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Interesting and rich physics — possibly revolutionary applications

NV

Laser-Plasmas emit relativistic 15t PW-laser: Snavely, PRL (2000)
electrons, (multi-)MeV ions, neutrons, Proton Spectra
radiation (GHz ... MeV-Gammas) g 10000 N @ :
5 1000 5
- 100:{%“\ 100 <
g Ll S.V. Bulanov et al.,
5 \\1' S PPR 28, 453 (2002)
T 041 \\ 01 &
z [ (a)
10 20 30 40 50 60
Bratan Energy (MeV) Ganlry
2012 / e . %
Chair of - -
medical -
physics
K. Parodi

We investiage suitability of laser-driven ion acceleration for (medical)

application
= ' %/ e, B
Laser | =

— |~ —— 2% THD) @7
NG o o e 28\ ¢ 3
“a # —{)“, , T
7 Laser beam

PROTONS 230 MeV
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Outline
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Intense laser pulses and relativistic laser-plasma-
interactions

Electron acceleration — progress in experiments

lon acceleration and related topics — exploiting nano-
materials

Applications of
« laser-driven particle accelerators
* nano-plasmas in particular

The (near-term) future

LA3Net - Mallorca - 25-27 March, 2015 - Joerg.Schreiber@Imu.de
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Intense laser pulses: A typical temporal profile

1020 - - - i I i - i . ! . . . j T j . j . . . . . |
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——Full Power - Bypass| : ! .+ el Relativistic intensity
SR ||| 12* = a§ - 1.37 - 108 W/cm2pm?
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Relativistic intensity and plasma interaction

2
Single electron: 108 W/cm?2 (lin. pol.) Critical electron density n,. = —gome;‘)“”
e
Refractive index n = [1 — ==
yne

Group/phase-velocity vg = cn, v, = %

Nne < N Ne = N
Electron acceleration lon acceleration

% Lichtgeschwindigkeit

Induced transparency

Self-focusing/guiding Pulse steepening
IA O 4 .
K //;: | : X (’)p /'/"
E4 » = N S . A T T ,/-' -----
\ op/<y> =" ®Las
) phase fronts > X > k

MtV-lecture (2003), Pukhov, et al., APB 2002: Bubble acceleration
LA3Net - Mallorca - 25-27 March, 2015 - Joerg.Schreiber@Imu.de
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Target-Landscape: Laser-electron accelerators

10,000
N\
£
=
1000 L ~ Dream beam
' : lhedmnotw accelerators
© 100 p !
o)) Coulomb field
C dominated 4 .
(7))
H 10 Laser field
% dominated £ S\ [EH
E .
1- gas
01 . 1 . .
10°® 10° 10° 10"

mm/cm gas-jets

_ Density (g/cm®)
electron acceleration
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Some examples: electron energies and stability

Metallic " o \ 7 =y e . . . . .
L (0] MV/im$ 1st real-time visualisation of laser-driven
plasma-wave, courtesy M. Kaluza (talk

et '_"" = Fi ey ”?‘9 -
tomorrow)

Powered
IR M.B. Schwab, et al., Appl. Phys. Lett. 103, 191118
(2013)

100 mm

v

waves < 500 mm

100,000 MV/m

0.05 mm

APPLIED PHYSICS LETTERS 103, 191118 (2013) @ O 25 mm
a. 1 i of relati ie I ) 1; 5

40 50 5 10 15 20 25 30 35 40 45

0.03 015 0.175 0.3 0.4 0.6 0.8 1.0 0 10 20 30
GeV Electron energy [MeV] Photon Energy [keV]
1st laser-driven 1 GeV electrons, current tunable multi-keV X-ray-pulses Thomson
record: 5 GeV over ~5cm backscattering (10107 photons/pulse)
W.P. Leemans, et al., Nat. Phys. 418, (2006) Khrennikov et al., PRL accepted
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Coherence of and phase contrast imaging with betatron-X-rays

Hm-source size, phase contrast imaging
S. Kneip, JS, et al., Nature Phys. 6, 980 (2010);
Appl. Phys. Lett. 99, 093701 (2011)

1st laser-driven X-ray-phase contrast tomography

with ~5 keV, X-rays 4x108 photons/keV/msr at MPQ Garching
J. Wenz et al., submitted, courtesy S. Karsch (LMU) / F. Pfeiffer (TUM)
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Moving on to my main topic
... laser ion accelerators
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Target-Landscape: Laser-ion ,,accelerators*

