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PETAL-LMJ
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Ultra-high intensity lasers
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> 1019 W/cm2

NOVA (1999)
660J,440fs

PHELIX (2010)
400J,400fs

GekkoXII (2004)
420J,470fs

TPL (2010)
186J,167fs

Titan (2006)
300J,<1000fs

Vulcan (2004)
500J,25fs

Orion (2013)
500J,500fs

SG-II-U (2008)

Omega-EP (2006)
1kJ,1ps

OPAL 3kJ,15fs

PETAL

LFEX
5kJ,1-20ps

ARC

J-KAREN (2003)
20J,33fsSILEX-I (2005)

9J,30fs
HERCULES (2008)

Astra-Gemini (2009)
15J,30fs

GIST (2010)
33J,30fs

XL-III (2005)
32J,28fs

BELLA (2013)

SIOM (2013)
52J,26fs
(2015)

150J,30fs
(2017)

300J,30fs

Apollon (2017)
150J,15fs

ELI (2018)
220J,20fs

PEARL (2008)
24J,43fs



Apollon project

❖ 10 PW: 150 J, 15 fs

❖ + 1 PW, + diagnostic fs,

❖ + high-energy ns
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ELI-NP project 
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• 2×10 PW (200 J, 20 fs)
• 3 PW
• LINAC (720 MeV)

Proton/ion acceleration
Nuclear physics
Gamma beam system 

Лето 2016 г.



Laser-plasma interaction: applications

❖ Laser driven acceleration

❖ Particles acceleration

❖ X-ray generation. 

❖ Applications 

❖ Radiotherapy

❖ Bio-imaging

❖ HED physics

❖ LabAstro

❖ ICF
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LPA: records
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Leemans et al. (2014) / BELLA

Ускорение электронов: 
прозрачная плазма (газовые мишени)
плавная фокусировка лазерного излучения (≥10 м)
длинная область взаимодействия (до нескольких см)

Chang Hee Nam et al. (2014) / GIST

Wang et al. (2013) / TPL



LPA: records
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Kim et al. PoP (2016) / GIST

Wagner et al. PRL (2016) / PHELIX

Ускорение протонов/ионов: 
непрозрачная плазма (твердотельные мишени)
острая фокусировка лазерного излучения (высокая I )
высокий контраст лазерного излучения

Laser beam    

F/4 OAP

IP

RCF-stack

Targets



Sub-PW OPCPA PEARL laser facility
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PEARL
Ion acceleration

Experimental data:

µm

W
/c

m
2
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Ускорение протонов/ионов: 
непрозрачная плазма (твердотельные мишени)
острая фокусировка лазерного излучения (высокая I )
высокий контраст лазерного излучения

Laser beam    

F/4 OAP

IP

RCF-stack

Targets

λ0 ≈ 910 nm,
τ ≈ 60 fs, 
E ≈ 10 J,
P ≈ 160 ТW
D ≈ 100 mm, 

I ≈ 3 × 1020 W/сm2

С > 2 × 108 (1 ns)

Адаптивная система



Accomplished experiments

Ion acceleration

4m
m
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Laser beam    

F/4 OAP

IP

RCF-stack

Targets

λ0 ≈ 910 nm,
τ ≈ 60 fs, 
E ≈ 10 J,
P ≈ 160 ТW
D ≈ 100 mm, 

Sub-Rayleight
positioning



Accomplished experiments

Ion acceleration

Experimental data:

λ0 ≈ 910 nm,
τ ≈ 60 fs, 
E ≈ 10 J,
P ≈ 160 ТW
D ≈ 100 mm, 
F/4.2,
I ≈ 3 × 1020 W/сm2

С ≈ 2 × 108 (1 ns)

P. Mora PRL (2003)
with Th= 3.5 MeV 

Al 1,475mm Al 218µm

EBT3
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Accomplished experiments

Ion acceleration:
X-ray 
spectrometry

Dose, Gy

Focusing Spectrometer with Spatial 
Resolution (FSSR) 

No signature of a significant preplasma 
at the target front:

the target remains at solid density by the time 
the main laser pulse arrives
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Численное моделирование 
образования предплазмы
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Ogura et al., Optics Letters 37 14 
(2012)

