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Outline

General context: laboratory astrophysics

1¢" Application: Collimation of Astrophysical Jets
= Context and motivation
= Results of ELFIE experiments
= Simulation platform: DUED + GORGON
= Comparison astrophysical simulations RAMSES vs
astronomical observations

2¢me Application: Dynamics and structure of magnetized reverse shock
iIn POLAR

= Context and motivation

= Results of LULI experiments

= Simulation FLASH



Modeling in the laboratory astrophysical
plasmas

Simulate conditions relevant for astrophysical phenomenon study :
Magnetized laser produced plasmas

l_; Scaling laws [Ryutov et al., ApJ 518, 821 (1999)] (Hydro)
[Ryutov et al., ApJSS 127, 465 (2000)] (MHD)

Universe B Dimensionless numbers _Experiment
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Magnetic Reynolds Number: Rem = % n magnetic diffusivity  mm)



Possibility to reproduce relevant astrophysical conditions
Using High power laser coupled to high magnetic field

Possibility to produce differents plasma conditions :

=» Front or rear surface of the target

=>» Laser parameters (intensity, focal spot, etc ...)

=>» Targets

=>» Amplitude and orientation of the magnetic field

Front Rear

N\

Target
Parameters Front surface of the target YSO Rear surface of the target POLAR
| =1012W.cm2 | =101 W.cm2 | =104 W.cm2
Peclet 3-5 6-9 1.1011 <1
Reynolds >> 100 >> 100 1.1013 >> 100 1.106
Magnetic Reynolds > 10 > 10 1.10%5 1to 10 >> 100
Mach 1to 6 1to 8 10-50 7-10 > 10
>> 1 close to
>> 1 close to the the source, <<1 <<1lat >>1 close to the source, <1
c source, <<1 far far ~10s AU far

Magnetic field 20T

Magnetic field 15T



Collimation of Astrophysical Jets



Context: collimation of Astrophysical jets

Credit: C. Burrows (STScl & ESA), 8
HST, NASA

Accretion
disk

Central object



Context: collimation of Astrophysical jets

Credit: C. Burrows (STScl & ESA), O
HST, NASA

+ ACCRETION DISK 0.05 AU

Central obje

Accretion
disk

Mass ejection rate
10-7-10° M, /year

MHD |
RpeVind Stellar Wind

ityv- - -1 [A. Franck et al., Protostars and Planets, University of Arizona Press (2014)]
VeIOCIty' 100-1000 km.s [R. D. Blandford et Payne, Mont. Not. R. Astron. Soc. 199, 883 (1982]




Context: collimation of Astrophysical jets
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[R. D. Blandford et Payne, Mont. Not. R. Astron. Soc. 199, 883 (1982]



Context: collimation of Astrophysical jets

Kink /
Instability?, -
ed Burro & A), O vy .y
ASA X-rays

sau | Collimation: toroidal B, et
poloidal B,
[J. Ferreira A&A 319, 340 (1999)
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[R. D. Blandford et Payne, Mont. Not. R. Astron. Soc. 199, 883 (1982]



Experimental set-up

Probe beam 10 ps
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= Magnetic Field of 20 T (6 kV)

» Measure of density through Mach Zehnder interferometer



Magnetized Stellar Jets
Influence of an external magnetic field of 20 T on the dynamics of the
plasma

Probe beam, 10 ps =» instantaneous: density measurement
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CH target, | ~ 10> W.cm™
[B. Albertazzi et al., Science 346, 325 (2014)]




Magnetized Stellar Jets

Experimental observation of the formation of a conical shock

| ~ 1013 W.cm™
t~21.5ns
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Comparisons
Simulations GORGON-Experiment

Method of simulations :

Interaction laser-solid target
done by DUED (2D hydro-
rad code) simulating
Interaction laser-solid

Injection of 3D maps of
density, temperature and
velocity as input in
GORGON (3D MHD code)

A. Ciardi et al., Phys. Rev.
Lett. 110, 025002 (2013)

Z(mm)

» Formation of a cavity

» Standing conical shock
for recollimation of the
jets
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Physical mechanism

Target

Compressed
magnetic field lines

» Magnetic field lines are frozen in the plasma and they are swept laterally by the flow.

» B field lines are bent generating a radial component of B field which produce an
additional radial forces and redirect the flow towards the axis.

[B. Albertazzi et al., Science 346, 325 (2014)]



Astrophysical simulations RAMSES

Isotropic wind,

Twind’ Pwind >
- - >
Ambiant medium . S
Tambiant’ P ambiant >
<>
20 AU

Density (g.cm™3)

- 1.0e-17
- 2.7e-18
7.1e-19

1.9e-19

50220

a
z (ALY

Ovyears

Important Parameters : B = 10 mG, Mass ejection rate (M
Ejection velocity = 130 km.s™!