10,000 —
£
=
i
1,000 ‘:6
£
o 100 | Q
o Coulomb field
= dominated
(7))
) 10 Laser field
% dominfted
E
1- gas
0.1 : . 1
10° 107 10°
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Density (g/cm®)

um foils
lon acceleration
TNSA

LA3Net - Mallorca - 25-27 March, 2015 - Joerg.Schreiber@Imu.de




LupwiG- Chair of experimental physics — medical physics

MAXIMILIANS-

LMU monenen T Munich-Centre for Advanced Photonics

NV

lon acceleration: Basic principles

Daido, Nishiuchi, Pirozhkov, RPP 75, 056401 (2012) Review of laser-driven ion sources and their
applications

Plasma expansion / Target Normal Sheath Acceleration (TNSA)
Any micrometer thick foil works
... some early examples

Proton Spectra
3 10000 [FSey W g
Z 1000 2 =
® A 2 =
@ 100 P ~ 1005 2
5 b 8
‘E 10 10 3 %=
a S ¢
o 1 OYTSC ) 1 5 é
Z* 0.1 < 0.1 E E
10 20 30 40 50 60 i
Proton Energy (MeV) [ e ]
3 456 2 3 456 2 3 45
Snavely, PRL (2000) 10 100 i 1
lon Energy (MeV) 0 5 10 15 20 25 30
Energy [Me
Clark, PRL (2000) 19y MeV]

Mackinnon, PRL (2002)

A. Macchi, M. Borghesi, M. Passoni, Rev. Mod. Phys. 85, 751-793 (2013) lon acceleration by
superintense laser-plasma interaction
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,»On the back of an envelope“-model

Plasma surface
4 (cathode)

e € ‘s in vacuum

induce
y ) surface
1 charge

Field maintained for
~ laser pulse duration 7,

Main Conclusions

» Optimization procedure (Pulse
duration & target thickness)

» Thinnest foils beneficial

« Monoenergetic ions possible

lon source: Laser+Target (the Gun)

* high bunch charge and high peak
current
(10’s -100 nC in psec => 10’s-100
kiloamperes)
» high extraction field and maximum
proton energy
(~ 10 MeV/um => 100 MeV
protons)
 relatively high energy conversion
efficiency
(0.1 to few % - laser energy to proton
energy)
* broad energy spread, % (can be > 100
%)
« large angular divergence
(full angle can be ~ 10’s degrees)
* laminar bunch (record low emittance ‘at
source’ ~ 103 mm mrad)

JS, et al., Phys. Rev. Lett. 97, 045005 (2006); High Power Laser Science and Eng. 2, e41 (2014)
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Small energy spread: limited proton/carbon layer on um support foil

H. Schworer, et al., Nature 439, 445 (2006) M. Hegelich, JS, et al., Nature 439, 441 (2006)
Titanium foil with 0 3
proton-rich dot
® & a 3
Laser incidence ® " ; aﬁa 8 cﬂ% ]
T 2N = ]
. Accelerated Be ":_ “a 0000 WSz 25 ':LB 107 3
hY D protons »9 L= A nergy (MeV) ,_E ]
2 - 1
.::E - = Unst 1 = > !
ﬁ(e : ' 1:::: L _.-95“. ...... L:n-s ructured = 3 l‘
Blow-o!f o DAAAALAAAAANNAI G, -
plasma Q 10 15 20 25 108 1 h
@® Proton energy (MeV) 3
@®
Target-normal, 10! T ¥ T . T
quasi-static 0 1 2 3 4 5
electric field Energy (MeV/u)

‘ Truly isolated targets

o B8R Granted experiments

@
MBI Berlin

GSI| Darmstadt
Texas PW

« 20 MeV
_| Protons
1 MeV spread

P. Hilz, JS, et al., in preparation
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What is the potentially most elegant way to accelerate ions?

Esirkepov et al., PRL 92, 175003 (2004): 102 W/cm?

LA3Net - Mallorca - 25-27 March, 2015 - Joerg.Schreiber@Imu.de
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Radiation Pressure Acceleration

... or Maxwell-Bartoli pressure, ,ponderomotive forces”
P.N. Lebedev, Ann. der Physik 6, 433 (1901)

JFL Simmons et al, Am J Phys 1993 (Marx Nat 1966 )

fu 5x1013km=300,000 AU (Proxima Centauri) red
over 10 years or so would provide an energy equivalent to
about the rest mass of a vehicle of 30 kg, and so would be
sufficient to accelerate it to relativistic speeds. In fact, the

Carbon disc with 1 um diameter and 5
nm thickness (10-1’kg, Mc?=1J)

v/c=(1+R)-E_ / Mc? Rayleigh-Length ~ 2 um (20 fs)
Intensity ~ 5x10%tW/cm?

