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Industrial M
arket for A

ccelerators!

A
pplication

Total system
s 

(2007) approx.
System

!
sold/yr

Sales/yr!
(M

$)
System

 !
price (M

$)

C
ancer T

herapy
9100

500
1800

2.0 - 5.0

Ion Im
plantation

9500
500

1400
1.5 - 2.5

Electron cutting and w
elding

4500
100

150
0.5 - 2.5

Electron beam
 and X

 rays irradiators
2000

75
130

0.2 - 8.0

R
adio-isotope production (incl. PET

)
550

50
70

1.0 - 30

N
on destructive testing (incl. Security)

650
100

70
0.3 - 2.0

Ion beam
 analysis (incl. A

M
S)

200
25

30
0.4 - 1.5

N
eutron generators (incl. sealed tubes)

1000
50

30
0.1 - 3.0

Total
27500

1400
3680

Total accelerators sales increasing m
ore than 10%

 per year!

T
he developm

ent of state of the art accelerators for H
EP has lead to : !

research in other field of science (light source, spallation neutron sources…
)!

industrial accelerators (cancer therapy, ion im
plant., electron cutting&

w
elding...)
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A
ccelerators : O

ne century of exploration of the infinitively sm
all!

Q
uarks

10
-21

10
-19

10
-17

10
-15

10
-13

10
-11

1880
1900

1920
1940

1960
1980

2000
2020

Y
ear

Explored wavelength values (m)

C
athodic tube

J. T
hom

son

1931 E. Law
rence, first

C
yclotron @

 80 keV

U
niv. of Berkeley

380 M
eV

 C
yclotronBerkeley, 

Bevatron
50 G

eV
 Synchrotron PS
28 G

eV
 C

ER
N

SLA
C

50 G
eV

 
LEP 90 G

eV
 

C
ER

N

T
evatron

Ferm
iLab

LH
C

 
3.5 T

eV
C

ER
N

A
tom

N
ucleus
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Particle Physics Project Prioritization Panel (P5) R
eport 2014: 

B
uilding for D

iscovery 
!« A

 prim
ary goal, therefore, is the ability to build the future 

generation  accelerators at dram
atically low

er cost…
For e+e- 

colliders, the prim
ary goals are im

proving the accelerating 
gradient and low

ering the pow
er consum

ption »

N
A

E 
G

rand 
C

hallenges 
for 

Engineering 
Tools 

of 
Scientific 

D
iscovery 

!« Engineers w
ill be able to devise sm

aller, cheaper but m
ore 

pow
erful atom

 sm
ashers, 

enabling 
physicists 

to 
explore 

realm
s 

beyond the reach of current technology »C
ourtesy of C

. Joshi

C
om

pact and C
heaper H

igh Energy C
olliders a G

rand 
C

hallenge for Science and Engineering in the 21
st C

entury
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Com
pactness of Laser Plasm

a Accelerators

R
F C

avity
Plasm

a C
avity

Electric field <
 100 M

V
/m

Electric field >
 100 G

V
/m

V. M
alka et al., Science 298

, 1596 (2002)

1 m
 =

>
 50 M

eV
 G

ain
1m

m
 =

>
 100 M

eV

Plasm
a  W

ake A
cceleration, C

ER
N

 A
ccelerator School, C

ER
N

, N
ovem

bre 23-28 (2014)

h
ttp

://lo
a
.e

n
sta

.fr/ 
U

M
R
 7

6
3
9
 

1956: C
oherent Principle of A

cceleration in Plasm
as

S
uperconducting R

F-C
avities : E

z  = 55 M
V

m

P
lasm

a is an Ionized M
edium

   =>  H
igh E

lectric Fields 

E
z  (G

V
/m

) ≈
 δ

n/n �
√
n

V. I. Veksler, “C
oherent Principle of A

cceleration of C
harged Particles.” Proceedings of the CERN

 
Sym

posium
 on H

igh Energy Accelerators and Pion Physics, vol. 1. G
eneva, 1956. Pages 80–83.
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Plasm
as can support longitudinal electric fields 

In a plasm
a, due to space charge electric field, electrons oscillate naturally at 

the plasm
a frequency

T
he space charge E-field can be very large : E(G

V
/m

) =
 30 [n

e /10
17cm

-3] 1/2δ

- - - -!
- - - - - - - -!

