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Accelerators: One century of exploration of the
INnfinitivel
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Industrial Market for Accelerators

The development of state of the art accelerators for HEP has lead to
research in other field of science (light source, spallation neutron sources...)
industrial accelerators (cancer therapy, ion implant., electron
cutting&welding...)

Total syst. NAE Sales/yr System

Applicafion (2007) approx.  sold/yr (M$) price (M$)

Cancer Therapy

lon Implantation

Electron cutting and welding

Electron beam and X rays irradiators

Radio-isotope production (incl. PET)

Non destructive testing (incl. Security)

lon beam analysis (incl. AMS)

Neutron generators (incl. sealed tubes)

Total

| GradientWakefield Accelerators, CERN Accelerator School, Sesimbra, Portugal March 11-22(2019) ||l

ECOLE D
IRAD 9 1 VOLVTECHNIOUE
[ IM (s -
UMK 7 X ENSTA

1100
UITEOF SCIENCE

311

) 3
bigtanl
'9‘ WHZMANN BN



Compact and Cheaper High Energy Colliders a Grand

Challenge for Science and Engineering in the 21st Cent.

B“"d'“ng’D'SCOVe'Y Particle Physics Project Prioritization Panel (P5) Report 2014:
Building for Discovery

« A primary goal, therefore, is the ability to build the future
generation  accelerators at dramatically lower cost...For
e+e- colliders, the primary goals are improving the
accelerating gradient and lowering the power
consumption »

NAE Grand Challenges for Engineering Tools of Scientfific
Discovery

« Engineers will be able to devise smaller, cheaper but
more powerful atom smashers, enabling physicists to
explore realms beyond the reach of current technology »

Courtesy of C. Joshi

% loa | GradientWakefield Accelerators, CERN Accelerator School, Sesimbra, Portugal March 11-22(2019) -

S . @ [
WHZMANN BSTTTUTE OF SN UMR 7 AR A et ENSTA




Plasma Accelerators : mofivations

E-fleld max = few 10 MeV /meter (Breakdown)
R>Rmin Synchrotron radiation

—> Energy 11— Length 7—>CosT 7

LHC Circle road

27 km ‘ 31 km

= New medium : the plasma

V. |. Veksler, “Coherent Principle of Acceleration of Charged Parficles.” Proceedings of the
CERN Symposium on High Energy Accelerators and Pion Physics, vol. 1. Geneva, 1956. Pages
o 80-83.

0
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RF Cavity - Plasma Cavity

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

V. Malka et al., Science 298, 1596 (2002)
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Why Is a plasma useful ¢

Plasma is an lonized Medium => High Electric Fields

ccceccecce

electrons plasma oscillation
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Why Is a plasma useful ¢

Plasma is an lonized Medium => High Electric Fields
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1979 Relativistic plasma waves with Laser pulse

VoLUME 43, NUMBER 4 PHYSICAL REVIEW LETTERS 23 JuLy 1979
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Laser Electron Accelerator

T. Tajima and J. M. Dawson
Department of Physics, University of California, Los Angeles, California 90024
(Received 9 March 1979)

An intense electromagnetic pulse can create a weak of plasma oscillations through the
action of the nonlinear ponderomotive force. Electrons trapped in the wake can be ac-
celerated to high energy. Existing glass lasers of power density 10!®W/cm? shone on plas-
mas of densities 10!® cm™3 can yield gigaelectronvolts of electron energy per centimeter
of acceleration distance. This acceleration mechanism is demonstrated through computer
simulation. Applications to accelerators and pulsers are examined.

Such a wake is most effectively generated if the
length of the electromagnetic wave packet is half

=> |Laser wakefield

the wavelength of the plasma waves in the wake:
L.=)\,/2=71c/w,. (2)

An alternative way of exciting the plasmon is to
inject two laser beams with slightly different

frequencies (with frequency difference Aw~w,) — > I_O ser b cQq TWO ve

so that the beat distance of the packet becomes

2mc/w,. The mechanism for generating the wakes
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The linear wakefield regime: GV/m electric field **%

The laser wake field : broad resonance condition
'l?loser~7T/(Dp with Wp ~ Ne'/2 1.e. Ao ~ 1/Nel/2

electron density perturbation & longitudinal wakefield

1.05

r(um)

