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@Introduction : Laser wakefield principle and motivation
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* Density gradient
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@Introduction : Laser wakefield principle and motivation
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High Accelerating Gradient with Laser Plasma Accelerator: -2

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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How to excite relativistic plasma waves !

The laser wake field : broad resonance condition T jaser~Tp/2
=> short laser pulse

electron density perturbation and longitudinal wakefield
—1.05

wave in the wake of a boat

Density Perturbation at 10'? cc”!

' laser
ﬁ\ /\\\/ \( /\g E, = 300 GV/m for 100 %

/ \/
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-10 0
z (um)

vphaseepw=vglaser~ C

T.Tajima and |. Dawson, PRL 43,267 (1979)
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Snapshots of laser wakefield
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Snapshots of laser wakefield
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Laser Plasma Accelerators : Outline

@ Review of injection processes :

* Transverse injection : Bubble/Blow out regime
* L ongitudinal injection

* Density gradient

* lonization

e Colliding
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The Bubble regime : theory/experiments

@ | 4x1019W em2
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divergence : 6 mrad

dN/JE (MeV')

100 150 250
Energy (MeV)

Experimental parameters : E=1], T.=30fs,
AL=0.8um, 11=3.2x10""W/cm?2, ne=6x10'8cm-3
0

50 X 12
S.P.D.Mangles et al., C. G. R. Geddes et al,, ]. Faure et al., «kDream Beamy,
Nature 431 (2005)

loa IPAC 2013, The 4% International Particle Accelerator Conference, Shanghai China, 12-17 May (2013)

http://loa.ensta.fr/ UMR 7639 ecole

POLYTECHNIQUE




GeV electron beams from
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cm scale’ accelerator

4 cm length capillary discharge
3 10-pm-diameter channel capillary
P =40 TW, density 4.3%10'® cm™3

| GeV, 2.4 % relative energy spread,
30 pC

WV. Leemans et al,, Nature Physics, september 2006
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GeV electron beams from “cm scale” accelerator
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cell experiments at MPQ

Channel entrance and exit
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J. Osterhoff et al., PRL 101, 085002 (2008)
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Longitudinal injection

Two different self-injection mechanisms take place :

40 50 60 70 80 40
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longitudinal injection improves

- the stability of the electron beam
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- reduces the divergence of the electron
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S. Corde et al., Nature Communications (201 3)

IPAC 2013, The 4% International Particle Accelerator Conference, Shanghai China, 12-17 May (2013)

€4

c%lSITECHNKT)UE < EN S TA
ech

ParisTech




Density ramp injection : principle

dkp \ —
= Bucket length ~ 1/AIn Vp/C — (1 | ka dzp) 1
= Phase velocity drop

. enables trapping where, ( =z —ct and ky(2)
E which depends on z through
on density

kp kp dne

dz 2n. dz

For a downward density, the
_ wake phase velocity slow
—— : ‘ down facilitating electrons

‘_EU ~ trapping

: >
-0.5 0 0.5 1.0 30.0
z[mm]  Courtesy of W.P. Leemans

S.Bulanov et al.,, PRE 58, R5257 (1998), H. Suk et al., PRL 86, 1011 (2001),T.-Y Chien et al., PRL 94,
1 15003 (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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Sharp density ramp injection : shock in gas jet
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K.Schmid et al., PRSTAB [3,091301 (2010)
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Density ramp + phase velocity control
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lonization Induced Trapping
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A. Pak et al., PRL 104, 025003 (2010), C. McGuffey et al., PRL 104, 025004 (2010)
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lonization Induced Trapping : two stage plasma accelerator -2

Image Plates ———
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B. B. Pollock et al., PRL 107,045001 (2011)
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lonization Induced Trapping : two stage plasma accelerator -2

Electron Beam
(First Image Plate
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Double He gas jet :de = 2.1x10'8 cm™3 (4 mm) de = 0.7x10'8 cm-3 (10 mm)

