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1. Lasers and Astrophysics
Morphology of Entities in Space and Laser PlasmasNIF

HiPER

ELI

Wake Bow Wave Photon Bubbles
The Mouse Pulsar Chandra image of M87  ñBlack Widowòpulsar
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Laboratory Astrophysics                

Relativistic Laboratory 

Astrophysics 

with the Ultra Short Pulse

High Power Lasers

We deal with the collisionless 

plasmas

B. A.  Remington et al.,  Science  284, 1488  (1999)

Rayleigh-Taylor & Richtmayer-MeshkovInstability,: 

seen in simulations of  Supernovae (right) and 

in laser irradiated Nuclear Fusion target

Radiativeshock waves, plasma jets

Laboratory Astrophysics



Quiver energy of electron oscillating in the EM wave with the amplitude E0 and frequency  w becomes larger 

than  mec
2 when the dimensionless amplitude of the EM wave is greater than  unity: 

In the EM wave interaction with the electron in vacuum its electron energy scales as (Landau & Lifshitz)

When the electron oscillates in the EM wave propagating in a plasma we have (Akhiezer & Polovin)

Laser: Condition  a0>1 corresponds for 1mm laser wavelength 

to the intensity above 1.35ª1018 W/cm2

Todayôs lasers can provide the intensity  I > 2Ĭ1022 W/cm2 , i. e. a0º100

V.Yanovskij et al (2008)

Relativistic Limit in EM Wave ïPlasma Interaction
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Space: Magneto-dipole radiation of oblique rotator, has been considered as a model for  the pulsar   

radiation  

Power emitted by rotator is given by 

Magnetic moment:                  ;   q is the angle between       and      

The EM wave intensity at the distance  r is  

In the wave zone,               , the dimensionless wave amplitude is

For typical values of magnetic field,                  ,  rotation frequency ,                 ,

and pulsar radius:

it yields                          and a0º1010

Magneto-dipole Radiation of Oblique Rotator
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Crab pulsar
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Amplitude Intensity Regime

W

cm

e ,e in vacuum2.4 × 10

quantum effects5.6 × 10
 

relativistic p1.3 × 10

radiation damping1× 10

1rel ;
-18 relativistic e1.3 × 10

For the Crab pulsar, 

the radiation damping 

effects are crucially 

important because 

the EM wave amplitude is 

above the threshold:
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Ya. B. Zelõdovich, 1975; A.G.Zhidkov, et al., 2003

SVB, T. Zh. Esirkepov, J. Koga, T. Tajima, 2004
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Plasma jets driven by Ultra-intense laser interaction with 
thin foils

VULCAN Nd-glass laser of Rutherford Appleton laboratory, 

(60 J, 1ps & 250 J, 0.7 ps) interacts with foils (3, 5 mum, Al & Cu)

S. Kar, M. Borghesi, SVBulanov, A.J. Mackinnon, P.K. Patel,  

M.H. Key, L. Romagnani, A. Schiavi, A. Macchi, and O. Willi, PRL (2008)
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Laser pulse (ASTRA-GEMINI)

I =5³1022W/cm2

a=191 (Ez)

40l³5l³5l

Gauss (cut @10l)

Wire

ne =100ncr

=1.1³1023cm-3

d =1l

T.Zh.Esirkepov, M.Faubel, S.V.Bulanov, G.Korn, to be submitted to PRL

Laser Interaction with Micro-Jet Targets (VITP-ELI Collaboration)



2. Shock Waves

Cassiopea A



1. Ballistic motion of the ejecta

2. Sedovôs regime:

3. Radiation losses:

Shock Waves and RT Instability
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Collisionless Shock Waves

A structure of collisionless schock waves is determined by the counter play of 

dissipation and dispersion effects. These effects are described within the framework 

of the Korteweg-de Veries-Burgers equation:                                                            

nonlinearity                dispersion                       R.Z.Sagdeev, 1959

dissipation

0t x xx xxxu u u u un bµ + µ - µ - µ =

a) MS wave 

propagating 

almost 

perpendicularl

y to B field 

with

2 / 2a pev cb wº

2 / 4a pv B nmp=

b)  MS wave 

propagation 

is almost 

parallel to B 

field 
2 / 2a pev cb wº-



Soliton       Shock Wave



Acceleration at the Shock Wave Front
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G.F. Krymskii (1977)