- - - - - - - - - - -
- - - -!

- - - - - - - -!
- - - - - - - - - - -

+
 +
 +
 +
!

+
 +
 +
 +
 +
 +
 +
 !

+
 +
 +
 +
 +
 +
 +
 +
 +
 +

E
E

T
he phase velocity of these plasm

a w
aves can be close to c

n
e

n
i

E
v
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F=∇
I

=> Laser w
akefield

=> Laser beatw
ave
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1979 H
ow

 to excite a plasm
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ave ? the Laser W
akefield
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electron density perturbation and longitudinal w
akefield

1) T
he laser w

ake field : broad resonance condition �
laser ∼T

p /2 
=

>
 short laser pulse

w
ave in the w

ake of a boat 

T. Tajim
a and J. D

aw
son, PR

L 43
, 267 (1979)

F=∇
I

E
z  =

 0.3 G
V

/m
   for 1 %

     D
ensity Perturbation at 10

17 cc
-1!

 !

E
z  =

 300 G
V

/m
 for 100 %

  D
ensity Perturbation at 10

19 cc
-1!
!

v
phase epw=

v
g laser∼c
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R
esonance condition for Laser W

akefield (tw
ist m

ovie)
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O
ptim

um
potential:

⇥
�

⇥
L

0
=

0
w

hich
gives

k
p L

0
=
�

2

G
orbunov et al. Sov. Phys. JET

P 66 (87)  !

a
0 =

1

laser

w
akefield

In the laser w
akefield the resonance is very broad

n
e (cm

�
3)

=
1.7
�

10
2
1

�
2F

W
H

M
(f

s)

(�n
z /n

0 )
m

a
x
�

0.4a
20

=
>

 30 fs @
 1.9x10

18cm
-3
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Frequency dom
ain interferom

etry : electron density pert.

h
ttp

://lo
a
.e

n
sta

.fr/ 
U

M
R
 7

6
3
9
 

space (radius)

tim
e

J.-R
. M

arquès et al., Phys. R
ev. Lett. 76(19), 3566 (1996);!

Phys. R
ev. Lett. 78 (18), 3463 (1997); Phys. of Plasm

as 5(4), 1162 (1998)!

Phase (rad)

0.00

-0.04

-0.08
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Electron density oscillation along the laser axis
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N
. H

. M
atlis et al. , N

ature Physics 2006!
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Snapshots of laser w
akefield
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N
. H

. M
atlis et al. , N

ature Physics 2006!

Sm
all am

plitude w
akes w

ith flats w
avefronts. a) probe phase shift 10T

W
, 30 fs at 0.95x10

19cm
-3.!

b) Sim
ulated w

ake density profile. c) sam
e than a) at 5.9x10

19cm
-3. d) w

ake period versus n
e .!
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Injection criteria : the surfer experiences

in the terrestrial!
 reference fram

e!
h =

 h
0 cos(z-v

p t)

-h
0 0 h
0

h

z
-h

0 0 h
0

h

z

vp

-h
0 0 h
0

h

z

vp

-h
0 0 h
0

h

�=z-vp  t

in the w
aw

e!
 reference fram

e!
h =

 h
0 cos(ξ)
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-h
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-2√
gh

0

2√
gh

0

phases space (ξ , v-v
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Injection criteria : the surfer experiences

-h
0 0 h
0

h

�=z-vp  t
-h

0 0 h
0

h

�=z-vp  t

-2√
gh

0

2√
gh

0v-vp

phases space (ξ , v-v
p )

-h
0 0 h
0

h

�=z-vp  t
-h

0 0 h
0

h

�=z-vp  t

-2√
gh

0

2√
gh

0v-vp
-h

0 0 h
0

h

�=z-vp  t

 velocity gain 

phases space (ξ , v-v
p )

-h
0 0 h
0

h

�=z-vp  t
-h

0 0 h
0

h

�=z-vp  t

-2√
gh

0

2√
gh

0v-vp
-h

0 0 h
0

h

�=z-vp  t

 velocity gain 

phases space (ξ , v-v
p )

-h
0 0 h
0

h

�=z-vp  t V
itesse nulle

(ref. terrestre)

-2�gh
0 0

2�gh
0

v-vp

velocity =
 0!