PW laser pusle
(E=25~30 J, t=30 fs)
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Courtesy of Hyung Taek Kim
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Colliding Laser Pulses Scheme e

Injection
beam

Wakefield

Theory : E. Esarey et al., PRL 79, 2682 (1997), H. Kotaki et al., PoP 11 (2004)
Experiments : . Faure et al.,, Nature 444, 737 (2006)

IPAC 2013, The 4t International Particle Accelerator Conference, Shanghai China, 12-17 May (2013)




Colliding Laser Pulses Scheme e

Beatwave

Injection phase

Theory : E. Esarey et al., PRL 79, 2682 (1997), H. Kotaki et al., PoP 11 (2004)
Experiments : . Faure et al.,, Nature 444, 737 (2006)

IPAC 2013, The 4t International Particle Accelerator Conference, Shanghai China, 12-17 May (2013)




Colliding Laser Pulses Scheme e

Acceleration phase

Theory : E. Esarey et al., PRL 79, 2682 (1997), H. Kotaki et al., PoP 11 (2004)
Experiments : . Faure et al.,, Nature 444, 737 (2006)

IPAC 2013, The 4% International Particle Accelerator Conference, Shanghai China, 12-17 May (2013)




Stable Laser Plasma Accelerators
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Stable Laser Plasma Accelerators

Series of 28 consecutive shots with : ag=1.5,2a,;=0.4, ne=5.7%x10'8¢m"3
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Tunability of Laser Plasma Accelerators : electrons energy —*

[

400300 200 100

Energy (MeV) late injection

pump

[—

middle injection

pump

[—

early injection

accelerating distance «—

. Faure et al., Nature 444, 737 (2006)
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Tunability of Laser Plasma Accelerators : electrons energy —*

[

late injection

400300 200 100 pump

Energy (MeV) »

middle injection

pump

[—

early injection

accelerating distance «—

. Faure et al., Nature 444, 737 (2006)
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Tunability of Laser Plasma Accelerators : electrons energy

[

late injection

pump

[—

middle injection

pump

[—

early injection

accelerating distance «—

. Faure et al., Nature 444, 737 (2006)

loa IPAC 2013, The 4% International Particle Accelerator Conference, Shanghai China, 12-17 May (2013)

http://loa.ensta.fr/ UMR 7639 uﬁ%

POLYTECHNIQUE
Tech




Tunability of Laser Plasma Accelerators : electrons energy

[

late injection

pump

[—

400300 200 100 middle injection
Energy (MeV)
pump
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early injection

accelerating distance «—

. Faure et al., Nature 444, 737 (2006)
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Tunability of Laser Plasma Accelerators : electrons energy

[

late injection

pump

[—

middle injection

pump
400300 200 100

Energy (MeV) [—

early injection

accelerating distance «—

. Faure et al., Nature 444, 737 (2006)
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Tunability of Laser Plasma Accelerators : electrons energy

[

late injection

pump

[—

middle injection
pump

[—

400300 200 100
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accelerating distance «—

. Faure et al., Nature 444, 737 (2006)
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Tunability of Laser Plasma Accelerators : electrons energy

[

late injection

pump
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accelerating distance «—

. Faure et al., Nature 444, 737 (2006)
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Tunability of Laser Plasma Accelerators : electrons energy —*

[—

early injection late injection
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Tuning charge & energy spread with the inj. laser intensity 2
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Charge from 60 pC to 5 pC, AE from 20 to 5 MeV

C. Rechatin et al,, Phys. Rev. Lett. 102, 164801 (2009)
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| 7% relative energy spread

1 1

E_ =178 MeV
AE =2.4 MeV
Q=103 pC

AE/E=1.3% | |

) et ]

120 140 160 180 200
E (MeV)