3/25/2015 LA3Net - Mallorca - 25-27 March, 2015 - Joerg.Schreiber@Imu.de
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Optimisation: Target-thickness versus laser intensity
. Maximum Coulomb Field
Laser Field . . .
in a Thin Foll
4 no.. ..e < i:ﬂm:a‘
%” . :::«.L;‘:
& STE ek, n, d
a, = Eg~—=-—
mcw n. A
ap: < Eg ap~Ej a; > E
d~5—10nm d < 5nm

Dense Electron
bunches & Radiation

lon Acceleration
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Conquering the target-MAP
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Atomic force, confocal, white-
light interferometric microscopy

5 nm Gold
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Prominent experimental results with nanometer thin targets

A. Henig, JS, et al., Phys Rev. Lett. 103, 245003 (2009): I.J. Kim, et al., arXiv: 1411.5734 (2014)
1st experimental demonstration of RPA 30J/30fs, 10s nm targets

2) RPA protons to 80 MeV
7" el
protons protons (a) . ——CP, 15 nm
experiment experiment ::g :::“; :::;.150 i Polymer 15_", S Co+ ——LP, 20 nm

4 30 MeV (H*) § 90 MeV (C) 5 ¥4 7

_

. | A 20 MeV (H') § 60 MeV 3 - o
linear circular EaEn R . il j
polarization ; polarization *X e --“/f . :
10° 10° Z:mo b R Circularly
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90 n 10°
energy (MeV) energy (MeV)
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Proton Energy [MeV]

particles (MeV! msr-
=)
particles (MeV*! ms) Z

dN/dE [(MeVsr)']
o

Figure2 of 4.
I T 3 25
S C*®' cleaned ] % Proton energy
10" 3 Background |3 ———4.5MeV * a; + 29.3MeV
E C®" uncleaned| ] € 2D-VPIC
10° 4 | | 200

150

X 100

L4

Particles (#/MeV/msr)
3
Maximum Energy (MeV)

10°

T T
200 400 600 800 1000 5

70 20 30 0 0
Energy (MeV) Laser Amplitude a, (normalized)

D. Jung, JS, et al., Phys. Plasmas 20, 083103 (2013): M. Hegelich, et al., arXiv:1310.8650 (2014)
80J, 550fs, 100-200 nm DLC 80J, 550fs, 200-300 nm CH, nano-targets
record carbon energy > 1 GeV ~ 5x10° protons/(MeV-msr) @ 160 MeV
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Novelties enabled by nano-foil-plasmas
... Some examples
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Single-shot dose response of living cells @ MPQ
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On the cover: A laser-driven nanosecond proton source for radiobiological

| studies, J. Bin, JS, et al.,
& = J Bin,JS etal.
3/25/2015

Appl. Phys. Lett. 101, 243701 (2012)
Phys. Plasmas 20, 073113 (2013

LA3Net - Mallorca - 25-27 March, 2015 - Joerg.Schreiber@Imu.de
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Spektro
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Probe Beam:
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Drive pulse
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Erste experimentelle

D. Kiefer, JS, et al., Nature Comm. 4, 1763 (2013)

3/25/2015

LA3Net - Mallorca - 25-27 March, 2015 - Joerg.Schreiber@Imu.de




AR
P78 AR

4

wewe | Chair of experimental physics — medical physics ",;\
LMU moncnen T Munich-Centre for Advanced Photonics .

Single, XUV-half-cycle radiation burst from double-DLC foil

@ shutter reflector © — (a) 0.5
\ oblique double foil
% ._ (ODF)
§ g £ 0.4
; o | o \Fumy
y > 4nm \&—, 20nm
2 0.3
21 23 24 L s .
(b) (C)JB— é
2N g 0.2 normal double foil
shutter reflector ".\ E : (NDF)
B % 3
\ EJ i i o
’ =i K, 50pm
\ il Al l-l_al 0.1 4nm <—— 20 nm

20 / /\40 60 80 100 150 200 300 400
_ hw (eV)
Dense electron bunch is

created in Near-critical plasma el

20nm

W. Ma, JS, et al., Phys. Rev. Lett. 113, 235002 (2014)
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Filling the gap in the target-MAP
... hear-critical plasmas
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Target-Landscape: Near-critical density for Ti:Sa-lasers
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Combination of Carbon-Nano-

Tube (CNT) foam with o
Diamond-like Carbon (DLC) £ 10 L
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J. Bin, JS, et al., submitted
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What's next? ... Some thoughts, comments.
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lon energy frontier

Latest records:
LANL, US: 160 MeV protons (80J/550fs), ~shot/hour
GIST Korea 80 MeV protons (~10J/30fs), ~shot/min

