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CALA - Building layout
~100 m

B LEX PhotonicsA B CALA -
} N == N | 1
L === Y = == __ T i 4 i, A

e T 4,
2 s o ZEUS
ATLAS 3000 o semusienimnes? £ S ST\ TiSa

= 5 ! dulato e o

BE OER B=
- =
ey [
B EEED B

* /5 ME€ infrastructure to explore laser applications for medical research:
* 2 pillars:
* molecular fingerprinting by infrared ringdown spectroscopy for cancer detection (F. Krausz)

* lLaser-driven X-rays for tumour localization and ion beams for radiation oncology
(J.Schreiber, S. Karsch)
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A. Dopp, L. Doyle, M. Forster, K. v. Grafenstein, F. Haberstroh, |. Hartmann, C.
Lin, T. Résch, G. Schilling, E. Travac:

ATLAS-3000
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multipass 4, up to 9]

. T ATLAS-3000 Schematic system layout
RSN I '~

multipass 3, 2 |
currently bypassed

90 mm AMP1, 28 ], 1Hz
pumped by 64) green

Em— : > [
- 130 mm AMP2, 90 |, 1Hz T

multipass 2, 0.5

o
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ATLAS-3000 main amplifier
by THALES LAS

90, | Hz,
|4 x 6] GAIA HP pump lasers

ATLAS-300 homebuilt system:
up to 300 TW, 25 fs, 5 Hz Ti:Sa laser Homebuilt beam
2 frontends:

* ps booster, sat. absorber + Amplitude stretcher & regen

* double CPA, XPW + {s-OPA + Amplitude stretcher & regen

expander & compres
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ATLAS-3000 amplifier performance
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Even at 90J, the gain narrowing/redshift is well under control!
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Compression (9 ], full-size 30 cm diameter beam)

FROG retrieval
Wizzler (SRSI) retrieval

740 pr—————————————
12
— _ 760
5 tewhm = 28.5fs
T 10 ﬂ
_ 2 780
% sl D2_51.8fs E o
D, =-1355fs> =
g_ 3 355 fs = 8oo}
— 6} D, =99301s* =2
£ 5
E I\ © 820 : : S
= 4t . © S
= = R o M s
@ 840
= {\} \ - geof - |
O g » 2 » § ’ . e 28 fS
-200  -100 0 100 200 R FW”“"- |5,
time [fs] 200 100 0 100 200

time [fs]

Current energy level : 3 Gaias out of 14: 18 ] after Amp |
Passive Amp2 + Compressor + beamline throughput ~ 50 — 55 %
Energy on target: 9-10 | (estimate), 280 — 330 TW
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Contrast
1 1 1 1 1
| |——Dbooster ATLAS300
10 °F |—Dbooster ATLAS3000 -
XPW/OPA ATLAS300
_ 10-4 _ | —XPW/OPA ATLASSOoq -
% 106k | ‘ -
A= , W
> 3 )
=10 \/\/’\/\/\/"\/‘\/J\/\/-\/\/\/\ | YA ‘ -
;C,; 10 /\/\/\/\'/V\\\/‘/\ ~ \'\/\ ! i M
ATl peTane AT IV
12 -
10
1014 F i
] ] ] ] ]
-1000 -800 -600 -400 -200 0 200

time [ps]



MAXIMILIANS-
UNIVERSITAT . . R ” q ;
MUNCHEN Technische Universitat Miinchen Center for Advanced Laser Applications

Laser pulse temporal contrast — comparison with old ATLAS

10%2°4 —— 20161130 ATLAS 300
—— AC20190731-1752-.dat
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-> got rid of the pre-pulses, contrast is quite good
-> try to start laser-driven ion acceleration
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Focal spot quality on target: 3 deformable mirrors

Mirror |:flat wavefront at frontend output for good near field
propagation in main amp.

Mirror 2: flat wavefront before compression

Mirror 3: corrects aberrations in compressor and beamline, wavefront

sensor at target position

Jumps around, so we have to average..

Nice focus, isn‘t it?

Remaining issues: Pointing and focus “breathing’ due to air turbulence.
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After registration and averaging over |0 shots: foci with seven different filter settings:

log o (intensity, f/24)

—_ —_
~ [oe]
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y [microns]
2
log ,, (Intensity [W/em?])
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Scattering in optics leads to pedestal of high frequency noise,
containing a significant amount of energy
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Scattering in optics leads to pedestal of high frequency noise,
containing a significant amount of energy

Speckles outside focus. .. ... lead to striations in probe image (non-uniform

plasma density)
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Encircled energy fraction (fractional energy
within radius X) reveals real Strehl ratio
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Slightly out-of-focus, the intensity fluctuations increase
drastically! Stable laser-plasma interaction requires a
higsh degree of focus correction and a Rayleigh length
exceeding the plasma gradient.