(terr. fram
e) 

conclusions :!
trapped orbits allow

 !
higher energy gain!

 O
ne needs to transm

it!
 enough velocity Δ

V

-h
0 0 h
0

h

�=z-vp  t

0

vm
in vp

vm
ax

v

O
rbite fluide

V
itesse initiale nulle

Séparatrice
O

rbites piégées
"S

urf"�
v

separatrix

trapped  orbits!
“surf”

fluid orbit (v
initial =

0)!
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1 D
 m

axim
um

 energy gain : W
m

ax:  eE
p L

dephIn plasm
a w

ave :!
E field is not hom

ogenous!
 Volum

e is phase space is 
conserved!

very sm
all initial volum

e

0 5 10 15 20 25 30 35 40

⌥3�
⌥2�

⌥�
0

�

uz(me c)

kp ⇥

O
rbites piégées

S
éparatrice

O
rbite fluide

⌥0.06
⌥0.04
⌥0.02 0

0.02
0.04
0.06

⌥3�
⌥2�

⌥�
0

�
0 0.1

0.2

0.3

Ez/Ep

I/I0

external injection :!
 Size≈

 μ
m

 !
 Length≈

 μ
m

 (fs)!
 Synchronization ≈

 fs!
 C

ontrole ?

=
>

 very challenging w
ith 

conventional accelerator
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Trapping energy : analogy electron/surfer
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surfer initially at rest
surfer w

ith enough !
initial velocity

surfer initially at rest

surfer initially at rest

surfer w
ith enough !

initial velocity

surfer w
ith enough !

initial velocity

Plasm
a  W

ake A
cceleration, C

ER
N

 A
ccelerator School, C

ER
N

, N
ovem

bre 23-28 (2014)

Trapping energy : analogy electron/surfer

h
ttp

://lo
a
.e

n
sta

.fr/ 
U

M
R
 7

6
3
9
 

Plasm
a  W

ake A
cceleration, C

ER
N

 A
ccelerator School, C

ER
N

, N
ovem

bre 23-28 (2014)



A
ccelerating/decelerating and focusing/defocusing fields
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electron density
laser

Ez!

acc.!
field

acc.!
field

dec.!
field

dec.!
field

foc.!
field

foc.!
field

defoc.!
field

defoc.!
field

Er!

a
0 =

0.5

Plasm
a  W

ake A
cceleration, C

ER
N

 A
ccelerator School, C

ER
N

, N
ovem

bre 23-28 (2014)

N
on Linear Plasm

a w
aves 3D

 : a
0 =

2 (30fs)

laser

Ez!

acc.!
field

acc.!
field

dec.!
field

dec.!
field

foc.!
field

foc.!
field

defoc.!
field

defoc.!
field

Er!
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External injection of electrons in laser driven w
akefield
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Schem
e of principle of the first experim

ents :

laser beam

electron beam
☺

☺

relativistic plasm
a!

 w
aves
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 to excite a plasm
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ave ? the Beat W
ave
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11) T
he laser beat w

aves : τ
L >

>
T

p

ω
1 ,k

1

ω
2 ,k

2

F≈
- ∇

I
$$$$!!

ω
1 -ω

2 =ω
p!

linear grow
th rate δ

(t)=
1/4 a

1 a
2 ω

p t!
=

>
 hom

ogenous plasm
as!

saturation : relativistic, ion m
otion

O
ptical dem

onstration by T
hom

son scattering :!
C

layton et al. PR
L 1985,  A

m
iranoff et al. PR

L 1992, D
angor et al. Phys. Scrypta 1990!

C
hen, Introduction to plasm

a physics and controlled fusion, 2
nd Edition, Vol.1, (1984)!

Train of short resonant pulses!
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1992-1994 A
ccelerated electrons in LBW
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T
he 2-M

eV
 electrons are accelerated up to ≈

 28 M
eV
!

Electron spectra indicate an E
field  of ≈

 2.8 G
V

/m
!

