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Industrial Market for Accelerators

Applicatior 2007) cpprox.  sodlyt (M9)

Cancer Therapy 2100 500 1800 2.0-5.0
lon Implantation 2500 500 1400 1.5-2.5
Electron cutting and welding 4500 100 150 0.5-2.5
Electron beam and X rays irradiators 2000 /5 130 0.2-8.0
Radio-isotope production (incl. PET) 550 50 /0 1.0-30
Non destructive testing (incl. Security) 650 100 /0 0.3-20
lon beam analysis (incl. AMS) 200 25 30 04-1.5
Neutron generators (incl. sealed tubes) 1000 50 30 0.1-3.0
Total 27500 1400 3680
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The linear wakefield regime: GV/m electric field **

The laser wake field : broad resonance condition
Tiaser~TT/ Wp WIth wp ~ ne'’? i.e. Ao ~ 1/ne'’?

electron density perturbation & longitudinal wakefield

1.05

r(um)

0.95

\ .ase, wave in the wake of a
z / \ / \ boat
y e |
\ -5:/ \\/ \/ Linear wakefield : Ez=1 GV/mfor 1 %
50 40 | 0
pm

E_(GV/m)

- Density Perturbation at 10'8 cc!

VphcseepwzvgloserNC

1. Tajima and J. Dawson, PRL 43, 267 (197/9)
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The non-linear wakefield regime : 100's GV/m

electric fleld

RF Cavity - Plasma Cavity

I'mm => 100 MeV

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

Non Linear Wakefield
V. Malka et al., Science 298, 1596 (2002)
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The Non Linear Regime >
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Laser Plasma Accelerator: Non linear regime b

Electric field components : Longitudinal and Transverse

Laser pulse

Linear accelerating gradient Linear Focusing gradient

Universities meet Laboratories, LAL University of Orsay France, November 3-4 (2016) I I




« Salle Jaune Laser ) : Home made |laser

2 Joules in 2 laser beams of 30 fs
duration delivered at | Hz
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Injection in a sharp density gradient

JNe laser | |
i Density drop => Increase
of the cavity lenght

the bubble expansion
allows electrons injection
and energy gain.

Sharp density ramp Is
requires to localize the
iInjection and reduce the
energy spread |

[Schmid et al., 2010; Buck et al., 2013]
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Injection in a sharp density gradient

laser
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Injection in a sharp density gradient

\Ne laser | |
i Density drop => Increase
of the cavity lenght

the bubble expansion
allows electrons injection
and energy gain.

Sharp density ramp Is
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Injection in a sharp density gradient

JNe laser
Density drop => increase

of the cavity lenght

the bubble expansion
allows electrons injection
and energy gain.

Sharp density ramp Is
requires to localize the
iInjection and reduce the
energy spread |
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Injection in a shock front : principle

Plasma cavity before  pPlasma cavity after Simulations ANSYS Fluent
the shock front the shock front 4 <102
Electrons Electrons S
3} i
Laser Laser 45
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3.5 10 : . . . . . -
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Injection in a shock front : pur helium gas

XY YRR \
o O,

Divergence [mrad]
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Electron energy [MeV]
Generation of a stable e-beam (n; = 7.5 x 108 cm3) :
Epeak = 256.5 =4 MeV
AFE =15.5+ 2 MeV
AFE/E =6+ 1%
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A Divergence = 2.0 &= 0.3 mrad
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Injection in a shock front : pur helium gas

50 L 1 I
-1.5 -1.25 -1 -0.75 -0.5
xblade [mm]

Electron energies is controlled by the position of the blade
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Injection in a shock front : helium/nytrogene

Mmixture

Combinaison of two injection
method (shock and ionization)
to generate better beam
quality with better stability

' | | | | ' |
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/ Thaury C., Guillaume E. et al., Scientific Reports 5 (2015)
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Laser Plasma Accelerators : Outline

~Manipulating the longitunal momentum



Overcoming the dephasing limit

since the laser group velocity is < ¢, when electrons energy is getting
~C they dephase

== electrons reach the center of the cavity and start to be deccelerated
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Overcoming the dephasing limit

since the laser group velocity is < ¢, when electrons energy is getting
~C they dephase

== electrons reach the center of the cavity and start to be deccelerated
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Overcoming the dephasing limit

Ne laser
4 The reduction of the

bubble size at the right
position by Increasing
*sudden’rly the density
resets the electrons
phase.

Electrons can start again
to gain energy.