New approach: Measure wavelength-dependent focus
or wavelength dependent spatial phase to reveal full
field distribution (Andreas Dopp & Univ. Oxford)

In focus, good WF correction

ATLAS focus, Ipeak= 4.56e+19 + 1.7e+18 W/cm?

Strehl 79%
6lms=3.8%
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Slightly out of focus, ok WF correction

ATLAS focus, Ipeak= 1.83e+19 + 3.2e+18 W/cm?
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Focusability: Key quantity for good experiment performance

* Focusabllity determines intensity

* Under random phase fluctuations (air turbulence) the intensity stability is better in focus than
close to It.

* QOutside of focus, nearfield intensity variations cause random self-focusing and pointing
fluctuations: Rayleigh length should be longer than plasma density gradient.

Maier et al, PRX 10,031039 (2020) identifies the influence of laser energy, focus position and
laser direction on electron peak energy.

We investigate the influence of one parameter (focus quality at shock position) on stability
(energy, pointing jitter, monochromaticity)
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Aperture in the beam (3.1 m before target) leads to longer Rayleigh length:
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Dramatic improvement in pointing stability!
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Focal spot position has strong influence on stability and pointing:

focal scan from 0.1 to 0.8mm (arb.)
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Further study with different apertures / best Strehl ratios planned



H. Ding, A. Dopp, M. Forster, M. Gilljohann, |. Gotzfried, K. v. Grafenstein, F.
Haberstroh, F. Irshad, G. Schilling, E. Travac, |. Wenz:

LASER-WAKEFIELD
ACCELERATION: INJECTION AND
BEAM LOADING
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3 recent ggggo i ~ ARTICLES

publications:

Dual-energy electron beams from a compact
laser-driven accelerator

J.Wenz"?7, A.Dopp">™*, K.Khrennikov'?7, S. Schindler'?, M. F. Gilljohann? H.Ding®'?, J. Gotzfried',
A.Buck?, J. Xu?¢, M. Heigoldt"?, W.Helm|®"*4, L. Veisz®?2* and S.Karsch'?*

PHYSICAL REVIEW X VOL..XX, 000000 (XXXX)

Physics of High-Charge Electron Beams in Laser-Plasma Wakefields

J. G(jtzfn'ed,l’2 A. Dopp ,1’2’* M.F. Gilljohann,l’2 F. M. Foerster ,1 H. Din% ,1’2 S. Schindler,l’2
G. Schilling®," A. Buck,” L. Veisz®,> and S. Karsch®"*
1Ludwig—Maximilicms—Um'versitiit Miinchen, Am Coulombwall 1, 85748 Garching, Germany
*Max-Planck-Institut fiir Quantenoptik, Hans-Kopfermann-Strasse 1, 85748 Garching, Germany
3Department of Physics, Umea University, SE-901 87, Umed, Sweden

(Received 27 March 2020; revised 9 June 2020; accepted 1 September 2020)

PHYSICAL REVIEW X 9, 011046 (2019)

Direct Observation of Plasma Waves and Dynamics Induced
by Laser-Accelerated Electron Beams

M. F. Gilljohann,"* H. Ding,"* A. Dépp,"*" J. Gétzfried,' S. Schindler,' G. Schilling,' S. Corde,® A. Debus,”
T. Heinemann, S B. Hidding,s’7 S. M. Hooker,8 A. Irmam,4 0. Kononenko,3 T. Kurz,4
A. Martinez de la Ossa,6 U. Schramm,4 and S. Karsch'*"



MAXIMILIANS-
UNIVERSITAT . . b ” q ;
MUNCHEN Technische Universitat Miinchen Center for Advanced Laser Applications

Laser-wakefield acceleration (LWFA)
in a nutshell

|. lonization: A short intense laser pulse travels through a gas target and produces plasma

|. Ponderomotive expulsion: The light pressure moves plasma electrons out of the focus
region, leaving behind positive space charge.

|. Wakefield generation: After the laser has passed, the displaced electrons snap back,
setting up a co-moving plasma oscillation.

2. Injection: Some electrons have to get enough momentum to catch the wave

|. Surfing: These electrons can surf the wake and be accelerated.

Theory tools:

e 3-D analytical theory for linear (i.e. low-intensity) wakefields.

e [-D fluid model (to be solved numerically) for nonlinear wakefields.

