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Laser and Particle Driven Wakefield

( Ot?

Laser wakefield
ne=7 10'8m>3,T = 30fs, ag =
0.5

E-beam wakefield
N/ Ne=0.11, T = [0fs,

drwHm=4pm (Q=7pC)

E,/E,

The end of the bunch
experiments a modified
wakefield
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Compactness of Laser Plasma Accelerators

RF Cavity

| m => |00 MeV Gain
Electric field < 100 MV/m
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Compactness of Laser Plasma Accelerators X :}

RF Cavity Plasma Cavity

| m => |00 MeV Gain |mm => |00 MeV
Electric field < 100 MV/m Electric field > 100 GV/m

V. Malka et al., Science 298, 1596 (2002)
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WoakeField Accelerators Driven by Laser Beam

Very high gradient of hundreds of GV/m

Good beam quality & Monoenergetic dE/E down to | %
Beam is very stable

Energy is tunable: up to 400 MeV

Charge is tunable: | to tens of pC

Energy spread is tunable: | to 10 %

Ultra short e-bunch : I,5 fs rms

Low divergence :2 mrad

Low emittance!-3 : < zZ.mm.mrad

SRS N S

With PWV class laser : peak energy at 3 GeV

All these, in the Non Linear Regime !
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WoakeField Accelerators Driven by Laser Beam

ARTICLE
Received 2 Dec 2012 = Accepted 8 May 2013 | Published 11 Jun 2013

Quasi-monoenergetic laser-plasma acceleration

of electrons to 2 GeV

Xiaoming Wang', Rafal Zgadzaj!, Neil Fazel!, Zhengyan Li', S. A. Yi!, Xi Zhang', Watson Henderson!, Y.-Y. Chang/,
R. Korzekwa', H.-E. Tsai!, C.-H. Pai', H. Quevedo', G. Dyer', E. Gaul', M. Martinez', A. C. Bernstein!, T. Borger',

M. Spinks', M. Donovan', V. Khudik', G. Shvets', T. Ditmire! & M. C. Downer'
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Concept of Laser-Driven Plasma Linac: «Artistic view»

Figure 6. A 2-TeV electron-positron collider based on laser-
driven plasma acceleration might be less than 1 km long. Its
€ electron arm could be a string of 100 acceleration modules,
Laser 0 Ves each with its own laser. A 30-J laser pulse drives a plasma
@, 9(7,.0 . ) .
Ng wave in each module’s 1-m-long capillary channel of pre-
Gas jet formed plasma. Bunched electrons from the previous module
‘ gain 10 GeV by riding the wave through the channel. The
chain begins with a bunch of electrons trapped
from a gas jet just inside the first module’s

Capillary '
" $\§] oy, | Ty, plasma channel. The collider’s
7 S 75 Pos,-,lb positron arm begins the same

s 0\ el f1s ‘ way, but the 10-GeV elec-
trons emerging from its first

- module bombard a metal
target to create positrons,
which are then focused and
injected into the arm’s string

of modules and accelerated
just like the electrons.

e ’.S»(

Laser
\~k

70
O\\ IGep,
Gas jet h

Positron production target

| W. Leemans, et al_,
W. Leemans et al., Phys. Today, March 2009
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Concept of Laser-Driven Plasma Linac : Challenges

plasma accelerator
stage 0.1 to Im, n = 1%

Beam transport :
4 |, |0 m to up to few
km in the last stages

n=1%

laser :10x50 m + focal of 5-10 m, n = few %

overall wall-plug efficiency:10-3,104, 100 of kHz-PWV Laser reliabilit
i.e.fora | MW e, e" beam, plasma discharge reliability,
required power of |-10 GW etc..

V. Malka Phys. of Plasma 19,055501 (2012)
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Concept of Laser-Driven Plasma Linac : Challenges

| PW laser at high rep rate (>100Hz): today in the best | Hz
Plasma and vacuum chambers

Transport between stages

Thermal effects on the guiding structure wall

External guiding/self-guiding

Collimation and beam filtering

Accelerating plasma structure: linear (<1GV/m) or non-linear (>few

GV/m to 100s GV/m)

High efficiency laser driver : today in the best |%

Courtesy of R. Assmann
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Single bunch PWFA at SLAC/FACET s{'}}‘}"?“;f'*}is"2
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Courtesy of P. Muggli

Blumenfeld et al., Nature 445 (2007), P. Muggli et al., Comptes Rendus de Physique 10 (2009)
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Double bunches PWFA at SLAC/FACET

work in progress

a)

Focusing (E)) 60
ot e = ' _ T e e AN e e o
locusing Auglu‘a(inn / Decelerating (E) , S~
\ -
\ / 45: S0
=S~ o "' S ~
f_=+++1 ++4-+r-$+4‘-'-.. > | 40
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Accolerated Witness Bunch 30} W 20
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o

The energy gain is almost linear up to a distance of 65 cm.
At 80 cm, the 25 GeV witness bunch has doubled in energy
with an 3% energy spread.

