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Outline
» Introduction: TNSA — multi-
scale problem
» 3D EM PIC simulation tool
» Numerical heating of electrons
» Without laser
» With laser
» Results
» Conclusions
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Introduction
Target Normal Sheath Acceleration (TNSA)

—> Thin layer

-Electrostatic lens,
Cold protons are test
particles

target

-Acceleration in the
Debye-sheath

Ultra-relativistic

Hot electron

cloud
Z Over-
PHELIX dense ThiCk |ayel'
plasma -Acceleration via
lasma expansion
-Neutral proton beam
Hydrogen P
~um contamination

layer
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Laser-plasma interaction

The electrons are accelerated by the ponderomotive force, which

W, >10"W | cm® .
has the frequency: 2@, where @ is the laser frequency

=100 fs

)

The laser pulse gets reflected when:

= 2
E.myaw
b =S (0
e
fast . The length to be resolved:
o = w,, reflection surface n,
/ o, (laser skin-depth) > A, (cold electron Debye-length)

C
/ @, = 2, resonant surface o, = w_ A, = ‘goTc
2
Preplasma P ¢ n,
/ 5[, - ;L’Dc
Axoc nm, Atoc 10 as

-
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Hot electron cloud
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Electron
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The grid-size is determined by the layer
thickness and it requires high PPC

(particles per cell).
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Time limitation
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n/n,

1.000 -

Proton density

0.100 - e
" Hot electron
~ density

0.010

0.001 . . .
.20 0 20 40
X/ Ao

Density of the proton front:

n 4

2
P __ O = nh0qe

S S)
" (@) e

With PPC=100 the proton
density is resolved until:

@t =20=1~200-300 fs
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Multi-scale problem

Plasma expansion behind Drifting cold plasma

Laser-plasma interaction
the target

Target front side . No more acceleration
The electrons are still hot

Av=1 (nm) AX=Ad, >4, Ax>1 pim

Canbe 3D!

Ar=10"5 Ar=10"" —10"s At>10""s
Requires high time- After the laser is off Simulations for
and space- we can switch to proton focusing,
resolution. EM the ES solver and capturing and
solver is used. to much larger grid- transporting to

size. other devices.

Exponential density profile !
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Our tool: VORPAL 5.2

- Fully relativistic EM plasma simulation PIC code
- MPI, efficient particle loading
- Various field solvers
- User-friend, Xml-based input file editor
- Large variety of boundary conditions
= Still needed:
- Adaptive mesh for plasma simulations
- Support for cylindrical coordinate system
- (Particle loading on non-uniform grid)
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Numerical grid heating
Without laser
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v

A

204,

Periodic boundary

I Cold plasma

Plasma wave-length:

2
A, = RS Ay
o,

PPC - macroparticles per cell

Ax - uniform grid size
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Field smoothing

Higher order Higher order
interpolation particle shape
(third order or (third order or
cubic Spline) cubic weighting)
NGP* NGP* NGP
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2D grid-heating test

Electron thermal speed Electron thermal speed
10¢ 100
7.0-
1F lin., ppc=10, Ax=4A
Grid- — 1 600, Ax=40A
SR heating! > ppe=000, Ax= g S0 - cub., ppc=20, Ax=201
¢ - lin., ppe=100, Ax=40A Jle
0.1F 1 o ——— cub., ppc=10, Ax=10A
——— cub., ppc=100, Ax=40A
3.0- ——— cub., ppc=10, Ax=4A
—— cub., ppc=2, Ax=401
001} e
2.0 —— 1
. , 15
500 1000 1500 200 400 600 800 1000 1200
ta)pe t wpe

The cubic interpolation and particle shape reduces
dramatically the grid heating.

i
m|
=
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Convergence study
With laser, cubic interpolation

2 ym l ym

«— «—>

PML region

Periodic boundary

Absorbing boundary for particles
EM wave emitter

Reflecting boundary for particles

Cold plasma

U i i

Vacuum

PPC - macroparticles per cell

A
v

T T

5 um >0 pm Ax - uniform grid size
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Hot electron temperature and proton front velocity Total energy of the system
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The dashed line is the
total energy of particles.
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Results, same PPC
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Hot electron temperature and proton front velocity
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Total energy of the system