* Massively parallel Particle-in-Cell (PIC) simulations for self-consistent tracking of particles
and fields in |-D to 3-D.
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3-D PIC simulation of LWFA
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Shock-front injection: Controlled injection event

500 MeV
375 MeV =
>
2] 0.0
3 S 250 MeV
9 -
(T
O ()
125 MeV
50 um

propagation direction propagation direction
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Colliding pulse injection

Injection beat wave
pulse

wakefield

Injection phase

Images courtesy V. Malka

Two colliding pulses create a standing wave with period of 4;

Travelling pulse: Intensity slope defining Foond is given by laser envelope
Standing wave: Intensity slope defining Fpond Is given by laser wavelength

Strong ponderomotive force F),,,; & 2a,a,/4; pre-accelerates electrons
only during the time the two pulses cross each other.

Images courtesy V. Malka
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Combining shock-front S 200ty ece ’Lacc’?f i
(.‘] <

and colliding pulse
injection: 5 NI m R

[ | I | l |

2 [Laser iy e
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5 . 0 Ty
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laser-driven accelerator: Coz0 JLo.10 B o0s JLowo [ oss) o2

Electron energy [MeV]

0 . .
Wenz et al,, Nature Photonics 13,263 (2019) Collision position relative to shock [pm]
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Collision in up-ramp suppresses secondary * Both bunches reside in same wakefield
injection bucket

* Collision in shock enhances injected charge
* Collision after shock injects 2nd bunch
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Dual energy beams from shock front injection

single bunch dual bunch .
E 0 5 o0
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£ £
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0 T 0

y
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multiple injection into different buckets!
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Physics of high-charge electron 7 ;
beams in laser-plasma wakefields 4 8 . eod g z
Gotzfried et al, Phys. Rev. X, accepted (2020) | RS WSS |

I i & £ It

g

ATLAS-3000 allows access to high bunch
charges in Laser-Wakefield Acceleration
(LWFA)
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High-charge beams with different lasers: ATLAS @ LEX, 110TW:
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High-charge bunches drive wakefields in plasma:

PHYSICAL REVIEW X 9, 011046 (2019)

Direct Observation of Plasma Waves and Dynamics Induced
by Laser-Accelerated Electron Beams

M.F. Gilljohann,"* H. Dlng "2 A. Dopp,12 J. Gotzfried,' S Schlndler G. Schllhng, S. Corde A. Debus,’ Probe camera
T. Heinemann,™ B. H1dd1ng,5 S. M. Hooker A. Irman 0. Kononenko T. Kurz v

A. Martinez de la Ossa U. Schramm and S. Karsch'*'
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Beam loading: Spectral downshift at high bunch charge
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Probing beam loading with secondary injected bunches:

Shock and optical injection

400 v 500
(c)
B (a) o
é') 300 ~ 400 - Shock ! nd
= \ fmection Two bunches in the same bucket, 2
% 900 A % \ = probes the same wakefield bucket.
G M%M\ 2. 300 - %J o
S 100 - ° & | &
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@ o a .
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Probing beam loading with secondary injected bunches:

, . Shock injection
Two bunches in two consecutive )

500
buckets: 2" probes next wakefield ®
>
bucket é 400 - Shock injection
g g " =
* Top left: Energy of |t and 2 g 2. 300 Vv o
. > N
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nd 0 100 200 A,
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0 I I I I

with more charge in the 2, 0 50 100 2940 2960 2980
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Probe camera

Beam-domianted case: charge- ﬂ

' . Drive beam | s O Electron beam
dependent accelell”a’uon of awitness i _[H S—
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Overall effect: externally injected, LWWFA-driven PWFA (hybrid accelerator)

a 30 De w 11018 ’31
nsity ne cm
25 - ~—— LPWFA e i—
T b 251 1% stage
> 20 4 .
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L |
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05 4 a 0+
: 1 &
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0.0 -26 - Laser (<200 W
0 50 100 150 200 250 300 -20 0 20
Energy [MeV] Paoslition ¢ [pm)

* Drive bunch loses energy to set up a plasma wave, witness bunch gains
energy.

* Energy gain increases for higher density in PWFA stage, but then spectral
peaks start to overlap.

*  Witness capture efficiency approx. /0%
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Why do we do this!

1q- hotons
Brilliance = p—
[(mm? - mrad’}{s - 0.1% bandwidth]
Small emittance electron beams are T T
necessary for high X-ray brilliance: transv. emittance long, emittance
(=phase space area)
I 3. low divergence 4. small source 5.short duration
\\ J
Y

That's where LWFA sources excel

Hybrid acceleration can provide emittance figures
orders of magnitude below conventional LWFA:

o

y [um]

n [no]

oo oo
o

k endin
PRL 111,245003(2013) PHYSICAL REVIEW LETTERS 13DECEMBER. 2013
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