0.95

\, laser wave in the wake of a

= 5
E =L \\ N \ & boat
u,~-s/ \/ \/ E, (GV/m) = dn/n X\n

-60 z(pm) ° Linear wakefield : E; =1 GV/m for 1

% density Perturbation at 1018 cc-!
VphgseepW=vgloser~C
'{\;\ 1. Tajima and J. Dawson, PRL 43, 267 (197/9)
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Accelerated electrons in LWF il
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Snapshots of laser wakefield
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N. H. Matlis et al. , Nature Physics 2006
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Snapshots of laser wakefield
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N. H. Matlis et al. , Nature Physics 2006
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Injection criteria : the surfer experiences

In the terrestrial

he e reference frame
0
c g mz h = hocos(z-vpt)
_ho L . -
ho iINn the wawe
< 0 /\/ reference frame
ha D h = hocos(§)
h
° E=2-Vp 1 -
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In plasma wave :

QE field is not homogenous
@ Volume is phase space is
conserved

Qvery small initial volume

external injection :

Q Sizex Um

@ Length~ pm (fs)
Synchronization = fs

@ Controle ?

=> very challenging with
conventional accelerator

€4

ECOLE

ENSTA



Injection criteria : the surfer experiences

§=z-v t
phases space (& , v-vp)

conclusions :
Qtrapped orbits allow
higher energy gain

One needs to transmit
enough velocity AV

Vmax

fluid orbit (Vinitia=0)
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surfer with enough

inifial velocity surfer initially at rest

surfer with enough

initial velocity surfer initially af rest

surfer with enough

Q o
. o . \~ . o e
inifial velocity ) Q surfer initially at rest
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Trapping energy : analogy electron/surfer e
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Outline

e | aser Beat wave and Laser Wakefield
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External injection of e- in laser driven wakefield

Scheme of principle of the first experiments :

relafivistic plasma waves
laser beam

©—

© electron beam
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1985-95 How to excite a plasma wave ¢ the BW

11) The laser beat waves : 11 >>Ty

% loa

~- VI
$3$$9!
w I,kl W1-002=WP
E— linear growth rate §(t)=1/4 aic2wpt
_— => homogenous plasmas
W kz saturation : relativistic, ion motion
]

Train of shorf resonant pulses

Optical demonsiration by Thomson scattering :

Clayton et al. PRL 1985, Amiranoff et al. PRL 1992, Dangor et al. Phys. Scrypta 1990

Chen, Infroduction to plasma physics and controlled fusion, 2nd Edition, Vol.T,
(1984)
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1992-1994 Accelerated electrons in LBWF

The 2-MeV electrons are accelerated up to = 28 MeV
Electron spectra indicate an Efelg of = 2.8 GV/m

]0(\T —— ' _ ]
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5 . rapping
107 ¢ * : ‘*' energy !
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g 009z e,
: T
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: 3
E 107} { r
L 3
84 1 [njection
10 energy
0L 2
o 3 10 30

Eléctron energy (MeV)
M. Everett et al., Natfure 1994

Electron gain demonstration Few MeV's:
Kitagawa et al. PRL 1992, Clayton et al. PRL 1993, N. A. Ebrahim ef al., J. Appl.
A Phys. 1994, Amiranoff et al. PRL 1995
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1998 Accelerated electrons in LWF

LULI/LPNHE/LSI/IC

The 3-MeV electrons are accelerated up to = 4.5 MeV
Electron spectra indicate an Eselg 0f = 1.4 GV/m
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2.5 J,350fs, 10VW/cm?2, 0.5 mbar of He
F. Amiranoff ef al., PRL 1998
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Outline

o Self Modulated Laser Wakefield
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1992 How to excite a plasma wave: The SMLWF

Self modulated laser wakefield scheme : Ctiaser >> Tp
(Andreev et al., Antonsen ef al., Sprangle et al. 1992)

envelop modulation

%TP
ZI ) /\/WZB
— —> —
laser
w w , /|

—
—

excites enhances

N WA \/\/\/\/\/\NWW

plasma wave

PI>P:(GW)=17 nc/ne then wavebreaking can occur
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95 Relativistic wave breaking (RAL/IC/UCLA/LULI) ve

