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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
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Plasma Accelerators : mofivations

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

—>» Energy 11— Length ’—>CosT 7

LHC Circle road

27 km ‘ 31 km

= New medium : the plasmao

0
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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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The linear wakefield regime: GV/m electric field **%

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

electron density perturbation & longitudinal wakefield

—1.05

r (um)

E_(GV/m)

wave in the wake of a
boat

Linear wakefield : E; =1 GV/m for 1 %

Density Perturbation at 108 cc!

epwzvgloser~c

Vphase

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

1 m=> 100 MeV Gain ITmm => 100 MeV
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 g

Electric field components : Longitudinal and Transverse

Laser pqu’e

O\

Laser pulse

Linear accelerating gradient Linear Focusing gradient
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« Salle Jaune Laser ) : Home made |laser

2 Joules in 2 laser beams of 30 fs
duration delivered at | Hz
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Laser Plasma Accelerators : Outline

_Injection in a density gradient
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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

NE 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 |
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Injection in a sharp density gradient

laser

6th International Workshop on Mechanisms of Vacuum Arcs, Jerusalem, Israel, March 19-23 (2017) Q
http://loa.ensta.fr/

Density drop => increase
of the cavity lenght

the bubble expansion
allows electrons injection
and energy gain.
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UMR 7 %

S0
POLYTECHMNIQUE



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 |
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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 <107
Electrons Electrons o
3} i
Laser Laser 45
19 °l ] 4
3.5 10 : . . . . . -
2 T Propagation | 11 h ‘3-50?';
S25p- du laser : . O,
Zo ' s £
§1.5 lgl O B n -.(%‘
g, £ o
?) e _ ©
<05 N _q}t i 2.5 2
(®@)]
0 2 ©
ol ] 3
p
1.5
3t _
’
-4 1Hos

-2 -1 0 1 2
X [mm]
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Injection in a shock front : pur helium gas

T —
o O
|

‘—-"’l | {4000

Divergence [mrad]
o O o

10 | 2000
%50 100 150 200 250 300
Elsctron energy [MeV]
Generation of a stable e-beam (n; = 7.5 x 108 cm3) :
Epeak = 256.5 =4 MeV
AFE =15.5 4+ 2 MeV
AFE/E =6+ 1%
Qpeak —=32x+04 pC
Divergence = 2.0 4= 0.3 mrad
loa s
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250 } '
_ 225}
>
< 200 :
3175
% 150 .
% 125
o
100 } '
75}
50 : : :
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

! | | | | ! |
— 4 a 4
> 120 - (a):
£t -
= ]
S 100 - % -
2 + :
% 80 *E* _ Expérience
@ £1
60 l ) l ) l ) l ] l
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2
Shock position

— 1 v 1 T
80 100 120 140 160 80 100 120 140 160
Energy(MeV) Energy(MeV)

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

~Manipulating the longitudinal momentum
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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

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

Ne laser
4 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

Ne laser
! 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.

Electrons can start again
to gain energy.
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Overcoming the dephasing limit: experimental ,1
set-up x

gas jef electrons
N dipole beam

ump y - Waftersilicium
28 1S gas jet
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c o
O ]
g 15. 2.2 mm
> 1 —2.3mm
supersonic nozzle 1.5 mm 2 ]
8 1.0—_
. o1 c -
The density fransition g 1
. 8 0'5__ /
s controlled by wo ]
changing the wafer 0.04—— .
. -2 1
posifion
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Overcoming the dephasing limit: experimental

. . ‘vv(_f
results & simulations

Experiment Calder-Circ PIC Simulations
2D dispersion corrected spectra Sl (2) Without shock
. - —~ 250
20 TNP. R ——— > —~
~ ‘ : : N k ()
g O i Energy gain i SYo Snee o |2 P E
£ -20 O | & 150 E
2 Z |o
<
-20

with shock l104

100 200 300 400 500
E (MeV)

Energy (MeV)

Angularly infegrated spectra

0.950 0.954 0.958 0.962 0.966
z (mm)

w/o shock Without shock

With shock

Energy gain
= 130 MeV
(~50%) |

i

50 100 150 200 250 300 350 400 450 500
E (Ma\)
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with shock
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Without needle

