 10 fs = 0.000 000 000 000 01 s duration
focused to ~ 50 um spots (size of thin hair)

> ~4-10' photons

> Intensity ~10'° W /cm? electrons become relativistic

» Electric fields of 8.6 TV/m, magnetic fields of ~28954 Tesla

Burning question: can these fields be used for particle acceleration?
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But interacting the laser with matter works!

Relativistic electron bunch

High-intensity laser pulse

> Intensity ~10'° W /cm? — light pressure on matter ~300 Thar,
electron temperature ~ MeV or ~ G°C!
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Laser excitation of strong plasma waves

» Intense laser-pulse from left to right

» Pushes away electrons by its light
pressure or ponderomotive force
(ions are too heavy, hardly move)

» Creates electron-depleted cavity and

sets up charge separation

» Strong electrostatic fields pull back

electrons on axis

» Electrons oscillate and create

copropagating wakefield

Charge Density
Time = 334151 /e, |

| i |_f I I:l.‘]

10.00

070

a0
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Principle of Plasma Wakefield Acceleration

* Laser drive beam
=» Ponderomotive force

* Charged particle drive beam use transverse field to create a longitudinal field for acceleration

=» Transverse space charge field
* Reverses sign for negatively (blow-out) or positively (suck-in) charged beam

& b A= S e S + * Plasma wave/wake excited by
. A " relativistic particle bunch
+ F=+ + + + + +TR 4 +
+ + Tt + + T + * |Plasma e are expelled by space
e — = - charge force
L — " _ * |Plasma e rush back on axis
+ + 4 + + £ + 4+ + + -
N EEEEE s + ] o )
+TE 4 o+ o+ o+ +__t_+ + b + . fﬁ:ﬂ?ﬁ}:ﬁ:ﬂ physics identical for
+ + + * * + F=t + +_& +
_—— -—l-_.._ -_— —__

plasma wavelength A, L
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Plasma wakefield acceleration in a nutshell

Laser-pulse driven
“Laser wakefield acceleration”

LWEA Witness Driver
Plasma target i,
L 4|
T —_— g B
~cm scale length
Particle-beam driven
“Plasma wakefield acceleration”
PWFA vs. LWFA
- average powser of up to MW
(vs. ~100 W)
- wall-plug efficiency of ~10%
(vs. < 0.1%)
— beam-driven wakes (currently) the only viable solution
for high-average-power applications
Jans Osternoff | plasma.desyde | Summer Student Programme DESY | Auwgust 23, 2047 | Page 14

. . o
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Plasma wakefield acceleration in a nutshell

Laser-pulse driven
“Laser wakefield acceleration”

LWFA

Plasma target

e LT
1 "

Witness Driver

i — (| — - -
~cm scakd length
Particle-beam driven L "
“Plasma wakefield acceleration” Hydrogen plasma: Oo
PWFA a soup of electrons and protons @ ° @
@ ~ % -
0pc 0090 "
o
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Plasma wakefield acceleration in a nutshell

Laser-pulse driven
“Laser wakefield acceleration”

Witness

Driver

LWFA
Al Plasma target m
0l o—— il
. i —> W g C
~cm scalé flength
Particle-beam driven . .
“Plasma wakefield acceleration” Protons are ~2000x heavier g o
PWFA than electrons, move slowly o
o - e ©
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e 0° ® o ¢
o o e o o
9 o s ©
] 9 o
@ o - ] o
o 9 o @
o o
x'. ﬂ ﬂ
-] -
Jau B
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Plasma wakefield acceleration in a nutshell

Laser-pulse driven
“Laser wakefield acceleration”

Witness Driver

LWFA
M Plasma target I
L T e —
~cm scakd length
Particle-beam driven h N
“Plasma wakefield acceleration” Driver acts as electron “snow plow”, @
PWFA static protons pull back electrons
o - - e 0
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Plasma wakefield acceleration in &

Laser-pulse driven
“Laser wakefield acceleration”
LWFA

= J:‘;.L

Particle-beam driven
“Plasma wakefield acceleration”
PWFA

Driver acts as electron “snow plow”, o
static protons pull back electrons
o ol - L
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Plasma wakefield acceleration in a nutshell