10° | ‘ ‘ ‘ ‘  —_— —
. Ne=| 5><IO'9cm3 3 0S5 I S W W S S |
S 10" |\ o e o e ~ ne_l SXIolgcm3
S St N[k T ]
g 2
00 S 10°L A\ NS N i
e = A -- |
i) -8 I 02 7 """""""""""""" o E.'l"' """ \ “|‘ """""" rew
g k= , .5><|O'9cm -\ VO
9 E0E T
o C |
” z Sk A
o Lnes0sx10bems | Y4
I _— o I S RS R AT R B
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electron energy (MeV) frequency shift (Wp)
Multiple satellites : high amplifude plasma waves
Broadening at higher densities
Loss of coherence of the relativistic plasma waves
A. Modena et al., Nature (1995)
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2002 The Forced Laser Waketield: the NL regime

Parameters: ne=1.5%x1017cm?-3, 1 1=35fs, E=0.6J, [.= 1x1018W/cm?2with kpwo>1

IOIO ] I I I !
o |
_107
»
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g 8
> 10 L
5
c i
8 7 |
8 10" .
Q C
() i
. L
o o
**
- Detection Threshold -
10° | | | |
0 50 100 150 200
Electron energy (MeV)
V. Malka ef al., Science 298, 1596 (2002)
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SMLWEF / FLWF (ps/ts) :multiple/single bunch

SMLWF: opt>>1 FLWF: opt=1

* lectrons bunch
* laser

” ﬂ - electron density

Al\rw\ perturbation
1 \ |

laser

[ | \ |
||

V. Malka, Europhysics News, April (2004)
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Outline

e Towards high quality electron beams in LPA
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2002 The Bubble regime : QM energetic e-beam -

VLPL, courtesy of A. Pukhov Golp, courtesy of L. Silva

A.Pukhov & J.Meyer-ter-Vehn, Appl. Phys. B, 74 (2002)
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Bubble/blow-out regime : principle

Highly non-linear regime : selt-injection

* NN,

- N w n (3] o)) ~

plasma wave

localized self injection in the surfing behind a wake boat
bubble/blow-out regime

A. Pukhov & J. Meyer-ter-Vehn, Appl. Phys. B 74, 355-361 (2002),

y u -
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) il i 1o
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2005 Transitions SMIWF/FLWEF/Bubble hue
Arbitrary Unit
[ - M'onoenergetic with Low Charge Mcfzh'}éuian g:z}y .

0- 18
Ne=35x10 /cm3

I
—
|

Monoene:ylic with High Charge

O M~
|

18 R
Ne=6.0x10"Jom3  Nez2:0%10" Jom3 5 |

|
—
]

| Monoenergetic +Mawxelllan - '  Maxwellian (T=15MeV) ™~ '_

Divergence [°]

| Ne=3.0020."Veri3

|
Monoenergetic + Mawxellian (T=23Me ‘ — | Maxwellian -(TzﬂMleV)" R
: \. - A . ' .&. - '

Ne=5.0x10"Jem3

Laser 200 ]00 50 20  Laser 200 100 50 20
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V. Malka et al., Phys. of Plasmas 12, 5 (20095)
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80T

x 10’
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@ ) 10}
S g ° .
= divergence : 6 mrad
L".IS. 6 ’ei;': i
2 h )
S 4t
»w 1
- 0 ~K‘""""-----im..__._____.. L  Cli 3
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© |1 Energy (MeV)
_________ | —
I | Experimental parameters : E=1J,
0 1.=30fs, A.=0.8um, [[=3.2x101"W/cm?2,
Ne=6X%1018cm-3
0 30 x/a
J. Faure et al., Nature 431, 7008 (2004)
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2004 The Dream Beam

30 September 2004 I International weekly journal of science

B~ __}
‘www.nature.com/nature

Dream beam

The dawn of @ mpact partigle accelerators

A w

Pisease control , Protein folding
Europe plays Escape from
catch-up the me

The Earth’d hum "“"ﬁ?“"‘”

Sounds of air On m alland
and sea all from one

technology feature RNA interference

Monoenergetic heams of relativistic
electrons from intense laser-plasma
interactions