E_ =192 MeV
AE =1.7 MeV
Q=30 pC

dN/dE (x 10° e/MeV)

uonoalIp aAlsladsip - UON

AE/E =0.88 %

| |
f

/ |
Ao . 1 1 M HIAl‘

120 140 160 180 200
E (MeV)

1 ] ]

E_ =187 MeV
AE =3.2 MeV
Q5.0 PC

=
o
=]
'
Q.
w
©
@
.
<
D
=
a
A
=
o
>

dN/dE (x 10° e/Me)

AE/E =1.7 %

o

uonoalIp aAlsiadsip - UON
dN/dE (x 10° e/MeV)

160 | i20 140 160 180 200
E (MeV) E (MeV)

C. Rechatin et al,, Phys. Rev. Lett. 102, 194804 (2009)
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| .5 fs RMS duration : Peak current of 4 kA

Analytic CTR model
Gaussian pulse shape
Measured e-beam :
Charge
Energy
Divergence

-
on

Bunch duration
Peak wavelength
Peak intensity

—
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S
2
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©

Spectral features
Peak at 3 Pm
Coherent

A
9o @ é

4 5 6 7

Wavelength (um)

|.5 fs RMS duration : Peak current of 4 kA
O. Lundh et al., Nature Physics, 7 (2011)

A.Buck et al., Nature Physics 8, (201 I)

loa IPAC 2013, The 4% International Particle Accelerator Conference, Shanghai China, 12-17 May (2013)
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Laser Plasma Accelerators : Outline

@Applications

loa IPAC 2013, The 4" International Particle Accelerator Conference, Shanghai China, 1217 May (2013)
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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

BGO matrix
Al diffuser

Ta converter

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 (2
A. Ben-Ismail et al., Nucl. Instr.and Meth.A 629 (2010),App. Phys. Le t.

loa IPAC 2013, The 4* International Particle Accelerator Conference, Shanghai China, 12-17 May (2013)
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Artistic view of non destructive
control machine

loa IPAC 2013, The 4% International Particle Accelerator Conference, Shanghai China, 12-17 May (2013)
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Betatron radiation properties

dp m
—=F 4+ F = —
7t |+ L1

motion
electron

Betatron oscillation properties:
Au = /29, ~ 100 MeV Ay ~ 200 pm

>
K =rgky\/v/2 rg ~ 1 pm K ~5
ne ~ 10 cm™3
A.Rousse et al., Phys. Rev. Lett. 93, 135005 (2004)

loa IPAC 2013, The 4% International Particle Accelerator Conference, Shanghai China, 12-17 May (2013)
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A more precise source size estimation
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K.Ta Phuoc et al., Phys. Rev. Lett. 97,225002 (2006)

IPAC 2013, The 4* International Particle Accelerator Conference, Shanghai China, 12-17 May (2013)




A more precise source size estimation A -E

60

40

20

0

-20

-40

-60

60

40

20

0

-20

-40

-60 -
-60 -20 -40 0 20 40 - - 40 0 20 40 60

Gx (mrad) Gx (mrad)
K.Ta Phuoc et al., Phys. Rev. Lett. 97,225002 (2006)

IPAC 2013, The 4* International Particle Accelerator Conference, Shanghai China, 12-17 May (2013)

POLYTECHNIQUE '
Tech ParisTech



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.

= I'-'"-'"_.,,'i"“ c*

e M A
S Fourmaux et al., Opt. Lett 36 2426 (2OI )

loa IPAC 2013, The 4% International Particle Accelerator Conference, Shanghai China, 12-17 May (2013)
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http://dx.doi.org/10.1364/OL.36.002426
http://dx.doi.org/10.1364/OL.36.002426

Inverse Compton Scattering

~~

Electron

Laser
o, wWo

Doppler upshift : high energy photons with modest electrons energy : (Wx=4Y2Wo

For example : 20 MeV electrons can produce |0 keV photons
200 MeV electrons can produce | MeV photons

The number of photons depends on the electron charge Ne and ap2: Nx « 202 X Ne

Duration (fs), source size (Um) = electron bunch length and electron beam size

Spectral bandwidth : AE/E « 2Ayl/y, Y2A0?