Ne2 = 1.8 x 101 cm=3

Ne2 = 2.1 x 1019 cm=3
>

Angle (mrad)
dNe/dEdd (x 10° e /MeV)

o

Ne2 = 2.6 X 1019 cm-3
—_—

o

o

Ne2 = 3.1 x 10% cm-3

boosting a monoenergetic
electron beam

100 120 140 160 180 200 220 240
E (MeV)

E. Guillaume et al., PRL 115 (2015)
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Laser Plasma Accelerators : Outline

- Manipulating the transverse momentum

] |
. POLYTECHNIQUE C
‘ : " I ENSTA



Manipulating the pL momentum : emittance

definition
electrons beam emittance : !
A
Erms
E s = \/<:132> {x’2> _ <x$/>2
Snpd el >
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

loa -,
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Manipulating the p. momentum : principle

Acceleration &
betatron oscillation T

loa -,
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Manipulating the p. momentum : principle

Acceleration &
betatron oscillation T

initiale
divergence

loa -,
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Manipulating the p. momentum : principle

>
free drift »
Initiale
« divergence
loa -,
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Manipulating the p. momentum : principle

Aw
finale
\ divergence
Colimation | ¥ 1 _ _
o T §
initiale
divergence
loa -
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Manipulating the pL 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 :9.2)(] O] 8C m-3 _ | Phosphor screen

Focusing stage

1 mm nozzle with variable n»
Variable Lg

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

—_
o
1

oo
1 L

Electron density ( x 10" cm™)

Drift space

()]
O
S G
=0
S
£o
2
©




Manipulating the pL momentum :

demonstration of the laser plasma lens
. 1.0

U'IO(J'I

w/o lens
150 350 BN 0.5

Angle (mrad)
dN/(dEd0)

5
O_
w lens .
S 0.0

150
Electron energy (MeV)

Before the lens .
0.5 — After the lens

dN/dE

0.0

200 30 400 500
Electron energy (MeV)

Focusing stage paramefters : Divergence after the lens (FWHM)
La = 1.8 mm oe=1.6x 0.2 mrad

N2 =3.9x 10 cm3 Divergence reduction ~2.6 £ 0. 7

C. Thaury et al.,, Nature Comm. 6, 6860 (2015)
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Laser Plasma Accelerators : Outline

- Applications
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o\ A o QO
V\O(\\\ @QQ% $6\ (LQQ CO(OQ @Q\\ %‘a (79\
1 keV 10 keV 100 keV 1 MeV 10 MeV
Xuv X Y

Common features: Collimated beams (mrad)
Femtosecond duration (few fs)
Micron source size

High peak brightness (>10%° ph/s/mm?/mrad?)

- naturally synchronized (ideal for pump-probe experiments)
- compacts and useful for small scale laboratories

loa -,
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Moving charge radiation

Velocity Acceleration
. 2
2 2 +00 > > 2
a1 e piol-.i2)ic) X [(n—p) X Bl s
d(()dﬂ 477'2(, P (] _ B .’DZ
Radiated energy N unit vector in the observation direction
R
Electron

B

To efficiently produce X-ray radiation we need relativistic electrons
undergoing oscillations (synchrotron radiation)

loa -,
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Betatron radiation properties

betatronic
motion

electron . e

Betatron oscillation properties:

Au = /27 ~ 100 MeV Ay ~ 200 um
>
K:rﬁkp1/7/2 rg ~ 1 pum K ~5

Ne ~ 10'Y ¢m ™

loa -
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Phase contrast iImaging : resulfs

Bee contrast image
- Contrast of 0.68 in single shot.
- Very finy details can be observed in single shot that disappear in multi shofs.