/an) = 107

solaire

Similarity between experiment and simulation : 20 ns =» 5.7 years



X-ray emission compatible with X-ray satellite
measurements

Chandra
Hm_ < observations
| of HH154

0 1E-10 2E-10 3E-10 4E-10 5E-10

Same conclusion as the experiment:
B, can collimate a plasma flow by a recollimation shock
- X-ray emission compatible with recents astronomical observations

[B. Albertazzi et al., Science 346, 325 (2014)]



Dynamics and structure of magnetized reverse shock:
POLAR



Context
What is a cataclysmic variable POLAR ?

Study of Cataclysmic variable: Binary systems composed of a white dwarf accreting
matter from a Sun-like star.

Two type of CVs:

Credit: K. Smele
Normal Star

Companion star

' Magnetic pole

.

Copyright Animea/F. Durillon

B-field not sufficient: formation B-field extremly high: no
of an accretion disk formation of accretion disk
POLAR type: Example AM
Herculis



Context
What is a cataclysmic variable POLAR ?

Study of Cataclysmic variable: Binary systems composed of a white dwarf accreting
matter from a Sun-like star.

Companion star

Magnetic pole

~

Copyright Animea/F. Durillon

B-field extremly high: no
formation of accretion disk
POLAR type: Example AM
Herculis



Context
What is a cataclysmic variable POLAR ?

Study of Cataclysmic variable: Binary systems composed of a white dwarf accreting
matter from a Sun-like star.

- -

-
Cool supersonic
accretion flow Hard X ray
¢ A Freefall velocity ) ¢ ‘et L Ed
=\ N Bremsstrahlung emission AR
2 l l 2 T~-10kev
v I
g.D ':ED DOIE
s s IR - Optical - UV Emission
© Cyclotron radiation
Stream of slow
Accretion Column onvricht A g D 0

« Accretion spot »

B-field extremly high: no
White Dwarf formatior of accretion disk
hotosphere emission

206V PO type: Example AM
Herculis

White Dwarf




Context

How to reproduce experimentally Polar system in the laboratory ?

POLAR Experiment

- -

Reproduce a plasma flow: irradiation
of a target with a laser

Cool supersonic
accretion flow
A Free fall velocity A

b

P Shock

Stream of slow

Magneticfield line
Magneticfield line

Collimation of the plasma flow by a
tube or a magnetic field

Simulate the photosphere of the WD by
an obstacle



Magneticfield line

Bl

Previous work

How to reproduce experimentally Polar system in the laboratory ?

- -

Cool supersonic
accretion flow
Free fall velocity A

b

Stream of slow

Magneticfield line

1. Tube can modify the
dynamics of the reverse

shock
Tube —> 2. Not possible to study MHD
instabilities
Plasma —91
flow

target:

Shock —~_~_

Example of o J-

Collimation with a tube
Experiment on LUL12000,
GEKKO, OMEGA, ORION

e = —

— e
T

—

E. Falize et al. ApSS (2009)

E. Falize et al. HEDP (2012)
B. Loupias HEDLA (2012)

C. Busschaert et al. NJP (2013)

J. Cross et al., Nat. Comm (2016)
C. Busschaert PhD (2013)



Collimation of the outflow by a magnetic field
LULI12000 Experiment

Similarity:

PO LAR POLAR Lab perfect LUL12000
Exp
O Velocity (km/s) 1000 300 80

Cool supersonic Density (glcm3) 108 10 5.103

accretion flow Magpnetic field (MG) 10 625 0.1
A\Freefall velocity Temperature (eV) 105 350 25
Mach Number >10 >10 7-8

Magneticfield line

b

Magneticfield line

Plasma

"~ Shock flow

Stream of slow

= Collimation with an external
magnetic field of 10-15T

[B. Albertazzi et al., submitted]



Experimental set-up @ LULI 2000

Main beam
400 J, 2w
1.5 ns

X ray
generation
80J,1 w,
10 ps

2 tg 3mm  Qpstacle
ke <

Target
holder
Target holder

Multilayer Target: 25
pm CH/ 6 pm Sn

D e E TP F s 4
. B Obstacle Obstacle B Obstacle
Multilayer Multilayer Multtlayer

target 2to3mm target 2403 mm l“"‘get 2to3mm
i K ‘ 7 - /.

Flow launching Accreting Rev.erse shock
region plasma flow region
X-ray X-ray X-ray
k radiography / k radiography K radiography /

Time.

[B. Albertazzi et al., submitted] Magnetic Fieldup to 15T



Diagnostics

Diagnostics
- Xray radiography to probe the dense part of the plasma (n, > 5.10%° cm-3)

- SOP 1D transverse to get velocity of the plasma: constraint the simulation
- 2D shadowgraphy (integrated over 200 ps) or SOP 2D transverse

- Interferometry (integrated over 200 ps) to get the density of the plasma (~ 5.1017-1.10%°

cm3)
Optical Diagnostics (a) X-rays radiography
. . ImagePlate
South beam :
focus at (0, -30, 0) mm,
-112,5° to north beam
: focus CN i 700 mm
i | distance rathel?
e - ~4cm vertical | . ™
' ' : LiF crystal | | [
M‘e-___ ES i
i Object I 10mm
‘ ‘ ! (Mesh or RTl target)
- i 40 mm
. Backlighter
B e i shing wenis : PICCO200 source
centered in coil i 80J; 10 ps
Top View 5 Wire
--------------------------------------------------------------------------------- {Pt, 25 um)