S. P. D. Mangles ', C. D. Murphy'~, Z Najmudin’, A. G. R. Thomas',

J. L Collier”, A E. Dangar’, E . Divall’, P. S. Foster’, J. G. Gallacher’,
C. J. Hooker’, D. A. Jaroszynski’, A. J. Langley’, W. B. Mori",

P. A. Norreys®, F. S. Tsung®, R. Viskup’, B. R. Walton' & K. Krushelnick'

"The Blackett Laboratory, Imperial College London, London SW7 2AZ, UK
*Central Laser Facility, Rutherford Appleton Laboratory, Chilton, Didcot, Oxon,
0X11 0QX, UK

*Department of Physics, Unisersity of Strathdyde, Glasgow G4 ONG, UK
*Department of Physics and Astronomy, UCLA, Los Angeles, California 90095,
USA

High-quality electron heams from a
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2006 GeV electron beams from “cm scale” acc.
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W. Leemans et al., Nature Physics, september 2006
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2009 Gas cell experiments at MPQ
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J. Osterhoff et al., PRL 101, 085002 (2008
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2009 GeV electron beams from “cm scale” acc. s
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S. Kneip ef al., Phys. Rev. Lett. 103, 035002 (2009)
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2013 Longitudinal injection

Two different self-injection mechanisms take place :  ®At lower plasma density fransverse
injection is prevented

eOnly one bunch is injected

(b) (longitudinal injection)
300
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< 250
3" i ;g
gzoo- _5;‘ |
100 T T T T T T T T
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40 50 60 70 8 40 50 60 70 80 ) | Gounts
] ee——— (arb. u.)
Z (um) Z (m) 2] j
04 —
. . .« . . . T 12 .
longitudinal injection improves E 12
- the stability of the electron beam 2 - '
Ond '122 T T T T T
. 12
- reduces the divergence of the electron beam KE L —
50 68 o7 143 235 oo
Energy (MeV)

S. Corde ef al., Nature Communications (2013)
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20056-2008 Density ramp injection

= Bucket length ~1/\n v, /c = (1 - S Ulk‘”[’)_1

1 = Phase velocity drop
. enables trapping where, ( = 2 —ct and kp(2)
5 E which depends on z
. through on density
‘C—D kp — kp dne
>0 dz 2N dz
-
% For a downward density,
1 5 the wake phase velocity
X slow down facilitating
l@ : electrons trapping
-0.5 0 0.5 1.0 30. O

z [mm] Courtesy of W. P. Leemans

S. Bulanov et al., PRE 58, R5257 (1998), H. Suk ef al., PRL 86, 1011 (2001), T.-Y Chien et al.,
PRL 94, 115003 (2005), T. Hosokai et al., PRL 97, 075004 (2006), C. G. R. Geddes et al. PRL
100, 215004 (2008), J. Faure et al., Phys. of Plasma 17, 083107 (2011)
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(a) Self inj ection (b) Injection at density transition
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K. Schmid et al., PRSTAB 13, 091301 (2010)

| GradientWakefield Accelerators, CERN Accelerator School, Sesimbra, Portugal March 11-22(2019) ||l

Electron Energy (MeV)

mﬂb TD_Y)] TDD 7 UMR -/-'Xvoulr;ecumous @ A



2013 Shock front injection
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2013 Shock front injection : LLC

Laser wakefield acceleration using wire produced
double density ramps

wire Z-pos 60 MeV 80 MeV 100 MeV

ere: ! Electron Beam e "<9
' Top View 02 f < '

-0.17 mm D
\ Lanex ;
T Magnet
T \ none

o

: L

none a £ _

e 5

i selfinjection

M. Burza et al., PRSTAB 16, 011301 (2013)
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2011 Density ramp + phase velocity conftrol
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A. J. Gonslaves et al., Nature Physics, August 2011
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2010 lonization Induced Trapping
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A. Pak et al., PRL 104, 025003 (2010), C. McGuttey et al., PRL 104, 025004 (2010)
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2010 lonization Induced Trapping:2 stage acc.
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B. B. Pollock et al., PRL 107, 045001 (2011)
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Electron Beam (b)
(First Image Plate)
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35 pC, 460 MeV, div =2 mrad, DE/E>5%
B. B. Pollock et al., PRL 107, 045001 (2011)
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Double gas jet with PW laser : 3 GeV @ GIST-APRI v