7S ! v

. Oy

oo MR T TR NN Rk ey
S. Fourmaux et al., Opt. Lett. 36, 2426 (2011)
loa -
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http://dx.doi.org/10.1364/OL.36.002426

Inverse Compton Scattering

Vo o Doppler upshift : high energy photons
YA WA with modest electrons energy :

-~

Electron wx:4Y2wO
For example :
\/\/\/\/\ ] 20 MeV electrons can produce 10 keV photons
dser
ag.wWo 200 MeV electrons can produce 1 MeV photfons

The number of photons depends on the electron
charge Ne and dp?: Ny o dg?x Ne

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

Spectral bandwidth : AE/E < 2Av/y, v?A0?

loa -,
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«nanee

photonits.-

Inverse Compton Scatftering : New scheme F

He gas jet

X rays

-
50TW /30 fs

laser Foil, blade

Gas

I
solid foil

. Back reflected laser pulse -  — Plasma mirror
A single laser pulse P -

A plasma mirror reflects the laser beam —
o | (! !)
The back reflected laser collides with the

accelerated electrons

High energy

No alignement : the laser and the X ray beam

electron
beams naturally overlap

v
v

Save the |laser energy !

loQ

C—
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Inverse Compton Scattering : Compton Spectra ™

3 .
Al 2.1 mm % “\;“ —@— |
Cu 0.5 mm Cu 4 mm % 2 h as iy
-
59
Cu | ~ b At
u il mm Cu 8 mm S —— \
Cu2 mm Cu 12 mm E | \\“\\
g | T
o) T
N
calculation with test particle : ap=1.2
"o 100 150 200 250 300
Energy (keV)
e About 108 ph/shot, afew 10*ph/shot/0.1%BW@100 keV
e Source size less of 1.5 um
e Brigthness: 10%! ph/s/mm?/mrad?/0.1%BW @100 keV
K. Ta Phuoc ef al., Nature Photonics, May 2012
loa -,
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Some examples of applications :

radiography for non destructive inspection

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

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)
A. Ben-lsmail et al., NIM A 629 (2010), App. Phys. Lett. 98, 264101 (QOH)
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Some examples of applications : radiography (il

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

Cut of the object in 3D 400 um vy source size 50 um vy source size

Spherical hollow object in tungsten 2005 2010
with sinusoidal structures etched on
the inner part.

Y. Glinec et al., PRL 94, 025003 (2005) A.King et al., Mrs Bulletin 94, 8 (2006)
A. Ben-Ismail et al., NIM A 629 (2010), App. Phys. Lett. 98, 264101 (2011)
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Some examples of applications :
radiography for non destructive inspection

Artistic view of non L
destfructive control machine erc

* .
S A N

loa
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ion
()
o

50 20 MeV
electrons

8 MeV X-rays

relative dose deposit

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 sensifive structures is improved (up to 19%).

1. Fuchs et al. Phys. Med. Biol. 54, 3315-3328 (2009), in coll. with DKFZ
Y. Glinec et al. Med. Phys. 33, 1, 155-162 (2006)
O. Lundh ef al., Medical Physics 39, 6 (2012)
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M. E. Couprie ef al., Journal of Physics B : At. Mol. Opft. Phys. 47 234001 (2014)
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Advanced concept for ultra compact X

rays beam

nano-wires e

l. Andriyash ef al., Nat. Communications, 5736 (2014)
R. Lehe ef al., Phys. Rev. ST Accel. Beams 17, 121301 (2014)
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Advanced concept for ultra compact X

rays beam: plasma undulator

"o »
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Varying electron energy

Energy 200 / 400 / 600 MeV

Undulator emission

Photon energy 12 /47 / 106

keV

Brightness 0.5/2/ 4.5x10%s.u.

Angular sizes 0.85x1.7 mrad

Laser plasma nanostructured SR -

source o = oMy |
- Quasi-monoenergetic collimated e

spectrum g >

- Tunability Ay, e e

- Brightness ~ yb? £ s /

- Source brightness level 102 s.u. g y

- Inferaction length = 1 mm " A )

10! 10?
Photon energy (keV)
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Laser Plasma Accelerators : Outline

- Conclusion and perspectives
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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
inNfense lasers one can shape the electiric field and
manipulate the beam properties in the phase space.

AS A conseqguence, 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.

Compact FEL based on LWFA is one very important
challenge that has been identitied by the community.

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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