RPL 107, 205003 (2011)

O PIC simulations
4 Experiments
— Ponderomotive SEqn.S)
— Beg's scaling [19

===« Qur scaling (Eqn. 9)
==+« Qur scaling (Eqn. 11)
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The dashed line is the
total energy of particles.
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Results, same grid

Hot electron temperature and proton front velocity Total energy of the system
200
Q) [
= 2 150"
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The dashed line is the
total energy of particles.
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Fields and density on axis

1.00 [P\ 250 —

r\ i Proton front
2.0 .
Lower resolution i i
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C = -
= 0.10 . E; i ]
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Higher macro-charge results in a
higher charge-separation field!
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For the correct hot electron generation the laser S5 =10-2
L Dc

skin depth at the front side has to be resolved.

No grid-heating and the

The optimal grid size: Ax =35 ZDC laser skin-depth is resolved.

Example: A, =4nm ! —  Total number of cells:
2500x%2500
Total number of particles
(if ppc=50):
The usual run time on 32 nodes: N / species =12.5 million
1-2 day(s) Total number of time steps:
~10000
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Possibilities for speed-up

The laser
T « T ~ JY? intensity mustbe
¢ I laser increased!
(A, <A ) \ Different laser
Ax - ADC - n—c v faser absorption !?

0 \ /
Hn, >n, ~ m? The laser wave-

length must be
increased!

init 3-6 keV
&asel" :1 ﬂm OR GPU !

In our case: T.
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Infinite space

2 4m

<+—>

PML region

Diffuse boundary for particles

Absorbing boundary for particles

EM wave emitter

Reflecting boundary for particles

Cold plasma

Vacuum

Ul ian i i

The electrons cool down by
colliding with the lateral
boundaries and the fields are
50 um absorbed.
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&
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v
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Example: fields and density

Ax=51,, PPC =50

I
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The 2D simulation gives realistic results only close to the axis of
symmetry of the laser pulse! |
nh ot
The hot electron density should be inversely proportional to the r
distance from the middle point.
2D 3D
E/E, E/E,
""""" T T 217 104 EEEEERTTTIN TV e 2o
- _I1.78 i | 251
S8 1 ™40 102§ 1 ®2.10
11_0:, W(f’”%,‘ , == 1.01 10.0} * F11.69
= : 082 = 98 1 11.28
2 1057 11024 32 — ’~ ‘ | £ 40.87
B : | tio1s > 96) ‘f‘ "M | 046
10.0 _ gt W _ -0.53 9.4 ' " , 0.05
95 } l , ‘ ; { -0.92 9.0 _ _: -0.36
i \ ‘\ . \ - 131 ] : | |-0.76
AL HOMRNE AL 'J\..h."..l‘“‘ ] -1.69 9.07\..‘w.Hl.‘.ml..\.'\.x‘l.‘.l.f -1.17
10 20 30 40 2 4 6 8 10 12 14 16
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Conclusions

» Higher order (3rd) particle shapes and field interpolation
eliminates the grid heating even if the physical scales are
not resolved

» Optimal simulation parameters
- Grid size: 5-10 cold electron Debye length
- Macro-particle number per cell: 50-100 or more

» The planar XY geometry is not enough for the correct
plasma expansion
- 3D simulation requires large computing power and long time
- Cylindrical coordinate system (2D) — under investigation
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Cherenkov radiation D e
i, Ax=41,,

1 1 <L
1> (cAt)? ot A ——> =C PPC =50

C. K. Birdsall, 1991

Total energy of electrons over time

3.0
2.5+
10~ — T, =500 keV, linear -
241 I — T, =500 keV, cubic |
o o - T, =1keV, li
21; sl § A eV, linear
L0
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i 1 e ST e —
oo . . 0 1000 2000 3000 4000
0.0 0.5 1.0 1.5 2.0 25 3.0 time (fs)
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