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Bullet in water as example for a shock

Turbulence
Shock front

2Density
accumulation
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Cosmic rays

» 90% protons (H")
» 9% alpha

» 1% heavier nuclei
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Efficient particle acceleration in shocks!

Scattering in the shock front Diffusive shock acceleration

undisturbed ISM

» Energy gain per crossing:

» Power-law distribution:
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Shock ignition in inertial confinement fusion
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Compression and hot spot formation in separate stages
— Better control over instabilities
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Fast ions for cancer therapy
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Optimized higher order splines
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Boosted frame in 1/2/3D




Collisionless shocks

Time= 14394 ([1/w,]
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Collisionless shocks

Time= 137.94[1/w, ]
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Hydrodynamic equations for steady state

Shock model

n

Bs

X

Continuity of main quantities

NiUls = MN92Us pg/ng > pl/nl

Y2s 42

P1 P2 Pressure energy relation

Usp1 + - = Us2 T .
s 22 p=(Ta—1)(e ~ p)

Strong shock approximation
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Jump conditions in simulation frame

Yo — 1 n2 . Pad 1

= (Tag — 1 = = +
fs = (laa = 1) Yo + 1 n1 Taa—1 70(laqg—1)
Blandford & McKee (1976)
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Simulation setup for a collisionless shock
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Electrostatic vs. electromagnetic

Electrostatic shocks in the laboratory

Shock front transition mediated by Shock front transition mediated by
(electro) magnetic field electrostatic field
Formation time scales on 100s Wy Formation time scales on 10s W'
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Electrostatic shock (ES)

Time = 994057 [1/w, ]
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» Density compression ~ 3 » Density compression = 2

» Filaments » Oscillatory structure

» Driven by Weibel/filamentation instability » Driven by longitudinal modes
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B3 is generated, density is accumulated

Time= 118825[1/w, ]
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Growth rate of cold filamentation 4 M OA i 4B A
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Quasi-steady shock: Density jump condition fulfilled
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Formation of quasi-steady state

2D
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scales in e-i shocks
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scales in e-i shocks
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Shock formation in e-i-plasmas takes longer

..{02 L .“.{03 0 104

Shock formation time in electron-ion shocks is increased by
factor 3

Tsf,i — 3\/mz'/meTsf,e
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Time = 10080.58 [ 1/ w, ]

Electrostatic shock (ES) formation

Time = 1008058 [ 1/ w, ]
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Electrostatic shocks in a symmetric setup

Upstream Downstream Upstream
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Does new distribution function go Weibel unstable?
— electromagnetic modes
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Electron distribution

Sagdeev (1966) model

Free Free

electrons electrons Shock formation condition:
— -
lons
(pmax -------------------- 1 1 < Mmax 5 3-1
E Trapped WLZ'C2
i electrons 1 < Vo 5 3.1
: kBTe
0 I
X0 X1

Electron distribution:
(e.g. Schamel, JPP 1972)
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Electromagnetic modes in ES shock

Dispersion relation of EM waves in plasma:
koe? —w? —wl (U+V)=0

with

U:/ gt O
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Electromagnetic modes in ES shock

Nonrelativistic approximation of the growth rate:
2 k%c? + w?,
o(k) = [—kc|l—— L
pr WiV (9)

0.002f
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Comparison of time scales

|) Inverse shock formation time scale:

1
OFES i1 — —3/2sz'
Y0

2) Electromagnetic ion-ion filamentation instability

/2
OEM.ii = Boy/ —Wpi Not important for vo < c/3
Yo

3) Electromagnetic modes in electrostatic shock

OEM,ce N \E‘;"(p;) (%(V(go) - 1))3/2
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A. Stockem et al., Sci. Rep. 4, 3934 (2014)
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lon spectra
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Target-normal-sheath acceleration

© T. Kluge (FZD)

........

Blow-off oAt et ato el Hot Electron
Plasma Debye-Sheath

www.oncoray.de
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Shock experiments in the laboratory

Collisionless shock acceleration:

Laser intensity vs. proton energy:
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D. Haberberger et al., Nature (2012)
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Overdense plasma target

Dispersion relation of EM wave

2 _ 2 5 272
wy = w, + ¢k

Critical density

Wave propagation up to
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with relativistic factor
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and normalised laser intensity
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Hole boring

Overdense target:

Ne = YNcr

Hole boring velocity:

Vhb NepTe
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Proton energy:
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Collisionless shock acceleration

Near-critical density: Shock condition:
kT,

my

Shock velocity:

PR gy ot (14 Tag)

C 8Mp T

Ve > Cg =

Proton energy:
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ne
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3D simulation of a full experiment

Frozen H;
a0§5|0 ne=0.|'4 X ncrit
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Ny, =42 x 10
Ao = 1.03 pym
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Protons are shock-accelerated to 10 MeV

Time = 216248 [1/w, ]

Acceleration
inside target

E, [MeV]

3D experiments necessary for quantitative results!

PW laser systems required for 200 MeV
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Conclusions

EM/ES shock formation and particle acceleration show
different features

ES shocks in the laboratory
Increasing laser intensity: new regime of mixed modes
Parameter choice critical for beam quality

3D simulations for quantitative analysis
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