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Optical parametric chirped
__pulse amplification (OPCPA)
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Advantages Challenges

= Stretching and compression of
huge spectral bandwidth

= Pump laser

= Synchronization of pump and seed

= Amplification of the optical parametric
fluorescence (superfluorescence)

= Carrier envelope phase stabilization

= Broad gain bandwidth,
supporting few-cycle pulses

= Huge single pass gain (~10°)

= No thermal load in the
amplifier crystals

= Good contrast achievable




LWS-20 OPCPA Setup

Ti:sapphire : .
Oscillator -—»- 9-pass amplifier;

------------------------

---------------------------

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

5.5fs

551s

XPW:
\ 25 % eff with

--------- p==-=~=2 j(optional);
MY Brotonic 330w r AOM |
145 ps (Dazzlery 3ud
Crystal Tr=! Coceead
1064 nm F|rbyesra ""1'-?;7:/ [ | - y 25 ps
-~ 107 pJ 7 P BBO 1
5x5x5mm®
Nd:YAG 15 md
- Pump laser _ ]
—] s 170 mJ Pt fi;:-?"””é:/':/‘
Adaptive : ,____ BBO 2
Mirror (closed loop) Plasma  : B % 9% % 23
Compressor: I mirror 130 mJ
160 mm SF57 | (optional) f P77 s
100 mm FS : i 10 Hz

4 Chirped Mirrors

LWS-20: D. Herrmann et al. Opt. Lett. 34, p. 2459 (2009)

'__XISVV_' 250 ) 5.5fs pulses

1st stage

=

532 nm

Pump

www.attoworld.de



LWS-20 pulse compression
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LWS-20: D. Herrmann et al. Opt. Lett. 34, p. 2459 (2009)
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SHG AC & SHG-FROG results:
» Spectral components between 700-1000 nm

= Central wavelength 805 nm

» Duration (FWHM)= 8 fs, compressed
within 5% of the Fourier limit

» Pulse duration stability: 3%

» >80% of the total energy is contained
in the main pulse
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Conclusion: 8fs, 130 mJ,16 TW




LWS-20 contrast with cross-polarized wave

Weration (XPW) + Plasma mirror (PM)

after main pulse

before main pulse
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J. M. Mikhailova et al., Opt. Lett. 36, 3145 (2011)
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Combining the

enhancement factors
and overestimating

the optical parametric
fluorescence (101°9),

 contrast of LWS-20 +

XPW + plasma
mirror:

10-10.5 @ 2ps
10138 @  20ps
@ >45ps

| with 8 fs duration !!!
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Why to go to 5 fs ?

Surface HHG "*

Generation of single attosecond pulses Iin gas
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How to generate 5 fs ?
I @)
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Bandwidth increase MPQ &
LMU

Two-colour pumping* — with the 2o and 3w of the pump
fundamental in two different NOPCPA stages
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Advantages: Wavelength (nm)

Even broader spectrum (575-1020 nm)
Even shorter (sub-two cycle) pulses (Fourier limit 4.8 fs)
Relative simple realization with the same pump laser

*D. Herrmann et al., Opt. Exp. 18, p. 18752 (2010)
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Further goals
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Goals:

o Upgrade step I:
Bandwidth increase to reach Former status: LWS-20
~5 fs pulse duration 130mJ, 8fs, 16 TW

0 Upgrade step II: Upgrade goal: LWS-100
Pump laser energy upgrade 500 mJ, 5 fs, 100 TW

4 J (from 1J), 532 nm, 80 ps,
10 Hz is delivered

0 Single shot CEP-measurement / stabilization of the OPCPA system
Summary:

o LWS-20 upgrade is ongoing towards 100 mJ, 5 fs and excellent contrast

o Applications of LWS-20 are ready to start




Motivation for laser-plasma
electron acceleration
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lassical RF accelerators:

Maximal accelerating fields due to breakdown:

» E__ = 100MV/m SLAC

» many km long accelerators needed
» BExpensive 3
» Longer pulse duration ¥
> Timing jitter '

Alternative: Plasma-based Accelerators:

Already 1onized acceleration medium - no breakdown

Sustainable fields:
» Possible fields: E=100GV/m - 1'TV/m
10° - 10* times higher
» Shorter acceleration distance
> Intrinsically short (few fs) pulses
» Intrinsically synchronized with laser pulse

www.attoworld.de
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 Laser wakefield acceleration
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Intense laser pulse

Gas nozzle

T. Tajima, et al. PRL 43, 267 (1979)
A. Pukhoy, et al. APB 74, 355 (2002)




Injection Mechanisms

A
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Common scheme: Separation of Trapping and Acceleration
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—> Inhibiting self-injection by lowering laser intensity and gas density