41 MeV - TNSA

IAP RAS summer 2015 (SR)
43 MeV - TNSA

Wagner et al, Phys Rev Letters 116 
205002 (2016)

85 MeV - TNSA

43.3 MeV proton beam

Jong Kim et al, Physics of Plasmas 23 
070701 (2016)

93 MeV – RPA (world record for today)

Daido et al., Rep. Prog. Phys. 75 
056401 (2012)
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LPA: records
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Kim et al. PoP (2016) / GIST

Wagner et al. PRL (2016) / PHELIX

Ускорение протонов/ионов: 
непрозрачная плазма (твердотельные мишени)
острая фокусировка лазерного излучения (высокая I )
высокий контраст лазерного излучения

Laser beam    

F/4 OAP

IP

RCF-stack

Targets



Laser-plasma interaction: applications

❖ Laser driven acceleration

❖ Particles acceleration

❖ X-ray generation. 

❖ Applications 

❖ Radiotherapy

❖ Bio-imaging

❖ HED physics

❖ LabAstro

❖ ICF
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Laser-plasmas are great tool to 
investigate“laboratory astrophysics” 
 what can be realistic goals?

1. Observe the dynamics of a directly+fully scalable phenomenon

2. Investigate physics (even if non fully scalable system) that is 
out of reach of present-day codes

3. Test a segment of a model/code (e.g. EoS)

19

Robey et al (2002) Glanz (1997)



Laboratory astrophysics
❖ Modeling of magneto-hydrodynamic plasma phenomena
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Accretion 
columns

Outflows
interacting 

with 
ambient 
medium

Accretion 
disk

Young 
star

A Hubble 
image  of a 

“Young 
Stellar 
Object” 
(YSO)

How are jets 
formed? How is 

matter 
accreting?



Laboratory astrophysics
❖ Modeling of magneto-hydrodynamic plasma phenomena
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Je
t

Accretion Disk

Adapted from Camenzind, (1990).

 Jet formation: 
effect of poloidal magnetic field.

 Accretion column:
magnetized plasma flow interaction 
with surface.

 Accretion disc dynamics 
in the vicinity of β~1.



Laboratory astrophysics
❖ Modeling of magneto-hydrodynamic plasma phenomena
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Ambient magnetic field

• Split pulsed solenoid

• Uniform configuration (20 T)

• “Zero-point” configuration

Laser plasma production

• PEARL pump laser 
(~100 J, 1 ns, 1054 nm)

• Solid-state targets

B0



Initial laser-plasma conditions
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Initial laser-plasma conditions
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Laboratory astrophysics
❖ Modeling of magneto-hydrodynamic plasma phenomena
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Je
t

Accretion Disk

 Jet formation: 
effect of poloidal magnetic field.

 Accretion column:
magnetized plasma flow interaction 
with surface.

 Accretion disc dynamics 
in the vicinity of β~1.

Adapted from Camenzind, (1990).



Full-scale astrophysical simulation
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Cas 2

Simulations performed by A. Ciardi (code RAMSES)

5-10 mG typical

D
ensity

(g.cm
-3)



Laboratory astrophysics
❖ Modeling of magneto-hydrodynamic plasma phenomena: jet formation 

mechanisms
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Laser-plasma plume
propagating along

the ambient magnetic field 

B0



Laboratory astrophysics
❖ Modeling of magneto-hydrodynamic plasma phenomena: jet formation 

mechanisms
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B = 20 T5.7 ns

7.5 mm

B = 20 T16.5 ns

12.5 mm

B = 20 T60 ns

> 23 mm

B. Albertazzi et al., 
Science 346, 325 

(2014)



Laser / astrophysical plasma scaling 
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Quantity Laser-plasma YSO

1013 W/cm2

B0 20 T ~1e-3 G
Peclet 3.5 1.0e11

Reynolds 1.0e4-1.0e5 1.0e13
Magnetic Reynolds 50-5000 1.0e15

Mach (vjet /cs) 1-50 10-50

β=pplasma/pmagnetic

>>1 near
source

<<1 away

Same, 
<<1 from
~10s AU

Rem>1: magnetic field lines frozen 
in the outflow

Pe > 1: close to 1, thermal conduction 
plays a minor role

Re>>1: viscosity negligeable

M>1: outflow supersonic

β: plasma varies from kinetic to 
magnetically dominated

Both are ideal MHD plasmas

 Time: 20 ns  6 years

Space: 1 mm  300 AU, or 4.5 1013 m

Magnetic field: 20 T  1 µT
D. D. Ryutov et al., The Astrophysical J. 