10 GeV - - - - 9 2 um focus
~ 3= s 20 um focus
1 GeV B =ZEZ2 _% e
. EE 843 ~ 3
= = ED2 =25 .= = .
E _E gRE Sk s B RPAmany
2 100MeV§ 2 35 - / i = § % loNns, possibly
5 z - 8§ = mono-
= el = 7 energetic
% 10MeVi 2 -
2 < o
5 2 — TNSA TNSA: few
= 1 MeV e f_,-*’ = — RPA | 1ons, .
o exponential
a spectra
0.17 1] 107 1007 1 kJ 10kJ

laser energy

JS, et al., High Power Laser Science and Eng. 2, e41 (2014)
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The world of TW- and PW-lasers (compiled by ICUIL organization)

BELLA-1 PW (5 GeV e)

US Texas-PW

3/25/2015

WFEUHF LG HZDR

" France
.~ APOLLON

5 10 PW 3 ELI

Locations

10 PW (and beyond)

; P
S
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‘ MBI
DESY <! , 100 TW
200 TW Dual beam
FSU/HIJ
POLARIS 100 TW
HHUD JETI 100 TW
200 TW
Dual beam HZDR
Ti:Sa 1 PW
PENELOPE 1 PW
GSI
PHELIX 1 PW

,centre for Advanced
Laser Applications
(CALA)“

ATLAS 300TW+3PW

Conventional Ti:Sa, 25 fs, ~Hz techblog.com PFS(pro) 100 TW

Diode pumped Glass, 150 fs, ~Hz, high wall-plug efficiency
Conventional Glass, 500fs, ~shot/h
OPCPA, 5 fs, 10Hz~kHz
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Targetry for Laser-driven Particle Accelerator Sources
and Attosecond Sciel Second Workshop

1. Particle source: Laser+Target (the Gun) =

« 10’s -100 nC in <psec, ~ 10 MeV/um, 1-100 MeV/u, few ==+
to >100 % energy spread, 1-10’s degrees divergence,
~10% mm mrad emittance

2. Particle-optics

« Standard solutions
« Compact (pulsed) magnets
* plasma-lenses, ...

Toncian et al., Science 312 [5772], 410 (2006)

3. Application

» Laser/lon-energy versus repetition
rate/single shot

» Dbroad energy distribution — not a bug but
a feature

« Temporal/spatial structure, synchronism
between very different types of radiation
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Summary and remarks

| (We) have witnessed astonishing progress of laser-driven particle accelerators

over the past 20 years
(lasers, stability, control)

Intriguing ideas for and novel approaches to applications arise from
collaborations amongst the particle and laser-plasma accelerator community, and

the respective users of these sources
(MAP/CALA in Munich, ARD of Helmholtz association, AWAKE at CERN)

Realising (and establishing) the Centre for Advanced Laser Applications (and
other large-scale facilities, e.g. ELI) is an incredible opportunity. Exploiting laser-
based accelerators for medicine remains the grand goal, exploiting laser-driven-
features will be mandatory.

We consider complementary (experimental) approaches in many scientific fields

« 2nd workshop targetry for laser-acceleration (April 15, Paris)

« 1st International Symposium on Applications of Laser-particle Accelerators,
Nov. 2015 Venice)
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Collegues and Collaborators

Max-Planck-Institut fur Quantenoptik/Ludwig-Maximilians-Universitat Minchen:
K. Parodi et al., S. Karsch et al., H. Ruhl et al.

Technische Universitat Minchen ] ]
J. Wilkens et al., G. Multhoff, T. Schmid, et al. J. Bin, W. Ma, D. Haffa, P. Hilz, C. Kreuzer, D.

Max-Born-Institut Berlin (Germany): Kiefer, T. Ostermayr, K. Allinger, and students

M. Schnuerer, J. Braenzel, et al.

Imperial College London (UK):
Z. Najmudin et al.

Queens University Belfast (UK):
M. Zepf, M. Yeung, B. Dromey, D. Jung

Rutherford Appleton Lab (UK):
C. Spindloe, R. Pattathil et al.

Texas University at Austin (US):
M. Hegelich et al.

GSI Darmstadt (Germany):
B. Zielbauer, V. Bagnoud, et al.

HZDR Dresden (Germany):
U. Schramm, M. Bussmann, et al.

FSU Jena (Germany):
M. Zepf, M. Kaluza, et al.

Peking University (China):
X.Q. Yan, et al.

3/25/2015 LA3Net - Mallorca - 25-27 March, 2015 - Joerg.Schreiber@Imu.de