80
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The energy transfer efficiency from the wake to the witness bunch is almost 56%.
The efficiency from the drive to the witness bunch is greater than 30%.

M. Hogan et al., NJP, 12 (2010)
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Proton Driven PVWFA at CERN : AWAKE project ATVAKE

€ Witness p* Driver

=> SLAC, 20GeV bunch with 2x10'%" ~60] Driver
=> SLAC-like driver for staging (FACET= | stage, collider |10+ stages)

=> SPS, 450GeV bunch with 3x10''p* ~22k] Driver
LHC, 7TeV bunch with 3x10''p* ~336k] Driver

=> A single SPS or LHC p* bunch could produce an ILC bunch in a
single PVWFA stage!

Large average gradient (~GeV/m, 100’s m)

Courtesy of P. Muggli
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Proton

P+

Eo=I TeV o
oz=100um

— 10!t ~
N=10""p E ;

>

e-

Eo=1 GeV
N=[0!le- 0.7
Parameter

Protons in drive bunch

Proton energy

Initial proton momentum spread
Initial proton bunch longitudinal size
Initial proton bunch angular spread
Initial proton bunch transverse size

Electrons injected in witness bunch
Energy of electrons in witness bunch

Free electron density
Plasma wavelength
Magnetic field gradient
Magnet length

(LW AR9) '3

€

Driven PWFA at CERN : AWAKE project

»

‘

N

AVWALKE

€ Witness p* Driver

« Focusing (E))

Decelerating (E)

| | -3 ;
-4 -2 0 _-; ”
o s 1R
Symbol Value Units — C'ecﬂ'on
Np 10" e = ol e b
~ v - eam
Ep 1 TeV z 2
op/p 01 =
o; 100 um >
% 0.03 mrad (5
Oxy 043 mm
L
Ne 1.5x10'°
Ee 10 GeV
ny 6 x 10" cm™3
Ao 1.35 mm
1,000 Tﬂ‘\_1 Z (mm)
T Cale C f P Muggl
Caldwell et al., Nature Physics, 5, 363 (2009) ourtesy of . Muggli

Gradient ~1.5GV/m (av.): Gain of 0.6 TeV in 500 meter
Reasonable energy spread of less than |%
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Proton Driven PWFA at CERN : AWAKE project AWARE

" ) e P € Witness
o' [
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o=100um .
N=10""p* £ | 3
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e -
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Parameter Symbol  Value : C'eCﬂ‘on

Protons in drive bunch

Proton energy

Initial proton momentum spread
Initial proton bunch longitudinz
Initial proton bunch ang
Initial proton bu

Electrog

h \00

Mag

Tm™ Z (mm)

Caldwell et al., Nature Physics, 5, 363 (2009)  Courtesy of P Muggli

radient ~1.5GV/m (av.): Gain of 0.6 TeV in 500 meter
Reasonable energy spread of less than |%
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Proton Driven PWFA at CERN : SM| ATVAKE

 Self-Modulation Instability (SMI)
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Grows a_'°“9 the b_l,mCh &along the plasma , . ., al., PRL 107, 145003 (2011)
Convective instability Schroeder et al., PRL 107, 145002 (2011)

~1 Initial small transverse wakefields modulate the bunch density

~1 Associated longitudinal wakefields reach large amplitude through resonant

excitation: “Eyg=mcw ./e~46GV/m @ n,=2.3x10*’cm™
J. Vieira et al., Phys. Plasmas 19, 063105 (2012) /48y »4¢
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: previously demonstrated with Laser Beam AWVAKE
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Self modulated laser wakefield scheme : cTiaser >> T,
(Andreev et al., Antonsen et al., Sprangle et al. 1992)

enveloppe modulation

4 Z) Z3
— — —
laser
. w . 1

v

excites enhances

o - VVWV\MW

plasma wave

P.>P.(GW)=17 nc/ne then wavebreaking can occured
A.Modena et al., Nature (1995)
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Relativistic wave breaking (RAL/IC/UCLA/LULI)

spectral energy (a. u.)

loa
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Multiple satellites : high amplitude plasma waves
Broadening at higher densities

Loss of coherence of the relativistic plasma waves
A.Modena et al.,, Nature (2005)
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Experimental Set-up at CERN : controlling the SMI

Based-Line Experimental Set-up
e- rf gun
Laser un 10-20MeV e l“““m!.“. 08 e spectrometer
| lonizing Diagnostic Jmatey
Final Laser

Focus ¢ Pulse Plasma
p* dump
7 /v 7-10m, 10> cm-
| | — > Laser Dump OTR/CTR
. . Diagnostics Diaano
p* from SPS SMI Acceleration g jlagnostics

laser

~1 Laser ionization of a Rb metal vapor, \\\_Va:’or
7-10m plasma, n_=10"-10">cm"3 N\

~1 Injection of 10-20MeV test e- at the 3m poin (svi sawrarea, Vo=V,.)
"1 SMl-acceleration “separated”