Double He gasjet : de = 2.1x1018 cm-3 (4 mm) de = 0.7x1018 cm-3 (10 mm)
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Hyung Taek Kim et al., PRL 111, 165002 (2013)
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Stage I Plasma

gas jet lens  Plasma-mirror
tape

Magnetic
spectrometer

Stage I
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S. Steinke ef al., Nature 165525 (201 6)
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Colliding Laser Pulses Scheme e

Trapped electgg)

Acceleration phase

The first laser creates the accelerating structure
A second laser beam is used to heat electrons
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Set-up for colliding pulses experiment

Injection beam
130 mJ, 30 fs,
Divhm=28%23 um
| ~ 4X1017 W/cm?2
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Towards a Stable Laser Plasma Accelerators ..

Series of 28 consecutive shots with : ap=1.5, 01=0.4, ne=5.7x1018cm-3
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Tunabillity of the electrons energy
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late injection
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J. Faure et al., Nature 444, 737 (2006)
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1% relative energy spread
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Stable Laser Plasma Accelerators

Series of 28 consecutive shots with : ag=1.5,a,=0.4, ne=5.7%1018cm-3
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Concept laser plasma collider: «Artistic viewy

Figure 6. A 2-TeV electron-positron collider based on laser-
driven plasma acceleration might be less than 1 km long. Its
e electron arm could be a string of 100 acceleration modules,
L“’*{k 10, Cleg, each with its own laser. A 30-J laser pulse drives a plasma
o 5B wave in each module’s 1-m-long capillary channel of pre-
Y 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
plasma channel. The collider’s
positron arm begins the same
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.

Gas jet

Capillary

Positron production target i I W. Leemans, et al.,

W. Leemans et al., Phys. Today, March 2009
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Concept laser plasma collider: «Artistic viewy

plasma accelerator
stage 0.1 to Imp = 1%

Beam fransport :
4 1, 10 m fo up to few

km in the last stages
n=%

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

overall wall-plug efficiency:103,104, 100 of kHz-PW Laser reliabillity,
l.e.foral MW e, et beam, plasma discharge reliability,
required power of 1-10 GW efc..

V. Malka Phys. of Plasma 19, 055501 (2012)
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Concept laser plasma collider: «Artistic viewy

1 PW laser at high rep rate (>100Hz): today in the best 1 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 : foday in the best 1%

Courtesy of R. Assmann

B Wlele
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Outline

e Particle Wakefield Accelerator
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Processers size up
for the future p18
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Blumenfeld ef al., Nature 445 (2007), P. Muggli et al., Compfes Rendus de Physique 10 (2009)
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Double bunches PWFA at SLAC/FACET IR Mo

L . a b
Focusing (E) )50 ) 60
Defocusing Accelerating / Decelerating (£) E
\ L
45 o0
- BB ~ |
- - o - |
l + 4+ + | — 8
. + 4+ + ! - ' E[ i o)
4 4+ + + =la -+ P+ + electron  :a5) & 30
- ‘e o - =- - Lol A > = o —
e - .= - beam = | @
Accelerated Witness Bunch 10k W 20
P, R A S S 10
0 20 40 60 80

Propagation Distance (¢cm)

0
40 -20 0 20 40
X [um]

HE 4 e
.. . . 0 20 40 60 80 100
The energy gain is almost linear up to a distance of 65 cm. Spec. Den. [a.u.]

At 80 cm, the 25 GeV witness bunch has doubled in energy

with an 3% energy spread.

The energy transfer efficiency from the wake to the witness bunch is almost 56%.
The efficiency from the drive 1o the withess bunch is greater than 30%.