[Katsouleas et al., 1986; Sprangle et al., 2001]
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Overcoming the dephasing limit

alle laser ,
i The reduction of the

bubble size at the right
position by Increasing
suddently the density
resets the electrons
phase.

Electrons can start again
to gain energy.
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Overcoming the dephasing limit

alle laser ,
i The reduction of the

bubble size at the right
position by Increasing
suddently the density
resets the electrons
phase.
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to gain energy.
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Overcoming the dephasing limit

alle laser ,
i The reduction of the

bubble size at the right
position by Increasing
suddently the density
“resets the electrons
phase.

Electrons can start again
to gain energy.
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Overcoming the dephasing limit: experimental -,
sef-up s

gas jet electrons
d|po e beam

ofc
PIO magnet_

T

PUMP & “Wafarsilicium

1.2 ). 4 500 umr
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Overcoming the dephasing limit: results

Wafer silicium 500 pm

ciE: o
Fg 1_5_: 2:2 mm
P 1 — 2.3 mm
supersonic nozzle 1.5 mm % 1 o-:
The density transition gos_f
is controlled by u (=
I 0.0- . , ,
changing the wafer > T .
posifion Z (mm)
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Overcoming the dephasing limit: experimental

results & simulafions
Experiment Calder-Circ PIC Simulations

2D dispersion corrected specira 300
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Angle (mrad)

boosting a monoenergetic
electron beam

100 120 140 160 180
E (MeV)

E. Guillaume et al., PRL 115 (20195)
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Laser Plasma Accelerators : Outline

~Manipulating the transverse momentum



Manipulating the pL momentum : emittance

definifion

electrons beam emittance : !
A
<C:’l“’l’)’I,S
E s = \/<:132> {x’2> _ (x:z’;’>2
et ) .
transverse beam L
size  divergence
typical tfransverse size of the e-beam <1 um emi’r’rcnce s
. . dominated by the
typical divergence of the e-beam :~4 mrad divergence
* too large for example for some applications (FEL, ...)
Goal :

reduce the divergence of the beam by
manipulating the transverse phase space
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Manipulating the p. momentum : principle

Acceleration &
betatron oscillation T
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Manipulating the p. momentum : principle

Acceleration &
betatron oscillation T

initiale
divergence
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Manipulating the p. momentum : principle
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Manipulating the p. momentum : principle
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Manipulating the p. momentum :

experimental set-up

Acceleration stage

Laser beam:; | Second jet
0.9 J, 28 fs, 12 microns FWHM Laser pulse

Focused with a 1 m OAP at the
entrance of a 3 mm gas jet Electron bunch
N1=9.2x1 0'8cm-3 P Phosphor screen

Focusing stage

1 mm nozzle with variable ns
Variable Lg

|||||||||||||||||||

—_
o
1

oo
1 L

Electron density ( x 10" cm™)

8 (o))
2 1 Drift space TS 2
- 20 S
5 o
-7 = =
2 1 0 1 2 © O

z (mm)

First jet: Acceleration stage Free space Second jet: Focusing stage
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Manipulating the pL momentum :

demonstration of the laser plasma lens

1.0
e

(&)

O O

w/o lens
150 350 |05

Angle (mrad)
dN/(dEd®)

5
0_

w lens .
0 0.0

150
Electron energy (MeV)

Before the lens .
—— After the lens

0.5-

dN/dE

0.0

200 30 400 500
Electron energy (MeV)
Focusing stage parameters : Divergence after the lens (FWHM)
La=1.8 mm oe=1.6+x 0.2 mrad
n2=3.9x10"% cm™ Divergence reduction ~2.6 +0. 7

C. Thaury et al., Nature Comm. 6, 6860 (2015)
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Simple plasma devices produced with a
single laser pulse
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Simple plasma devices produced with a
single laser pulse
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Simple plasma devices produced with a
single laser pulse
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Simple plasma devices produced with a
single laser pulse

Accelerator
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Conclusion & perspectives

By improving the control of the electron motion with
INfense lasers one can shape the electric field and
manipulate the beam properties in the phase space.

Laser Plasma Accelerators have made significant
progresses delivering stable, reliable high quality and high
current e-beams.

Applications in medicine (radiotherapy, cancer imaging,
security) are almost here.

- V. Malka et al., Nature Physics 4 (2008), V. Malka Phys. of Plasma 19, 055501 (2012)
A E.Esarey et al., Rev. Mod. Phys. 81 (2009), S. Corde et al., Rev. Mod. Phys. 85 (2013)
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