"1 0.1-5GeV electron spectrometer

~1 Additional optical diagnostics

N

"1 OTR + streak camera, electro-optic sampling for p*-bunch modulation dia%
QpOyit

AWARE—
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~NE antal Se o ATVAIE
Side Injection Simulation Results

Table 1: Proton beam parameter al upstream entrance of the plasma cell.
Parameter Nominal Value
Energy 400GeV
Bunch Intensity 3x10" p
Energy per Bunch 19.2k) -
Repetition Rate 0.03Hz - = |
Energy Spread 0.34% (rms) P EO 1 3Mev W l"vl
Transverse Normalized Emittance £x= 3. 5mm-mrad — ), = [ |
Focused Transverse Size (a1 p*=5Sm)  0,*=0.2mm U Oml 5mr1a4d 3 I" |
Bunch Length 0.~ 12cm 7 ne=7x1 0"cm- Fo

| Angle Accuracy | <0.05mrad g o s ]
rohllli?g Accuracy HOSmm( — {-_s Y]trap"'s /0 | \’
‘ocal Position ’lasma Cell Entrance -0

Q) o—

Number of Run Periods/Y car 4 i AE/EO 2%rms ' lll
Length of Run Period 2 weeks e 7. .=4m ! | .

| Total Number of Protons/Year 4.86x10" ) N ’f ' \

— - f
B L Zf— 1 Om A" k
21, )

) m Not modulated @ -g J'r" \

E. l 2 . A—A—t-*-«‘*xw{vr !“\fk
N ] 1.8 1.9 20 21 22
214, ully self-modulated, v,=v,, => injection . Energy, GeV

=

el
0 o
-30 20 z,em 9

— ~ 1 Results from LCODE, K. Lotov
g % s .r"f g
= . ,l". ‘r\:’-‘- "
= o "' ‘{.."\ .:ﬁl -.“.‘—-
Y1 O PR, S S—
-10.7 z. cm -10.6 -10.5
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Laser & Particle beams b

Ultra-Bright Electron Beams with PWFA and Laser

*Plasma bubble (wake) can act as a high-frequency, high-field, high-brightness

electron source

*Ultra-high brightness beams for BES applications:
- Unprecedented emittance (down to 10 m rad)
- Sub-pm spot size

- o 1€ 1l driver
fs pulses = | e-bléam

* Ingredients: electron & laser pulse (synchronized to fs
level), plasma source with mixed ionization threshold

* Release laser pulse is strongly focused, needs 100 pj, e ] -

only, to ionize medium locally in focus at 10> W/cm?
Courtesy of M. Hogan

Leverages efficiency and rep rate of conventional
accelerators to produce beams with very high brightness for
XFEL applications
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Perspectives for Laser Driven Wakefield Acceleration

Short term perspective (< |0 years):

Relevant applications in medicine, radiobology, material science
Compact FEL with moderate average power (10 Hz system)
Compact X ray source (Thomson, Compton, Betatron, or FEL)

Long term possible applications (>40-50 years):

High energy physics that will depend on the laser technology
evolution, on laser to electron transfer efficiency, on progress of
multistage design, acceleration of positron, etc...)

V. Malka et al., Nature Physics 4 (2008),V. Malka Phys. of Plasma 19, 055501 (2012)
E. Esarey et al., Rev. Mod. Phys. 81 (2009), S. Corde et al., Rev. Mod. Phys. 85 (2013)
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Perspectives for Particle Driven Wake Field Acceleration

Proton beam seems today the best driver

Proton beam will be benefit of shortness

2 GeV high quality e- beam (4 m & GV/m)
Doubling 42 GeV electron energy in less than Im

Positron acceleration is demonstrated
Increasing activities (FACET, CLARA, INFN, DESY)

Many challenges/open questions :

Producing stable, reliable and long plasma devices
Synchronization/jitter issues

Beam loading effects

Emittance and energy spread measurements are requested
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From Plasma Acceleration to Plasma Accelerators

Laser-PWAs allow today to explore several applications with the
hope of compactness and cost reduction. They allow to produce
secondary sources for many applications (particularly for pump-
probe experiments, bright X-rays beam, electron diffraction,
radiotherapy, non destructive material inspection, compact FEL,
etc...)

Particle-PVWAs appear today as the best candidates for future
accelerators of interest for HEP

Proton beam driver exist and allow a single stage efficient
accelerator

The involvement of accelerators community will be a key element
of success of this wonderful and exciting research
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From Plasma Acceleration to Plasma Accelerators

Laser-PWAs allow today to explore several applications with the
hope of compactness and cost reduction. They allow to produce
secondary sources for many applications (particularly for pump-
probe experiments, bright X-rays beam, electron diffraction,

It is a very exciting time for plasma
accelerators !

Proton beam driver exist and allow a single stage efficient
accelerator

The involvement of accelerators community will be a key element
of success of this wonderful and exciting research
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