Laser-driven electron acceleration —

how to get insight into the acceleration process
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@ Laser wakefield acceleration
@ Theory and setup of the experiment
o the JETI laser system

© Influence of experimental parameters on electron stability
@ Laser energy, plasma density, pulse duration, pulse front tilt
@ Spectra of the electrons

e Optical probing of the acceleration process
@ Polarimetry and Faraday effect
@ Light Wave Synthesizer 20

@ Visualization of the acceleration process
@ Duration of the electron bunches
@ Plasma wave
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Image courtesy of A. G.R. Thomas

o laser intensity > 10'8 W/cm?

@ electron energy up to 1 GeV

@ acceleration distance in the range
of millimeters

@ energy and pointing stability is still
an issue

T. Tajima et al., PRL 43 (1979)

J.Faure et al., C. G.R. Geddes
etal.,S.P.D. Mangles et al.,
Nature (2004)

a0 gz 00

Image courtesy of A. Pukhov er al., Appl. Phys. B 74 (2002)
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Laser wakefield acceleration
[ Je]

JETT: the Jena Ti:Sapphire laser system

— & L ,).» &

30-TW CPA laser system

pulse energy 800 mJ
pulse duration 271s
& wavelength 800 nm
power 30TW
focal spot size 5 pum?
X8l repetition rate 10Hz

maximum intensity 10%° W/cm?
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helium electron spectrometer
gas jet with fluorescent screen

Off axis
parabola

removable
pointing screen

B

Etarget = 700 mJ Maser = 800 nm
Tieggr = Sl fs ﬁep =10Hz
AfOCllS ~ 220 /,Lm2 Ilaser = 6 . 1018 W/Cm2
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Influence of laser energy and plasma density

averaged images of the electron beam profile
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Electron stability
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Influence of laser energy and plasma density

averaged images of the electron beam profile

ne /10 cm =3

0.9 1.2 1.5 1.8 24
- -

0.6J

E =

0.45]

Maria Nicolai Laser-driven electron acceleration 4.Mai 2011

03] E

E =




Electron stability
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Influence of laser energy and plasma density

exemplary images for single shots
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Electron stability
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Influence of pulse duration

pulse duration 7 / fs
38 45 57

positive chirp no chirp negative chirp

0.9

ne /10" cm—
1.5

@ best electrons for shortest pulse duration
o clear difference between positive and negative chirp

@ high order dispersion influences pulse duration and shape
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Electron stability
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Influence of pulse front tilt
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@ electron beam parameters get worse even for a small pulse front
tilt due to pulse elongation and an asymmetric acceleration
structure
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Electron stability
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Influence of pulse front tilt

Capx 1.2 yradmm 0.3 prad/nm Opuradmm  -0.3 uradmm -0.7 yrad/nm
«a 0.9 mrad 0.2 mrad 0 mrad -0.2 mrad -0.5 mrad
AT, 184 fs 46fs 0fs 391s 105fs
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divergence x / mrad
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@ electron beam parameters get worse even for a small pulse front
tilt due to pulse elongation and an asymmetric acceleration
structure

@ no change in electron direction observable
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Electron stability

Spectra of the electrons

— 60 MeV
— 90 MeV
— 150 MeV

spectra with peak spectra with plateau
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magnetic electron polarogram 1

: : beam - _.
pulse\f_-__; : N

polarizer 1

— . olarogram 2
pulse imaging lens pOlarost

0

pol2 —
polarizer 2

Etarger = 65 mJ apochromatic objective f = 20 mm
Tlaser = S S achromatic lens f = 250mm
Laser =6-10" W/em?  resolution 2 um




Optical probing

Faraday effect

Observing the acceleration process directly requires
diagnostics with high temporal und spatial resolution.

Faraday effect

@ rotates the polarization of an
electromagnetic wave in a
magnetic field

e n — —

@ frot = 57— / = B-dl

2mec Aerit
plasma

o the magnetic field can be
calculated from ¢t and ne
via Abel inversion
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1064 nm | Fiber
~10pJ

Ti:sapphire 5.5fg S
Oscillator 2.3 nJ 9-pass Amplifier 0.8 mJ

Ne 2 bar
551 5 fs (FL)
1.6nd 0.35mJ
Photonic Sl DAO“f 3ud
Crystal (Dazzler)) |25 ps

Hollow-core Fiber

Ti:sapphire 25fs

Mirror (closed loop)

Compressor: |

Nd:YAG T =
14 Grism Stretcher 15md N
Pump 535 nm
Laser 78—> ’9\
B 780 mJ
L —
 Atioptivs 170 mJ —/B% 55 1mJ

5x 23 x 23mm°

130 mJ

160 mm SF57,

100 mm FS, 4 Chirped Mirrors

7.7 fs
10 Hz

Image courtesy of D. Herrmann, Opt. Lett. (2009)
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A.Buck, M. Nicolai et al., “Real-time observation of laser-driven electron acceleration”, Nature Physics, DOI 10.1038/NPHYS1942
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A.Buck, M. Nicolai et al., “Real-time observation of laser-driven electron acceleration”, Nature Physics, DOI 10.1038/NPHYS1942



s
E 100 Selectrons ~ 4 pm
%D 50 = felectrons = 13 fs
g 0 : ‘ ‘ Ideconvolved = (6 + 2) fs
2 0 10 20 30
z/ pm

A.Buck, M. Nicolai et al., “Real-time observation of laser-driven electron acceleration”, Nature Physics, DOI 10.1038/NPHYS1942
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E 100 Selectrons ~ 4ﬂm
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A.Buck, M. Nicolai et al., “Real-time observation of laser-driven electron acceleration”, Nature Physics, DOI 10.1038/NPHYS1942
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Conclusion

@ Laser wakefield acceleration with state-of-the-art 30 TW-laser

Parameters of laser-accelerated electrons are strongly depending
on experimental conditions

Large shot-to-shot variations even under optimized conditions

Measurement with an 8 fs OPCPA laser system

@ Visualization of the acceleration process with high temporal and
spatial resolution — also a possibility to measure the duration of
electron bunches of conventional accelerators

Electron bunch duration was measured to be as short as 6 4= 2 s
— shortest direct measured laser-driven electron bunch duration

First direct observation of the plasma wave

A.Buck, M. Nicolai et al., “Real-time observation of laser-driven electron acceleration”, Nature Physics, DOI 10.1038/NPHY S1942
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