1. Colliding ,,Injection® Pulse 2. Gas mixtures
Early injection Late injection ' Ior'“mw_ 'msz)gd::c;é:s 3
* II":SF:::SN *7" glectrons 1
Pump | @as | Iniection Pump Gh_‘-as Injection - » |
pulse | jgt | Ppulse pulse jet pulse A iy
« J. Faure et al., Nature 444, 737 (2006). i g

3. Downward density transition (down ramp) Paketal, PRL104,025003 (2010).

distance

C. G. R. Geddes et al., PRL 100, 215004 (2008).
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Injection at sharp density transition
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Stabilized Injection with 8 fs pulses
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- (a) Self 1nject10n
. Best 10 % . Best 10 %
Peak energy (MeV) 26.0£7.4) (29.7+1.2) 23.3£3.2 ) (24.3+0.9)
Energy Spread (%) 12+ (815) Ot (4.0£0.5)
: g N—"
Divergence (mrad) 10.9+3.6 (10.0£2.3) 8.9+3.2 (7.3%£0.5)
Charge (pC) 3.7+3.0  (3.1x1.0) 3.3+2.1  (1.8%0.5)

* Injection stabilized

* Important beam parameters improved significantly
K. Schmid et al., PRST-AB 13, 091301 (2010).



Application to Ti:Sa lasers

» Longer pulses (8 fs =2 26 fs)
» More pulse energe (60 m] =2 1 J)

» Higher electron energies, more charge expected
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nability of the electron energy ©
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Relative energy spread FWHM (%)

Electron beam properties
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After laser upgrade: 0.8 ] 2 1.2 ]
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» Peak energy 49.8 +- 2.6 MeV
» Energy spread (FWHM) 10.6 +- 2.8 % Application:

Thomson scattering

» Charge eval (1/e"2) 95 +- 30 pC (50 keV photon energy range)



Temporal characterization of
laser wakefield acceleration

(PI1C) simulation Experiment

Fa¥e

density

E field

L L L L L L
45 50 55 60 65 70 75 80 85

Already measured.:
» Electron pulse duration
— Coherent transition radiation (CTR) - indirect
— THz, CTR X-correlation with light pulse - few-10-fs resol.

O. Lund et al. Nature Phys., 7, 219 (2011),
Debus, A. D. et al. Phys. Rev. Lett., 104, 084802 (2010).
W. P. Leemans et al., Phys. Rev. Lett. 91, 074802 (2003).

> Plasma wave Structu re J. van Tilborg et al., Phys. Rev. Lett. 96, 014801 (2006).

— Frequency-domain holography - not time-resolved
Matlis, N. H. et al. Nature Phys., 2,749 (2006).

(w

Radial distance

» Potentials of a single-shot, time-resolved technique:
— Direct measurement and evolution of electron pulse duration

— Dynamical evolution of plasma wave amplitude (info about beamloading)
— Moment of wave breaking / electron injection

(peJ) yius 8seyd
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» Rotation of the laser polarization for
linearly polarized probe pulse by

the magnetic field

—

~ K

—

B

probe

— Medium: plasma

» Polarization rotation angle:

Vot = 2m cn !

c

- Measure ¢, and n_to get
B-field distribution!

Electron bunch
Magnetic field
Probe beams

Measurement of

» Location of the electron bunch

» Duration of the electron bunch
(if resolution high enough)

» Magnetic field - charge

Drive beam direction

www.IattoworId.de



Particle-in-cell (PIC) simulations

Lattoworld.de

o

Simulation parameters:

| eak= 5.8 X 1018 W/cm?
Wy =6.1 um

Ny =3.5x10¥%cm3
= 8.0 fs (FWHM)

z-pulse

»Magnetic field generated
by displacement current
IS negligible

Gas target: 300 um He

»Electron pulse length

— Simulation
— Experiment |

= magnetic field length

PIC:Code:
ILLUMINATION

bl o A

20
Elec

25 30
tron energy (MeV)

M. Geissler et al., New J. Phys. 8,186 (2006).

)

ne (102%cm®)

B, (KT)

2 4 6 8 10 12 14
z - ct (um)



Experimental setup

A

and polarimetry

www.attoworld.de

MP
Visualization of the laser wakefield
acceleration with shadowgraphy |
Polarizers iLWS-20
: :800 nm
I 5 !
Beamsplitter 6511l /
Lens '

»Expected electron
bunch duration:
<10fs 2> <3 um

»Plasma wavelength
~5-10 ym
Requirements: Drive beam direction
» Good spatial and temporal resolution
— Spatial: 2 ym
— Temporal: 8.5fs 2 2.6 ym