1= 1 ?x10190m"~" .?l,ﬂam;, =9 pm

fd

T TParticle-beam driven g —
“Plasma wakefield acceleration” Drwer acts as electron “5 ow plow”, @
PWFA static protons pull back electrons
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Plasma wakefield acceleration in a nutshell

Interesting for applications

~GeV energy < pm emittance

Laser-pulse driven
“Laser wakefield acceleration”

Particle-beam driven
“Plasma wakefield acceleration”

Bunch duration: fs

—= O, Lundh eral,

Mature Physics 7, 210 (2011)
—= A Buckeral,

Mature Physics 7, 543 (2011)

GeV energy gain over cm

—= WP Lesmans er al,
Mature Physics 2, 606 (2008)

LWFA

Plasma target

Ir\:_ = i L

PWEFA
Size of structure

2me _ -3
Ay~ —— = (33 km)y/ne em ]
P
“p
typically Ap = 33 pm (for ns = 108 cm9)
—
Electric field strength

B M

~ (96 V/m)y/nefem ]

typically E = 100 G\W/m (for ne = 1078 cm-9)

~fs duration ~k& current
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Plasma considerations

Based on linear fluid dynamics: _ .
Relevant physical quantities:

 Oscillation frequency w,
 Plasma wavelength 4,
» Accelerating gradient E

where
1015 [cm—3] . : :
/1p ~ 1 [mm] i or ~ \/E ‘70, n Is the plasma density
ny » e isthe electron charge
* ¢, Is the permittivity of free space
2 * m, is the mass of electron
~ 2 -17. N . 100 [#m] * N is the number of drive-beam particles
E~2[GV m™t] . .
1010 Oy, * o, is the drive-beam length

High gradients with:
» Short drive beams (and short plasma wavelength)
» Pulses with large number of particles (and high plasma density)

T. Tajima & J.W. Dawson; Phys. Rev. Lett. 43 (1979) 267
P. Chen et al.; Phys. Rev. Lett. 54 (1985) 693
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Plasma wakefield experiments

% Pioneering work using a LASER to induce

*

wakefield up to 100 GV/m.

% Experiments at SLAC have used a particle
(electron) beam:
» Initial energy E, = 42 GeV
e Gradients up to ~52 @/,
» Energy doubled over ~1m
» Next stage FACET project
http://facet.slac.stanford.edu

% High proton beams of much higher energy: II
« HERA (DESY): 1TeV -~ A 180 120 B0
E10° | ol Charge density (—e pm)
« Tevatron (FNAL): 1 TeV E L
+ CERN:24/450 GeVand3.5(7)Tev + [~ |
5 ........ e = -
g Experiment : _"I"..“‘.r._“x
£ it -3 x 10° ¢ GeV* H{j—{'ﬁ‘:}
107 : : - : ; .!I‘It‘l-
: 35 40 S0 &0 70 B0 B0 100
Electron energy (GeV)
ESN

Dispersion (mm)

=14

-12

=10
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http://facet.slac.stanford.edu/

Rubidium plasma source

>449K >444K

Laser I
EE—)
pre I

Insulation

450K 445K

0’0

Synthetic oil surrounding Rb for temperature stability and hence density uniformity
Vacuum tube surrounding oil suppressing heat loss

Rubidium vapor sources available commercially; development of fast valves started
in collaboration with industry

Need 1 — 2 TW laser with 30 — 100 fs pulse

K/ K/
0’0 0’0

L)

0’0
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Experimental setup

rf gun @

10-20MeV e EOQS e” spectrometer
Diagnostic @ 0.1-2GeV

lonizing
Laser F'ulse

p* dump

SMI Acceleration Laser Dump  OTR/CTR
p* from SPS @ laser Diagnostics  piagnostics

\g“ ® O

Merging of SPS proton beam & ionizing/seeding laser pulse
Schematic relative timing

SMI developing, electron bunch parallel to proton bunch
Acceleration sections

Laser pulse dumped & diagnosed

Electro-optical sampling diagnostic

Transition radiation diagnostics

RF electron gun

e/p bunch merging section

1(] Electron spectrometer system

WENOGEWNE

37
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Many, Many Electron and Laser Driven Plasma Wakefield Experiments...!