M. Hogan ef al., NJP, 12 (2010) Courtesy of P. Muggli
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Proton Driven PWFA at CERN : AWAKE project @

€ Witness pt Driver

_+++4—?=‘_-|=+++_+ A
R —_— bunch

=> SLAC, 20GeV bunch with 2x1 010e- ~60J Driver

=> SLAC-like driver for staging (FACET= 1 stage, collider 10+
stages)

=> SPS, 450GeV bunch with 3x101p+ ~22kJ Driver
LHC, 7TeV bunch with 3x1011p+ ~336kJ Driver

=> A single SPS or LHC p* bunch could produce an ILC
bunch in a single PWFA stagel

Large average gradient (~GeV/m, 100’s m)
Courtesy of P. Mugdli
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Proton Driven PWFA at CERN : AWAKE project |

p* -
Eo=1 TeV
0,=100um "
N=10!p* ¢ ' 5
P E ol “ "d " ® ( ®
< 3‘

€

Eo=I1 GeV
N:|O||e- -0.7— 1| |
-4 -2 0
Z(mm) '
ﬁ
Parameter Symbol  Value electron
Protons in drive bunch beam

Proton energy

Initial proton momentum spread
Initial proton bunch longituding
Initial proton bunch ang
Initial proton bung

”\QQ e

Courtesy of P. Muggli

Tm™ Z (mm)
Caldwell et al., Nature Physics, 5, 363 (2009)

Gradient ~1.5GV/m (av.): Gain of 0.6 TeV in 500 meter
Reasonable energy spread of less than 1%

p
May
Mag
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Proton Driven PWFA at CERN : SMI ATVAE—
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Grows a]ong the pgnch & along the plasma Pukhov et 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
g g P g
excitation: ~Eyg=mcw,./e~46GV/m @ n =2.3x10""cm™
J. Vieira et al., Phys. Plasmas 19, 063105 (2012) /s 8s>4£
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AWAKE: controlling the SMI

A NAdeE—

H

Final
Focus

Laser

lonizing
Laser
Pulse

rf gun
10-20MeV e

e spectrometer

EOS 0.1-2GeV

Diagnostic

| Based-Line Experimental Set-up

FSEL]

p* dump

Laser Dump
Diagnostics

OTR/CTR

p* from SPS Diagnostics

SMI| Acceleration

laser

1 Laser ionization of a Rb metal vapor,
7-10m plasma, n_,=10"4-10"5cm

1 Injection of 10-20MeV test e- at the 3m poin (sivi sawrateaq, Vo=Vpi)
1 SMl-acceleration “separated”
1 0.1-5GeV electron spectrometer

1 OTR + streak camera, electro-optic sampling for p*-bunch modulation
1 Additional optical diagnostics

© P Muggli
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Beams geometry of the experiment

Electron source system

Laser beam
% RF gun
N RF structure b
‘1/ 7\7 - - D|p0|e -
e

(S
S \{ .

X (mm)

L Jd
Proton beam -
s| Electron bunch U Long proton bunch

H lonising laser pulse
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Accelerated electrons on the scintillator screen
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Imaging
station 2




Electron injector @ CERN AVVAKE
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Results : Up to 2 GeV electrons

IO
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r / mm
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Outline

e Applications
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Some examples of applications : radiography

Non destructive dense matter inspection
High resolution radiography of dense object with a low divergence, point-like electron source

o P BGO matrix

Al diffuser

Ta converter Object

Gas jet nozzle

(¢)

Magnets

50 Um Y source size 2010  Lead wall ——>»

Y. Glinec et al.,, PRL 94, 025003 (2005) A.King et al., Mrs Bulletin 94, 8 (2006) i
A.Ben-Ismail et al, Nucl. Instr.and Meth.A 629 (2010), App. Phys. Lett. 98,;264101 (2011)
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Artistic view of non destructive
control machine
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Phase contrast imaging : results

Bee contrast image :

- Contrast of 0.68 in single shot.
- Very tiny details can be observed in single shot that disappear in multi shots.
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http://dx.doi.org/10.1364/OL.36.002426

photomcs :

Inverse Compton Scaftering : Compton Spectra * -

0 10 20 30 40 50 o 10 15 20 25 30 35 40 45
Electron energy [MeV] Photon Energy [keV]

Courtesy of S. Karsh
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50 20 MeV
electrons

8 MeV X-rays

relative dose depositi

10 20 30 |
Depth in tissue (cm) 250 MeV electrons X rays IMRT

A comparison of dose deposition with 6 MeV X ray an improvement of the quality of a clinically
approved prostate treatment plan.While the target coverage is the same or even slightly better
for 250 MeV electrons compared to photons the dose sparing of sensitive structures is
improved (up to 19%).