IPAC 2013, The 4% International Particle Accelerator Conference, Shanghai China, 12-17 May (2013)
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Inverse Compton Scattering : New scheme

He gas jet

50TW /30fs .

laser Foil, blade

Gas

I
solid foil

Back reflected laser pulse —  —— Plasma mirror

A single laser pulse

A plasma mirror reflects the laser beam O ‘ﬂ

The back reflected laser collides with the

accelerated electrons High energy

X ray beam
No alignement : the laser and the electron

beams naturally overlap

Save the laser energy !

loa IPAC 2013, The 4% International Particle Accelerator Conference, Shanghai China, 12-17 May (2013)
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snature | s
photonics -

Inverse Compton Scattering : Compton Spectra

Al 2.1 mm

Cu 0.5 mm

N
T

Cul mm

Cu 2 mm

Photons / 0.1%BW x 104

calculation with test particle : ap=1.2

50 100 150 200 250
. ) . Energy (keV)
e About |0° ph/shot, a few 10* ph/shot/0.1%BW @ 100 keV

® Broad electron spectrum => broad X ray spectra

® Brigthness: 10%' ph/s/mm?/mrad?/0.1%BW @ 100 keV

K.Ta Phuoc et al, Nature Photonics 6 (2012)

loa IPAC 2013, The 4% International Particle Accelerator Conference, Shanghai China, 12-17 May (2013)
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relative dose deposition

9y 20 MeV

electrons
8 MeV X-rays

230 MeV protons
1 I

0 20
Deplth 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),
O. Lundh et al, Medical Physics 39,6 (2012)

loa IPAC 2013, The 4" International Particle Accelerator Conference, Shanghai China, 1217 May (2013)
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Laser Plasma Accelerators : Outline

@ Conclusion and perspectives
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Conclusions

Accelerators point of view :

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

2R R RS

With PWV class laser : peak energy at 3 GeV

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

IPAC 2013, The 4% International Particle Accelerator Conference, Shanghai China, 12-17 May (2013)
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Perspectives

New ideas for controlling the injection ?

Cold injection scheme'

Magnetic control of injection?

Control phase of the electric field’

Transverse injection scheme®...

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

New schemes to reduce articifial cerenkhov effect and/or emittance
growth, etc..

New diagnostics ?

New diagnostics such as betatron*°, magnetic field®’, interferometry

in the frequency-time3, etc...

'X. Davoine et al, Phys. Rev. Lett. 102, 065001(2009), 2. Vieira et al, Phys. Rev. Lett. 1086,
225001(201 1), 3A. Lifshitz et al., submitted to PRL, “A.Rousse et al., Phys. Rev. Lett. 93, |3 (2004),
°K.Ta Phuoc et al., Phys. Rev. Lett. 97,225002 (2006), °M. C. Kaluza et al., Phys. Rev. Lett. 105, 115002
(2010), ’A. Buck et al., Nature Physics 8, (201 1), 8N. H. Matlis et al. , Nature Physics 2006

IPAC 2013, The 4% International Particle Accelerator Conference, Shanghai China, 12-17 May (2013)
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Perspectives

Short term perspective (< |0 years):

Relevant applications in medicine, radiobology,
material science

Compact FEL with moderate average power
(10 Hz system)

Designing future accelerators

Compact X ray source (Thomson, Compton,
Betatron, or FEL)

Long term possible applications (>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

Short term perspective (< |0 years):

Relevant applications in medicine, radiobology, =% &
material science T
Compact FEL with moderate average power

(10 Hz system)

Designing future accelerators

Compact X ray source (Thomson, Compton,

Betatron, or FEL)

Courtesy of K. Krushelnick

Long term possible applications (>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)
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