M
. Everett et al., N

ature 1994
Electron gain dem

onstration Few
 M

eV
’s:!

K
itagaw

a et al. PR
L 1992, C

layton et al. PR
L 1993, N

. A
. Ebrahim

 et al., J. A
ppl. Phys.1994, 

A
m

iranoff et al. PR
L 1995
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1998 A
ccelerated electrons in LW

F
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Electron spectra indicate an E
field  of ≈

 1 G
V

/m

LU
LI/LPN

H
E/LSI/IC

d
u

m
p

  e-spectrom
eter!

injection m
agnet

PM
 Scintillators

1.4 m
 off axis parabole

laser energy and!
focal spot diagnostic

1 ns stretched laser beam

vacuum
 tube!

200 m
 from

 !
LU

LI

e-beam
!

(3 M
eV, 0.2 m

A
)

interaction region!
(H

e 0.1-4 m
bars)

C
om

pressor

A
utocorrelator!
2nd order
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1998 A
ccelerated electrons in LW

F
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2.5 J, 350 fs, 10
17W

/cm
2, 0.5 m

bar of H
e

F.  A
m

iranoff et al., PR
L 1998

LU
LI/LPN

H
E/LSI/IC

T
he 3-M

eV
 electrons are accelerated up to ≈

 4.5 M
eV
!

Electron spectra indicate an E
field  of ≈

 1.4 G
V

/m
!

3
3.5

4
4.5

5
5.5

6

energy (M
eV

)

number of electrons

10
0

10
1

10
2

10
3

noise level
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Tunability of Plasm
a A

ccelerators: charge &
 energy spread

C
harge : controlling electrons heating processes =

>
 sm

aller a
inj.  m

eans less heating and less trapping
Energy spread : D

ecreasing the phase space volum
e V

trap of trapped electrons by reducing a
inj.  or!

by reducing cτ/λ
p  by changing n

e  (i.e λ
p )

Evolution of injection volum
e w

ith a
1  for a

0  =
 2, n

e  =
 7×

10
18cm

-3. !
Fields are com

puted for the 1D
 case and the beatw

ave separatrix corresponds to the circular polarization case.!

In practice, energy spread and charge are correlated:!
D

ecreasing a
1  decreases the charge but also V

trap , and in consequence the energy spread!
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Tuning charge &
 energy spread w

ith the plasm
a density

N
e =
1
.6
×
1
0
1
9 cm

‐3
 

N
e =
1
.5
×
1
0
1
9 cm

‐3
 

N
e =
1
.3
5
×
1
0
1
9 cm

‐3
 

N
e =
1
.2
×
1
0
1
9 cm

‐3
 

N
e =
1
×
1
0
1
9 cm

‐3
 

increasing the plasma density
E=

67 M
eV
!

Δ
E=

3 M
eV
!

Q
pk =

2.4pC
!

E=
77 M

eV
!

Δ
E=

10 M
eV
!

Q
pk =

23.2pC
!

E=
76 M

eV
!

Δ
E=

10.0 M
eV
!

Q
pk =

17pC
!

E=
84 M

eV
!

Δ
E=

24 M
eV
!

Q
pk =

25.4pC
!

E=
64 M

eV
!

Δ
E=

16 M
eV
!

Q
pk =

96pC
!
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C
harge from

 60 pC
 to 5 pC

, Δ
E from

 20 to 5 M
eV

 !

Tuning charge &
 energy spread w

ith the inj. laser intensity

C
. R

echatin et al., Phys. R
ev. Lett. 102

, 164801 (2009)!
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1%
 relative energy spread 
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C
. R

echatin et al., Phys. R
ev. Lett. 102

, 194804 (2009)!
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1.5 fs R
M

S duration : Peak current of 4 kA
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Spectral features!
Peak at 3 μ

m
!

C
oherent!

A
nalytic C

T
R

 m
odel!

G
aussian pulse shape!

M
easured e-beam

 :!
!

C
harge!

!
Energy!

!
D

ivergence!

Bunch duration!
Peak w

avelength!
Peak intensity!