Probe beams
Electron bunch

A. Buck et al. Nature Phys., 7, 543 (2011)

Microscope objective |

8.5 fs /



Polarimetry - J

Camera l

-Determination of the rotation angle

positive

rot. angle
2 g

oS
negative

rot. angle

|p0|,1(y, z)/ 1 pol,2 (y,2) Probe beams

N attoworld

Polarizers ILWS-20

: 1800 nm;’
I 5 /
Beamsplitter 651l /

Lens 8.5fs/
Microscope objective

Drive beam direction
Magnetic field

Electron bunch

Advantage of detuned polarizers:
- Correct background subs.
-> Sign of magnetic field

M. Kaluza et al. Phys. Rev. Lett., 105, 115002 (2011),
A. Buck et al. Nature Phys. 7, 543 (2011)



Faraday Rotation Results
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' ’ ' ' ' ' Deconvolution of the
\-N\ electron bunch duration

y (Sm) 3 : A 0\: Trot = Arot /c :> Tbunch

V / ', o i F 0 | 9
| =
1 s _2_

_ A = z-probe
i 0 5 = Tres = Ares /c
TREI L o
100 80 60 40 20 0 =20 Tiransy = Atransv C

z - ct (um)

Averaging over 85
shots:

L +1.9
Z-bunch T 5'8—2.1 fS

A. Buck et al. Nature Phys., 7, 543 (2011)
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b. u.)

Intensity (ar

Requirements to see plasma wave:
- Short probe pulse duration
- High-resolution and short depth-of-focus

Conclusions:

e Same period

« Modulation depth ~ plasma wave amplitude
* Pos. of max ~ accel. region

Explanation:

rays

()

www.attoworld.de
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PIC Simulations
+ Ray-tracing

A. Buck et al. Nature Phys., 7, 543 (2011)



) 5
Plasma wavelength
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Good agreement with theory. LMU :
8Om —> Another proof that modulation in
— 272. e ; ..
> act originates from the plasma
g ne wave
= No relativistic effects at a=1.67
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Characterization of the electron bunches
+ direct temporal observation of LWFA

IMU:

Polarimetry
(Faraday rotation)

Shadowgraphy

§ ol furyiny /S Redlal s
>10} gsL/\‘ g
B £
20t © b
30 X _z(gm) 2 : ‘
100 80 60 40 20 0 -20
z = ct (um)
Direct observation of laser-
driven electron acceleration with
high spatio-temporal resolution
Plasma wave Electron bunch
1

A. Buck et al. Nature Phys., 7, 543 (2011)



Results #1

— T 1 Real-time observation of

m=2 | electron bunch and plasma
w56 Wave (by changing the delay between

N I K
'y i

pump and probe pulse)

> Electron bunch sits in the first oscillation
of the plasma wave

»Only one electron bunch visible

Normalized, background subtracted intensity lineouts

»Many plasma oscillations are visible
- No strong beamloading

D S N T B 'L S I
120 140 160 180 200 220 240 260 280

z—-position of electron bunch (um)

0




Signal vs. charge correlation and “LWFA movie*
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Only few shots were fully in
spectrometer to determine
charge correctly

Magnetic field (resolution corrected
rotation angle) vs. charge in peak
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Electron density (x10'°cm™®)

Results #2
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Peak rotation angle (°)
N
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220 240 260

z-position (um)
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»Signature of the electron bunch appears
after ~200 ym of propagation
—> Injection point

—— Plasma density

Electrons observed ' [/

| swersoncsed i)

0,0 :
-200  -100 0

100 200
z-position (um)

300

400

500

All points in the plot are an average of 4-22 shots.
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Results #2

g 4 §/%\§ . )
= /H\ % \%_ »Signature of the electron bunch appears
S, Y after ~200 ym of propagation
3 > Injection point
[
o ol
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21N » < visible plasma oscillations and the amplitude
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Combination with controlled injection
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Controlled injection -j(iﬁiﬁf;ffi
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» Diagnostic applicable to other experiments
» Density jump at shockfront could be measured - 1.7 : 1
» Electron signal observed after shockfront with 6 fs duration



Conclusions and outlook
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o Light Wave Synthesizer 20 is a unique tool for laser- plasma
physics :/5 — |

Razor Blade_ = ."‘-‘

0 Shock front injection stabilizes LWFA || oy 8

F 1 Gas Res erv01 il
0 Real-time observation of laser Wakefleld acceleratlon
(LWFA) +1.9 —~—10/%8 \Beev ‘4
z-bunch 5 8 2. 1fS £, Mol AT

Goals :
0 LWS-20 upgrade to 5 fs 100 mJ later 500 mJ

o0 Geration of intense single attosecond pulses

o Stable few MeV electron bunch production

o Transition from LWFA to bubble / blow out regime
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