CR have a power law energy

spectrum over several orders of

magnitude energy range

E=5x1019 eV
GZK-cutoff

The gamma ray image of RX 

J1713.7-3946 spectrum and 

gamma ray obtained

with the HESS telescope array

(Aharonyan et al, 2008)
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3. Reconnection of Magnetic 

Field Lines & Vortex Patterns

Von Karman vortex 
row made by the wind 
over the Pacific 

island of Guadalupe
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Magnetic (vortex) wake 

behind the laser pulse:

Esirkepov, et al., 2004
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2 / 2hVF= ( )2 2 2 2Lnh b bV V V Vè øF= - - - -
é ùê ú

S. I. Syrovatskii, 1971

4 /b I hc=

SVBulanov, et al, 1996

Current sheet near the X-line

of magnetic configuration

x iyV= +



Magnetic Reconnection in Collisionless Plasmas

In collisionless multispecies plasmas the curl of the canonical momentum

is frozen in the corresponding flow velocity

The electron magnetohydrodynamics considers the dynamics of just the 

electrons, the ions are assumed to be at rest and the quasineutrality condition is 

fulfilled. The electron velocity is related to the magnetic field as 

with constant plasma density                    . It yields 

In the linear approximation EMHD describes the whistler waves

( / )m e c_ _ _ _; )p v A

Y [t _ _ _±É¯ ;É¯ ¯É¯p v p

( /4 )e ec nn;+ É¯v B

e i
n n;

[(± +B ;É¯ É¯ ¯ +B
t
(B B) B) (B B)]



The EMHD equations can be written as

Here the generalized vorticity 

is frozen into the electron fluid motion.

We consider the magnetic field given by

The magnetic field pattern in the          plane is determined by 

[(± ;É¯ É¯ ¯
t

B) ]U U

- -B ;É¯ B )É¯B B (A A) = B vU;

|| ||
( )z zA B;É¯ )B e e

,x y

||( , , )A x y t const;



||
A = const B

|| ||
A - A = const

Magnetic field                                      Generalized vorticity

K.Avinash, SVBulanov, T.Esirkepov, P.Kaw, F.Pegoraro, P.Sasorov, A.Sen, 

Forced Magnetic Field Line Reconnection in Electron Magnetohydrodynamics. 

Physics of Plasmas 5, 2946 (1998)



Charged Particle Acceleration

2 2

0( , ) ( )t B a tV VF = -

In the vicinity of the X-line, the magnetic field is 

described by 

and the electric field is given by
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Reconnection of Magnetic Field Lines

Nilson et al, PRL 97, 255001 (2006)
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MAGNETIC RECONNECTION IN LASER PLASMAS HAS BEEN FORESEEN IN:

G.A.Askar'yan, SVBulanov, F.Pegoraro, A.M.Pukhov, 

Magnetic interaction of self-focused channels and magnetic wake excitation in high intense laser pulses, 

Comments on Plasma Physics and Controlled Fusion 17, 35 (1995).
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Electron Vortices behind the Laser Pulse

( , )zB x y

( , )in x y

Antisymmetric vortex row

Von Karman vortex row

H.Lamb, Hydrodynamics, 1947

Vortices described by the Hasegawa-Mima 

equation

SVB, T.Esirkepov, M.Lontano, F.Pegoraro, A.Pukhov, Phys. Rev. Letts. 76, 3562 (1996)

L.M.Chen et al., Phys. Plasmas, 14, 040703 (2007)



As we know                               is frozen:

Discret vortices are described by equation

its solution gives for the magnetic field

and the velocity of j-th vortex is

Interacting Point Vortices 

The Hamilton equations
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Antisymmetric vortex row
von Karman row is 

stable for q/s=0.281

g

g

Lyapunov stability in the stability 

domain was proved

Growth rate vs q and s for

the H-M vortex row

Stability Domain



4. Relativistic Rotator



The Crab Pulsar, lies at the center of the Crab Nebula. The picture combines 

optical data (red) from the Hubble Space Telescope and x-ray images (blue) 

from the Chandra Observatory. The pulsar powers the x-ray and optical 

emission, accelerating charged particles and producing the x-rays. 

PeV gfrom Crab Nebula