O
. Lundh et al., N

ature Physics, 7 (2011)!

1.5 fs R
M

S duration : Peak current of 4 kA

A
. Buck et al., N

ature Physics 8, (2011)!
Plasm

a  W
ake A

cceleration, C
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riven Plasm
a Linac: «A

rtistic view
»
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W
. Leem

ans et al., Phys. Today, M
arch 2009
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V. M
alka Phys. of Plasm

a 19, 055501 (2012)!

plasm
a accelerator !

stage 0.1 to 1m
, 

laser :10x50 m
 +

 focal of 5-10 m
, !

 =
 few

 %

BT

Beam
 transport : !

1, 10 m
 to up to few

 !
km

 in the last stages 

!
 =

 1%

!
 =

 ? %

overall w
all-plug efficiency:10

-3,10
-4, !

i.e. for a 1 M
W

 e, e
+ beam

, !
required pow

er of 1-10 G
W

100 of kH
z-PW

 Laser reliability, !
plasm

a discharge reliability, !
etc..  

C
oncept of Laser-D

riven Plasm
a Linac : C

hallenges
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C
oncept of Laser-D

riven Plasm
a Linac : C

hallenges

1 PW
 laser at high rep rate (>

100H
z): today in the best 1 H

z!

Plasm
a and vacuum

 cham
bers!

Transport betw
een stages!

T
herm

al effects on the guiding structure w
all!

External guiding/self-guiding!

C
ollim

ation and beam
 filtering!

A
ccelerating plasm

a structure: linear (<
1G

V
/m

) or non-linear (>
few

 

G
V

/m
 to 100s G

V
/m

)!

H
igh efficiency laser driver : today in the best 1%C

ourtesy of R
.  A

ssm
ann
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Single bunch PW
FA

 at SLA
C

/FA
C

ET

 in 85 cm
 ! 

Blum
enfeld et al., N

ature 445 (2007), P. M
uggli et al., C

om
ptes R

endus de Physique 10 (2009)
C

ourtesy of P. M
uggli
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D
ouble bunches PW

FA
 at SLA

C
/FA

C
ET

T
he energy gain is alm

ost linear up to a distance of 65 cm
. !

A
t 80 cm

, the 25 G
eV

 w
itness bunch has doubled in energy!

w
ith an 3%

 energy spread.!
T

he energy transfer efficiency from
 the w

ake to the w
itness bunch is alm

ost 56%
. !

T
he efficiency from

 the drive to the w
itness bunch is greater than 30%

.

M
. H

ogan et al., N
JP, 12 (2010) 

C
ourtesy of P. M

uggli

w
ork in progress
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2 bunches PW
FA

 at SLA
C

/FA
C

ET
 : im

pressive m
ilestone
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G
ain:1.6 G

eV, Energy spread: 0.7%
 A

N
D

 >
 30 %

 energy transfert

M
. Litos et al., N

ature, 13882 (novem
ber 2014) 

U
ltra-Bright Electron Beam

s w
ith PW

FA
 and Laser
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• Plasm
a bubble (w

ake) can act as a high-frequency, high-field, high-brightness 
electron source!
• U

ltra-high brightness beam
s for BES applications:!

-
U

nprecedented em
ittance (dow

n to 10
-9 m

 rad)!
-

Sub-µm
 spot size!

-
fs pulses

•
Ingredients: electron &

 laser pulse (synchronized to fs 
level), plasm

a source w
ith m

ixed ionization threshold!
•

R
elease laser pulse is strongly focused, needs 100 µJ, 

only, to ionize m
edium

 locally in focus at 10
15 W

/cm
2

Leverages efficiency and rep rate of conventional 
accelerators to produce beam

s w
ith very high brightness for  

X
FEL applications

Laser &
 Particle beam

s

C
ourtesy of M

. H
ogan
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Proton D
riven PW

FA
 at C

ER
N

 : A
W

A
K

E project

=
>

 SLA
C

, 20G
eV

 bunch w
ith 2x10

10e
- ~

60J D
river!

!=
>

 SLA
C

-like driver for staging (FA
C

ET
=

 1 stage, collider 10+
 stages)!