Now first Proton Driven Plasma Wakefield Experiment - - R L ey

R g L By A 5
AL Gt &N Bage ) Bl P L e 0L Gellasies
S T
L T

THE GRAVITY ISSUE

I e L R
e

ety o e, ey | e W W LW
ey S . e
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Why protons?

Building Accelerators Based on PWA

Lasers: ~40 J/pulse
Electron drive beam: 30 J/bunch
Proton drive beam: SPS 19kJ/pulse, LHC 300kJ/bunch

* To reach TeV scale with electron/laser driven PWA: need several stages, and challenging wrt to relative

timing, tolerances, matching, etc...
+ effective gradient reduced because of long sections between accelerating elements....

Plasma cell Plasma cell Plasma cell Plasma cell Plasma cell Plasma cell Witness beam

—

Drive beam: electron/laser

* Protondrivers:large energy content in proton bunches = interesting for plasma wakefield accelerators = to
reach high energies of a withess beam possible in few stages.

* But: need short bunches = self-modulation instability

Plasma cell Witness beam

e
Drive beam: protons

Lasers do not have enough energy:
»  Can not propagate long distances in plasma
» Can not accelerate electrons to high energy
*  For high energy, need multiple stages
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Plasma wakefield accelerator

Qlurt pulse proton beam
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The AWAKE experiment at CERN

Long beam : self-modulation

.'./-- - .H\

Long proton beam

S,

* Microbunches are spaced
at the plasma wavelength
and act constructively to
generate a strong plasma
wake.

» Seeding the modulation is
critical. Use laser pulse (or | Neutral plasma

short electron beam). N —
Self-modulated driver beam

Thanks to J. Holloway (UCL)
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Self-modulation of the proton beam

radius (r)

Distance in beam (z)

CERN SPS proton beam

Proton bunch population Ny,

Proton bunch length o,

Proton bunch radius o,

Proton energy W,

Proton bunch relative energy spread §W, /W,

Proton bunch normalized emittance €,,,

3-1011
12 cm
0.02cm
400 GeV
0.35%

3.5 mm mrad

— 0.0 0.20
- J 04
TR K
F 108 § [ 1010 s
— 1 B
C ] = - =
12 ;_
1000
1.2 1
] A (a)
E o Wy
> 77 4
© o \
) 0.6 f
0.4 {LP
021 / T
ﬂﬂ T T T T
0 2 6 8 10
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First experiment: Seeded Self-Modulation

1= Imaging 2" Imaging
10m Rb plasma Screen Screen
: - - - Proton
oto . ——’f-EFZH] """ -
protons = p— _'?_ . Y du
J— um
s laser  OTR&CTR  Lagar p
dump Diagnostics  dump

Seeded Self-Modulation Instability of a Long Proton Bunch in Plasma

What we want to see in the diagnostics:
Tirme = 5063400 [ 1 fa_|

SHORT LASER PULSE No plasma

Wake potential protons_

Ap=12mm 50640 50670 50700 50730

u, ||: J -J‘E

Second half of the proton bunch sees plasma
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CERM MEUTRINOS TO GRAN SASS0
Underground structures at CERN

SPS/ECAS
Excavaled

B concreted Iﬂ-'—"—
EF Decay tizhie
" (2o } e —l

vl Coaracl)

_—

oA NS

Access gallenes

LHC/TIR AWAKE experiment
Targat 7
chasmbier ._.-' f-' Cervice gallery
LEF/LHC tunmel e

F
'3

pions '
LAOnS ',

_,."'r Decay tunnel

Hadran stop
and first muon defector

mLans o
. [
rLLrine r:-wzlh

Connection galleny
1o TISALHC

Second muon detector .2
.

neUtrinos el i
to Gran Sa-;g:j.// 06 /2003,
CERM- AC-0I- Mt
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