T. Fuchs et al. Phys. Med. Biol. 54, 3315-3328 (2009), in coll. with DKFZ

Y. Glinec et al. Med. Phys. 33, |, 155-162 (2006),
/é: O. Lundh et al, Medical Physics 39,6 (2012)
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Outline

*Conclusion and perspectives
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Conclusions for Laser Driven Wakefield Acceleration

Accelerators point of view
Good beam quality & Monoenergetic dE/E down to 1 %
Beam is very stable
Energy is tunable: up to 400 MeV
Charge is tunable: 1 to tens of pC
Energy spread is tunable: 1 fo 10 %

Jltra short e-bunch : 1,5 fs rms

_ow divergence : 2 mrad

ow emittance!3 : < r.mm.mrad

With PW class laser : peak energy at 8 GeV

2 L2 2 22 2 2

1S. Fritzler et al., Phys. Rev. Lett. 92, 165006 (2004), 2C. M. S. Sears ef al., PRSTAB
13, 092803 (2010),3E. Brunetti et al., Phys. Rev. Lett. 105, 215007 (2010)

' lo]e

 GradientWakefield Accelerators, CERN Accelerator School, Sesimbra, Portugal March 11-22(2019) -

mﬂb 1ax7 TDD 7 POLY EC NIQUE
WLZMANN DS TITUTE OF SCONCE :NSTA




Perspectives 1 tor Laser Driven Wakefield Acc.

New ideas for controlling the injection ¢

Cold injection scheme!, Two colors colliding pulses?, Two pulses ionization
iInjections, Trojean injection4

Magnetic control of injection?, positron acceleration in NL LPAW?¢

Control phase of the electric field’, Transverse injection schemes. ..

New numerical code/scheme for long accelerating distance runs ¢
Boost Frame, Fourier decomposition codes, moving frames

New schemes to reduce artificial Cerenkhov effect and/or emittance growth, etc..
New diagnostics ¢

New diagnostics such as betatron?, magnetic field!0, interferometry in the
frequency-timell, efc...

1X. Davoine et al., Phys. Rev. Lett. 102, 065001(2009), PRL, 2X. L. Xu et al., PRSTAB 17, 061301 (2014), 2L.
L. Yu ef al., PRL 112, 125001 (2014), 3N. Bourgeaois et al., PRL 111, 155004 (2013), 4B. Hidding et al, PRL
108, 035001 (2012), 3J. Vieira et al., Phys. Rev. Lett. 106, 225001(2011), ¢J. Vieira et al., PRL 112, 215001
(2014), “A. Litshitz et al., NJP 14, 053045 (2012), 8R. Lehe ef al., PRL 111, 085005 (2013), ?A. Rousse et al.,
Phys. Rev. Lett. 93, 13 (2004), °K. Ta Phuoc et al., Phys. Rev. Lett. 97, 225002 (2006), M. C. Kaluza et
al., Phys. Rev. Lett. 105, 115002 (2010), 9°A. Buck et al., Nature Physics 8, (2011), '"N. H. Matlis et al. ,
Nature Physics 2006,
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Perspectives 2 tor Laser Driven Wakefield Acc.

Short term perspective (< 10 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)

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

High energy physics that will depend on the laser technology
evolution, on laser o electron franster efficiency, on progress of
multistfage 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 tor Particle Driven Wake Field Acc.

Proton beam seems today the best driver
Proton beam will be benefit of shortness driver

2 GeV high quality e- beam (4 m & GV/m)

DESY)

Many C
Produci

Doubling 42 GeV electron energy in less than Tm
Positron acceleration is demonstrated
ncreasing activities on beam driver (FACET, CLARA, INFN,

nallenges/open questions :

ng stable, reliable and long plasma devices

Synchronization/jitter issues
Beam loading effects

Wlele




From Plasma Acceleration to Plasma Acc.

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

't Is a very exciting time for
olasma 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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A wonderful tool for Science and Societies
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Coming SOOOOON : Next LPAW 2019

Laser-Plasma Accelerator Workshop 2019
5-10 mai 2019 Split, Croatia

Deadline : March 31 |
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