!=
>

 SPS, 450G
eV

 bunch w
ith 3x10

11p
+ ~

22kJ D
river!

LH
C

, 7TeV
 bunch w

ith 3x10
11p

+ ~
336kJ D

river!
!

=
>

 A
 single SPS or LH

C
 p

+ bunch could produce an ILC
 bunch in a 

single PW
FA

 stage!!
!

Large average gradient (~G
eV

/m
, 100’s m

)

C
ourtesy of P. M

uggli
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Proton D
riven PW

FA
 at C

ER
N

 : A
W

A
K

E projectC
ourtesy of P. M

uggli

p
+!

E
0 =

1 TeV
!

"
z =

100#m
!

N
=

10
11p

+!
!e-!
E

0 =
1 G

eV
!

N
=

10
11e

-

e
p

G
radient ~

1.5G
V

/m
 (av.): G

ain of 0.6 TeV
 in 500 m

eter!
R

easonable energy spread of less than 1%

C
aldw

ell et al., N
ature Physics, 5, 363 (2009) 

100 #m
 long proton bunch w

ith 10 11 p + 

does not exist !
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Proton D
riven PW

FA
 at C

ER
N

 : SM
I

G
radient ~

1.5G
V

/m
 (av.): G

ain of 0.6 TeV
 in 500 m

eter!
R

easonable energy spread of less than 1%

C
aldw

ell et al., N
ature Physics, 5, 363 (2009) 

Self-M
odulation Instability (SM

I)
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 : controlling the SM
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1st European A
dvanced  A

ccelerator C
oncepts W

orkshop, La Biodola, Isola d’Elba - Italy, June 2-7 (2013)

Based-Line Experim
ental Set-up
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1st European A
dvanced  A

ccelerator C
oncepts W

orkshop, La Biodola, Isola d’Elba - Italy, June 2-7 (2013)

  Side Injection Sim
ulation R

esults
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R
. A

ssm
ann et al., PPC

F, 084013 (2014) 
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A
. K

ing et al., M
rs Bulletin 94

, 8 (2006)

H
igh resolution radiography of dense object w

ith a low
 divergence, point-like electron source!

N
on destructive dense m

atter inspection!

50 μ
m

 γ source size 2010
Y. G

linec et al., PR
L 94

, 025003 (2005)
A

. Ben-Ism
ail et al.,  N

ucl. Instr. and M
eth. A

 629 (2010), A
pp. Phys. Lett.  98, 264101 (2011)!

Plasm
a  W

ake A
cceleration, C

ER
N

 A
ccelerator School, C

ER
N

, N
ovem

bre 23-28 (2014)

Som
e exam

ples of applications : N
on D

estructive C
ontrol

h
ttp

://lo
a
.e

n
sta

.fr/ 
U

M
R
 7

6
3
9
 

A
rtistic view

 of non destructive 
control m

achine!
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A
. R

ousse et al., Phys. R
ev. Lett. 93, 135005 (2004)

�
u
=

p
2�

�
p

K
=

r
�
k
p p

�
/2

Betatron oscillation properties:
⇠

100
M
eV

r
�
⇠

1
µ
m

n
e
⇠

10
1
9
cm

�
3

�
u
⇠

200
µ
m

K
⇠

5

Betatron radiation properties
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Longitudinal Force

Transverse force
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F=
-∇

I

T
he Forced laser w

akefield
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A
 m

ore precise source size estim
ation

Experim
ental profiles

3 µm
1.5 µm

3 µm

C
alculated profiles                   Electron orbits
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K
. Ta Phuoc et al., Phys. R

ev. Lett. 97, 225002 (2006)

Bee contrast im
age :!

- C
ontrast  of  0.68 in single shot.!

- Very tiny details can be observed in single shot that disappear in m
ulti shots.