Collimation of the outflow by a magnetic field
X-ray radiography (120 ns)

Without B-field With a 15 T B-field

Reverse

Reverse shock

shock

@) ®)
o -
D

—+ wn
Q-) —
o jQb)
- 224
@ D

[P. Mabey et al., in preparation]



Collimation of the outflow by a magnetic field
X-ray radiography

Jet widths 75 ns Jet widths 120 ns
—8— Experiment15T —8— Experiment 15T
164 --¥- ExperimentOT 1.6 --®- ExperimentOT
Effect Of the 15 e S EEPETRITRRRE
1.4 4 T B'field 1.4
E E
(S £
E 1.2 :'-:_" 1.2 4
= o
v
Effect of the 15
1.0 1 1.0 A .
T B-field
0.8 0.8
0.1!'5 l.(IJD l.IIZS 1.|50 l.l?'5 2.&)0 2.|25 2.|50 0-%‘5 l-(lm 1-535 1-I50 l.l-"5 2.I00 2.I25 2.|50
Distance (mm) Distance (mm)

Collimation of the plasma flow leading to a higher mass flux coming on the obstacle
and the formation of a more visible reverse shock with higher optical emission



Reverse &
shock

Collimation of the outflow by a magnetic field

X-ray radiography: reverse shock dynamics

Reverse
shock

Reverse
shock

Reverse shock
dynamics

Evolution of an
Instability ? Or due to
the holder ?



Experimental results/Preliminary analysis

Reverse shock dynamics and structure

800 Optical emission at 450 + 40 nm

700! 2000

=

—

=
T

1500
50

N

S

<
T

1000

400+ 100

Time (ns)

300
il 150

Reverse shock length (um)

200/ I

100 (v)~8km/s (v)~53km/s (v)~9km/s 0 1000 2000 3000 4000

80 100 120 140 160 180 Distance (um)
Time (ns)

Observations of two distincts regimes:
- Aslow (~ 7 km/s) one due to plasma stagnation at the obstacle
- A fast one (~ 15-17 km/s) observed only on optical emission

Optical emission does not match with X-ray radiography =» Structure of the shock



FLASH simulation (U. Chicago)

Initial conditions

Obstacle

- 2D Axis symmetric

- SESAME EOS

- Multi-group diffusion
approximation using 40 radiation
groups 6 um Sn

- Effective resolution 5.08 pm / layer

Holder

25 um CH layer




FLASH simulation

Influence of the B-field

c~landR_ >1

Collimation of the plasma flow by the magnetic field
Reverse shock constraint by the magnetic field



Influence of radiation

FLASH simulation

Rad on Rad off

N —

pA= Temperature (eV) 'V-

-

“ AN

0
r (mm)

Temperature (eV)

b)-

20
10
24

2

t=00ns

X 10:

=—Electron temperature
Radiation temperature

= Electron temperature without radiations
= Experimental data

1.6 12
z (mm)

To reproduce the data, radiation module should be on
Structure of the shock seems to be similar to a radiative shock

0.8

0.4

Number of count (AU)



Conclusion

Coupling between magnetic field and laser produced
plasmas can produce plasmas relevant for astrophysical
Investigation (or magnetized FCI)

Take into account all the physics
Compressible, radiative MHD
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Experimental results/Preliminary analysis

Experimental observations of filamentation instability

0.32
0.25

0.30

0.28

0.20

t =90 ns t =180 ns

0 500 1000 1500 0 500 1000 1500
Distance (um) Distance (um)

‘wavelength ~ 100 pm

0.26

0.48

0.46

I 0.25
0.44
' t =120 ns t =240 ns
E; | | | | 500 | | | | 1000 | | | | 1500 | - 0 | 500 | | | | 1000 | | | 1500
Distance (um) Distance (um)
021 Instability due to multilayer target ?
0 20f If not, it is really interesting ...
0.24 | t.: .]-5(.) r].S |

0 500 1000 1500



FLASH simulation

Initial conditions

Density
-3
(i" mi, Obstacle
0.008532 2
2D AXis symetric ‘m -
SESAME EOS
Multi-group diffusion !
approximation using 40 radiation s 6 um Sn
groups ~

Effective resolution 5.08 um

/ layer
Holder
Laser

25 um CH layer




FLASH simulation

Influence of the B-field




FLASH simulation

Influence of radiation
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c and R,

B=10T
a)
10’ .
Plasma kinetically
dominated
_10° ]
E
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%-. 104 \— =10
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2 | p=1
10°}
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2000

No B
0
0
1500
50
50
B g
= © 1000
2 € 100
£ 100 =
= o
500
150 150
0 1000 2000 3000 4000 1000 2000 3000
Distance (um)

Distance (um)



