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Einfihrung a".

100 TW Laser | =10%0 W/cm?

| = 1020 W/cm?
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Beschleunigen mit Licht

la. Wie wird ein Elektron beschleunigt ?
Ib. Was andert sich in einem dunnen Plasma ?

Ic. Wie erzeugt man einen
monoenergetischen Elektronenstrahl ?

I. Wie erreicht man die viel schwereren lonen ?

lll. Mogliche medizinische Anwendungen
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relativistic optics

For laser intensities exceeding 1~108 W/cm?, the electron
guiver motion becomes relativistic within half a period

target: one electron
» mass increase
» forward acceleration

due to Lorentz force
» anharmonic osc.
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single electron dynamics
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single electron dynamics
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Beschleunigen mit Licht

la. Wie wird ein Elektron beschleunigt ?
Ib. Was andert sich in einem dunnen Plasma ?

Ic. Wie erzeugt man einen
monoenergetischen Elektronenstrahl ?
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relativistic optics

target: underdense (=transparent) plasma

plasma frequency
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* mass increase
e density reduction Ne
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relativistic optics

Index of refraction n locally increases -> relativistic
self focusing
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relativistic optics

channel formation

electron jet

Thomson scattering @ 2w

(length 0.4mm =400 A)
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wakefield formation
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wakefield formation a"

typical scale:
GeV/cm for 5x1018 e/cm?

3D PIC Simulation courtesy L. Silva, W. Mori
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wakefield acceleration

nonlinear wavebreaking (self injection) v > v,
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test particle vy > vy, acceleration potential
(external injection) (@nharmonic, moving with v,)
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wakefield acceleration

. effective, but rather hard to control
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Beschleunigen mit Licht

la. Wie wird ein Elektron beschleunigt ?

Ib. Was andert sich in einem dunnen Plasma ?

lc. Wie erzeugt man einen
monoenergetischen Elektronenstrahl ?
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strongly idealized...

a : b c
‘Whitewater' of |

lasma electrons | =
P . rLaser pulse
: o e, Surfing
___electrons

Plasma wake potential [ Loaded wake

T. Katsouleas, Nature 431, 515 (2004)

... and yet surprisingly ,real” in the highly nonlinear
broken wave — blow-out — bubble regime ...
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relativistic bubble regime
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[M. Geissler, NJP 8 (2006) 186]
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bubble acceleration
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recent developments
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Features of laser accelerated beams

high peak current
high charge (up to nC) (up to 100kA)

short pulses (down to 10fs)
@ space charge

@ ,compact” accelerators (up to GeV electrons)

@ low rep-rate (<10Hz)

@ excellent emittance, yet poor divergence
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Features of laser accelerated beams

high peak current
high charge (up to nC) (up to 100kA)

short pulses (down to 10fs)
@ space charge

@ ,compact” accelerators - local machines

@ low rep-rate (<10Hz) - restrict to low average
yet high peak dose

@ excellent emittance, yet poor divergence
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Beschleunigen mit Licht

II. Wie erreicht man die viel schwereren lonen ?

... Immer nur Uber die Elektronen ...

Ill. MOgliche medizinische Anwendungen
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lon acceleration — TNSA regime

e electron acceleration

* hot (MeV) electrons
penetrate the (um) foil

e quasi static field forms
normal to target surface,
source size >> |laser spot
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lon acceleration = TNSA regime

e electron acceleration

* hot (MeV) electrons '} % o
penetrate the foil 00
o o

e quasi static field forms X g
‘o °o

normal to target surface, %
source size >> |laser spot

guasi-neutral pulse with exponential energy
distribution (with max. energy depending on laser
pulse duration, energy, and target thickness)
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lon acceleration = TNSA regime
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 enhance yield in the
central, homogeneous
region by applying a
proton rich , dot"

e use thin dot (to avoid
temporal field depletion
and shielding)

» Careful backside cleaning (ablation)
Increases the fidelity

.................................................................................................................................................................................................................
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exp. status inh Jena (2006)

thin titanium fc__)il
with PMMA dots

/
g P
\ -
g
main laser pulse J
4 x 10" W/cm’ 0
80 fs, f/2.2 -
x laser for alignment """'-—-/—;"/
and ablation detection on CR39 or
7 Beam Imaging System

Lith. polymer coating on Ti-foil ®
8 x 8 — 20 x 20 um? base area

0.15-1.0 um height
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Different ion species

lons are seperated by a mass
and energy selective
spectrometer and hit a position
sensitive detector.

Energy

All species of ions located at the backside of the foil can be accelerated
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« overall number of ions about 108 in 20msr
« 80% fidelity with online target cleaning (ablation)

[H. Schwoerer et al., Nature 439 (2006) 445]
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Laserbeschleuniger fur die
lonenstrahl Tumortherapie ?

© GSI Darmstadt

..........................................................................................................................................................................................................................................

Ulrich Schramm e u.schramm@fzd.de e Laser Particle Acceleration Group ® www.fzd.de e FZD 2008



lon beam therapy —the idea

protons
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The GSI/ HIT approach




lon (proton) beams

requirements for ion beam therapy

@ Dose: 40-80 Gray distributed over 10-20 fractions

-> 109-101% jons per fraction and few minutes

@ Spatial control: mm-scale @ 20cm depth

-> 200 MeV @ percent level control
-> mm pointing (contour shaping)

o0
- Complete (nondestructive shot-to-shot) monitoring

0 Clean beam
-> 5% position dependent dose control
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Ulrich Schramm e u.schramm@fzd.de e Laser Particle Acceleration Group ® www.fzd.de e FZD 2008



TNSA —increasing the energy

For each laser system there is an optimal pulse duration for
TNSA ion acceleration, which is not necessarily the shortest
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POLARIS simulation

2D-PIC simulation by T. Esirkepov for next laser generation (POLARIS):
100 J in 100 fs, 1 =102 W/cm?, 5 um Ti-foil + 0.1 um PMMA dot (& 2.5 pum)

ﬁ’ff 1 L 1 L 1 '
8 x 108 protons at -

E = 173 MeV with
AE/E ~ 1%

-
)
]

proton yield / a.u.

0 172 174 176 178
proton energy / MeV
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Aktuelle Situation am FZD
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Present situation at FZD

..........................................................................................................................................................................................................................................

Electron acceleration lon acceleration

ELBE

SC RF accelerator
(nC in ps pulses
up to 40 MeV)

150 Terawatt

Thomson scattering (3J/20fs)
Laserlabor
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August 2007
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contrast
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