1 shot
13 shots

S. Fourm
aux et al., O

pt. Lett. 36, 2426 (2011)
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Phase contrast im
aging : results
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 Inverse C
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pton Scattering
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x =4γ
2ω

0 
D

oppler upshift : high energy photons w
ith m

odest electrons energy :

For exam
ple : 20 M

eV
 electrons can produce 10 keV

 photons!
                    200 M

eV
 electrons can produce 1 M

eV
 photons

T
he num

ber of photons depends on the electron charge N
e  and a

0 2 :
N

x  ∝
 a

0 2 x N
e

D
uration (fs), source size (μ

m
) =

 electron bunch length and electron beam
 size 

Spectral bandw
idth : Δ

E/E ∝ 2Δγ/γ, γ
2Δθ

2
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 Inverse C
om

pton Scattering : N
ew

 schem
e
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!A
 single laser pulse!

!A
 plasm

a m
irror reflects the laser beam

!
!T

he back reflected laser collides w
ith the !

accelerated electrons!
!N

o alignm
ent : the laser and the electron !

beam
s naturally overlap!

!Save the laser energy !

50 T
W

 / 30 fs !
laser

H
e gas jet

Foil, blade

X
 rays

solid foil

Back reflected laser pulse
Plasm

a m
irror

H
igh energy!

X
 ray beam
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 Inverse C
om

pton Scattering : C
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pton Spectra 
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B

A
l 2.1 m

m

C
u 0.5 m

m

C
u 1 m

m

C
u 2 m

m

C
u 4 m

m

C
u 8 m

m

C
u 12 m

m

A

● A
bout 10

8 ph/shot,  a few
 10

4 ph/shot/0.1%
BW

 @
 100 keV

● Broad electron spectrum
 =

>
 broad X

 ray spectra

● Brigthness: 10
21 ph/s/m

m
2/m

rad
2/0.1%

BW
 @

100 keV 

calculation w
ith test particle : a

0 =
1.2

K
. Ta Phuoc et al., N

ature Photonics 6 (2012)
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C
ourtesy of S. K

arsh
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sim
ulations of prostate cancer w

ith 7 irradiation beam
s

T. Fuchs et al. Phys. M
ed. Biol. 54

, 3315-3328 (2009), in coll. w
ith D

K
FZ
!

A
 com

parison of dose deposition w
ith 6 M

eV
 X

 ray an im
provem

ent of the quality of a clinically 
approved prostate treatm

ent plan. W
hile the target coverage is the sam

e or even slightly better 
for 250 M

eV
 electrons com

pared to photons the dose sparing of sensitive structures is 
im

proved (up to 19%
). !O

. Lundh et al., M
edical Physics 39, 6 (2012)

Y. G
linec et al. M

ed. Phys. 33
, 1, 155-162 (2006), 
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0

250 M
eV

 electrons

230 M
eV

 protons

20 M
eV
!

 electrons
8 M

eV
 X

-rays

D
epth in tissue (cm

)

relative dose deposition

0
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20
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10050
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A
ccelerators point of view

 : !
 G

ood beam
 quality &

 M
onoenergetic dE/E dow

n to 1 %
!         √

!
 Beam

 is very stable!
!
!
!
!

                                         √
!

 Energy is tunable: up to 400 M
eV
!!

                                    √
!

 C
harge is tunable: 1 to tens of pC

!!
                                    √

!
 Energy spread is tunable: 1 to 10 %

!
                                    √

!
 U

ltra short e-bunch : 1,5 fs rm
s!

                                         √
                   !

 Low
 divergence : 2 m

rad                                                       √
!

 Low
 em

ittance
1-3 : <

 $
.m

m
.m

rad                                            √
!

 W
ith PW

 class laser : peak energy at 4.5 G
eV

                         √
!

1S. Fritzler et al., Phys. R
ev. Lett. 92

, 165006 (2004), 2C
. M

. S. Sears et al., PR
STA

B 13
, 092803 (2010)!

3E. Brunetti et al., Phys. R
ev. Lett. 105

, 215007 (2010)

Plasm
a  W

ake A
cceleration, C

ER
N

 A
ccelerator School, C

ER
N

, N
ovem

bre 23-28 (2014)

Perspectives 1 for Laser D
riven W

akefield A
cceleration

h
ttp

://lo
a
.e

n
sta

.fr/ 
U

M
R
 7

6
3
9
 

N
ew

 ideas for controlling the injection ?!
C

old injection schem
e

1, Tw
o colors colliding pulses 2, Tw

o pulses ionization !
injection

3,  Trojean injection
4!