Suppl. 127, 465 (2000)



Laboratory astrophysics
❖ Modeling of magneto-hydrodynamic plasma phenomena
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Je
t

Accretion Disk

 Jet formation: 
effect of poloidal magnetic field.

 Accretion column:
magnetized plasma flow interaction 
with surface.

 Accretion disc dynamics 
in the vicinity of β~1.

Adapted from Camenzind, (1990).



Laboratory astrophysics
❖ Modeling of magneto-hydrodynamic plasma phenomena: accretion disc 

edge dynamics
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B-field

W
all

Laser

Solid target

Je
t

Accretion Disk

Adapted from Camenzind, (1990).



Laboratory astrophysics
❖ Modeling of magneto-hydrodynamic plasma phenomena: accretion disc 

edge dynamics
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B-field

Wall

Laser

Solid target

t= 2 ns

2 m
m

z

x y

Laser-plasma plume
propagating across

the ambient magnetic field 

Andrea Ciardi (2016)

expect:

plasma expansion across B0
is limited by magnetic pressure

further plasma expansion 
is along B0



16ns,                                          25J

Laboratory astrophysics
❖ Modeling of magneto-hydrodynamic plasma phenomena: accretion disc
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B0



26ns,                                          25J

Laboratory astrophysics
❖ Modeling of magneto-hydrodynamic plasma phenomena: accretion disc
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B0



Laboratory astrophysics
❖ Modeling of magneto-hydrodynamic plasma phenomena: accretion disc
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36ns,                                          25J

B0



Laboratory astrophysics
❖ Modeling of magneto-hydrodynamic plasma phenomena: accretion disc
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46ns,                                          25J

B0



Laboratory astrophysics
❖ Modeling of magneto-hydrodynamic plasma phenomena: accretion disc
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56ns,                                          25J

B0



Laboratory astrophysics
❖ Modeling of magneto-hydrodynamic plasma phenomena: accretion disc
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76ns,                                          25J

B0



Laboratory astrophysics
❖ Modeling of magneto-hydrodynamic plasma phenomena: accretion disc
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46ns                                       46ns

B0B0
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8 ns 8 ns

B0B0

Laser plasma expansion across B0 : experiment
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18 ns 18 ns

B0B0

Laser plasma expansion across B0 : experiment
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28 ns 28 ns

B0B0

Laser plasma expansion across B0 : experiment
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28 ns 28 ns

B0B0

Laser plasma expansion across B0 : experiment



Laboratory astrophysics
❖ Modeling of magneto-hydrodynamic plasma phenomena

44Andrea Ciardi et al (2016)

Main dynamics:
RT  instability ?

Side oscillations:
KH  instability ?

Where are the accretion columns ? 
Are the astrophysical accretion 

models correct ?



Laboratory astrophysics
❖ Modeling of magneto-hydrodynamic plasma phenomena: accretion disc 

edge dynamics
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Je
t

Accretion Disk

Adapted from Camenzind, (1990).



s091
28 ns
22.6 J

B0



s094
48 ns
26.4 J

B0



s098
68 ns
27.8 J

B0



s100
88 ns
26.9 J

B0



s102
108 ns
26.2 J

B0



s102
108 ns
26.2 J

B0



Summary

52

❖ Прогресс в лазеростроении:

 1 PW уверенно пройден

 10 PW ожидается в ближайшем будущем

❖ Лазерно-плазменное ускорение заряженных частиц:

 Квазимоноэнергетичные электронные пучки (до 4 ГэВ)

 Протонные пучки до 100 МэВ

❖ Широкие возможности для приложений и исследований в области 
лабораторной астрофизики
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