M
agnetic control of injection

5, positron acceleration in N
L LPA

W
6!

C
ontrol phase of the electric field

7, Transverse injection schem
e

8…
  !

N
ew

 num
erical code/schem

e for long accelerating distance runs ?!
Boost Fram

e, Fourier decom
position codes, m

oving fram
es!

N
ew

 schem
es to reduce artificial C

erenkhov effect and/or em
ittance grow

th, etc..!
N

ew
 diagnostics ?!

N
ew

 diagnostics such as betatron
9, m

agnetic field
10, interferom

etry in the!
frequency-tim

e
11, etc...!

! 1X
. D

avoine et al., Phys. R
ev. Lett. 102

, 065001(2009), PR
L, 2X

. L. X
u et al., PR

STA
B 17

, 061301 (2014), 2L. L. Yu 
et al., PR

L 112
, 125001 (2014), 

3N
. Bourgeaois et al., PR

L 111
, 155004 (2013), 

4B. H
idding et al, PR

L 108
, 

035001 (2012), 5J. V
ieira et al., Phys. R

ev. Lett. 106
, 225001(2011), 6J. V

ieira et al., PR
L 112

, 215001 (2014), 7A
. 

Lifshitz et al., N
JP 14

, 053045 (2012), 8R
. Lehe et al., PR

L 111
, 085005 (2013), 9A

. R
ousse et al., Phys. R

ev. Lett. 
93

, 13 (2004), 9K
. Ta Phuoc et al., Phys. R

ev. Lett. 97, 225002 (2006), 10M
. C

. K
aluza et al., Phys. R

ev. Lett. 105
, 

115002 (2010), 10A
. Buck et al., N

ature Physics 8, (2011), 11N
. H

. M
atlis et al. , N

ature Physics 2006,!
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!Long term
 possible applications (>

40-50 years):!
H

igh energy physics that w
ill depend on the laser technology 

evolution, on laser to electron transfer efficiency, on progress of 
m

ultistage design, acceleration of positron, etc...)

R
elevant applications in m

edicine, radiobology, m
aterial science!

C
om

pact FEL w
ith m

oderate average pow
er (10 H

z system
)!

C
om

pact X
 ray source (T

hom
son, C

om
pton, Betatron, or FEL)!

! Short term
 perspective (<

 10 years):

V. M
alka et al., N

ature Physics 4
 (2008), V. M

alka Phys. of Plasm
a 19, 055501 (2012)!

E. Esarey et al. , R
ev. M

od. Phys. 81 (2009), S. C
orde et al., R

ev. M
od. Phys. 85 (2013)
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! Proton beam
 seem

s today the best driver             !
             !

 Proton beam
 w

ill be benefit of shortness driver                              !
 2 G

eV
 high quality e- beam

 (4 m
 &

 G
V

/m
)                              !

 D
oubling 42 G

eV
 electron energy in less than 1m

                   !
 Positron acceleration is dem

onstrated                                                       !
 Increasing activities on beam

 driver (FA
C

ET, C
LA

R
A

, IN
FN

, D
ESY

)                  !
! Perspectives for Particle D

riven W
ake Field A

cceleration  

M
any challenges/open questions : !

Producing stable, reliable and long plasm
a devices!

Synchronization/jitter issues!
Beam

 loading effects!
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Laser-PW
A

s allow
 today to explore several applications w

ith the 
hope of com

pactness and cost reduction. T
hey allow

 to produce 
secondary sources for m

any applications (particularly for pum
p-

probe 
experim

ents, 
bright 

X
-rays 

beam
, 

electron 
diffraction, 

radiotherapy, non destructive m
aterial inspection, com

pact FEL, 
etc...)!
Particle-PW

A
s 

appear 
today 

as 
the 

best 
candidates 

for 
future 

accelerators of interest for H
EP!

Proton 
beam

 
driver 

exist 
and 

allow
 

a 
single 

stage 
efficient 

accelerator!
T

he involvem
ent of accelerators com

m
unity w

ill be a key elem
ent 

of success of this w
onderful and exciting research

It is a very exciting tim
e for plasm

a 
accelerators !
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