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7 Introduction 

7 Development of ultra-short pulse high-intensity lasers

7 Free electron in ultra strong EM field 

7 Collective relativistic -plasma interaction

Relativistic Plasma PhysicsRelativistic Plasma Physics

7 Relativistic change of plasma index of refraction

7 Ponderomotive force

7 Induced Transparency

7 Self-focusing of a laser beam

7 Relativistic electronic parametric instabilities

7 Complexity in Stimulated Raman back-Scattering (SRS)

7 Stimulated: Raman and Electron acoustic backscatter

7 SRS Cascade into Photon Condensation

7 Relativistic EM localized structures- Solitons

7 Applications, various – Fast Ignition scheme in laser fusion

7 Summary
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7 1960:           Discovery of laser

7 1960-1965:  "Q-switched"  & "mode-locked" lasers, intensity ~ 1012 W/cm2

7 1965-1985:  Increase in laser intensity ~ 1015 W/cm2

7 1985:           Discovery of CPA laser

7 1985-2008: up to (Ultra-) Relativistic intensity ~ 1024 W/cm2
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CConcept of highoncept of high--power ultrapower ultra--short CPA  lasershort CPA  laser

Pulse ( Picosec) –> Expansion (x 1000 ) – Amplification – Compression -> Ultra-short pulse

Chirped Pulse AmplificationChirped Pulse Amplification

##CPACPA

Gratings PairGratings Pair

Expanded pulseExpanded pulse

AmplifiersAmplifiers

Inverse grating pairInverse grating pair UltraUltra--short High Intensity pulseshort High Intensity pulse

oscillatoroscillator

initial short pulseinitial short pulse
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T- cube (T3) – TableTop Terawatt  - compact CPA laser (sub- picosec)
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Assumption: Free electron initially at rest interacts with intense, e.g. 

linearly- polarized  plane EMW which propagates along x-axis

Relativistic equation of electron motion: )( BvEe
dt
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Trajectory of relativistic electrons in linearly- polarized EM wave

a) Laboratory frame b) Moving frame with e- drift speed

Trajectory of relativistic electrons in circularly polarized EM field:

a) Spiral – Lab frame b) Circular – Moving frame
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CPA enables compact multi-TW up to beyond PW laser systems

Intensity at focus, in range 1017-1024 W/cm2 (moderate to ultra-relativistic electrons)

R        Propagation and channeling of relativistic short Laser- pulses in plasmas 

FastFast--Ignition Ignition conceptconcept (Inertial Confinement Laser(Inertial Confinement Laser-- Fusion)Fusion)

N    Applications Applications 

4�0�	�5���(��������
6) 5����� 26)���3

7������7���������
������������(���
5����)%	��
��%��(��	������	���(����
/�����(������������	��(������������
�((������� 	���(���������
5�����(��� ��(��%������

8�	�(�0��(�8�	�(�0��(��� ��		��(�0���		��(�0� �-�--��(�-��(� ���	�������	����))%	��
�%	��
� ��(�����(����(����(���



���������� ��	�
��
�����

���
�		��������	��
�����������������	�
��
�����

���
�		��������	��
���������������

9�������	�(�0��(����--��(������(����9�������	�(�0��(����--��(������(����	��	��
���	��������	����� 	����	����)) %	��
����(����(��%	��
����(����(����
Relativistic change of plasma index of refraction
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Basic equations:

Dispersion relation for EMW:

Index of refraction:
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Light of frequency �� propagates through a plasma

according to the well-known EM dispersion relation

�0
2=�p0

2/<�> +  k 2c2

It depends on the plasma frequency �p0
2=4�e2ne /m0

and the average <�>-factor. In overdense plasma with

�0 < �p , light cannot propagate and is reflected

from the surface. However, at relativistic intensities

generating large <�> -factor, the plasma becomes

induced transparencytransparent; so called relativistic 
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- Circular polarized EM wave

- 1D cold plasma 
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Relativistic effects “reduce” the strenght of ponderomotive force by factor of  ��

Radiation pressure  

c

I
RPrad )1( �� R – Reflection coefficient

I – intensity 

For laser beam intensity of 1022 W/cm2

Radiation pressure is larger than 100 Gbar 
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Another important effect is the steepeningsteepening

of pulse envelopes propagating with group 

velocity vgr=cn. The peak region with high 

intensity runs faster than those with low 

intensity at the pulse head, and this leads 

to optical shock formation. Pulse shapes 

with steeply rising fronts are interesting for 

studying high intensity effects in matter.
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dr

rdI

Change of index of refraction + ponderomotive force 

Laser beam intensity is largest

at the center and decreases in

radial direction 

Ponderomototive force pushes away 

electrons from the Max- intensity region 0
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�
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rd pe�
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pe��Index of refraction 0
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Optical lense effect

Competition: Dispersion – Self-focusing Threshold:
22 /62.1)( pec GWP ���

vph=c/n
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Change of index of refraction + ponderomotive force 

�-(�����-(������"��0��"��0 �(��	 �(��	 
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Schematics of stimulated Raman scattering ��

Incident laser

Scattered EMW

Electron plasma wave
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Laser light EMW decays during plasma interaction

into excited plasma and EM modes

Electronic plasma wave modes:

#- Stimulated Raman scattering

#- Two-plasmon decay

Ion plasma wave modes:

- Stimulated Brillouin scattering

- Ion-acoustic decay

Matching conditions: 
prLprL kkk
���

����� ,���
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2D laser beam front��Destruction of Schematics of Raman instability��

Incident laser

Scattered EMW

Electron plasma wave
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after D. Montgomery (LANL) PRL2002
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SBSSBS

SBSSBS
IAWIAW

Analogous processAnalogous process to SRS, however,to SRS, however, involving involving 

EMW EMW scattering on an ion acoustic wave (IAW)  scattering on an ion acoustic wave (IAW)  : : 

stimulated stimulated BrillouinBrillouin scattering (SBS) instabilityscattering (SBS) instability

SRS matching condition
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SRS matching condition
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F-SRS
B-SRS

RMI

%�� �	 %�� �	 ����������	
���.
<#/D/.�E#/D/�@ D%6

11��,���)�8��8�
99��",���)�8��8�
88�	 ������	�(����	 ����(���	�(�

�� -growth rate
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Inhibition of electric fields

Transport and collimation of electron beams

Energy deposition and target heating

Return electron current

Charge separation effects

Induced (E, B) fields, wave turbulence, return currents, focusing , beam control

Instabilities: self-focusing, filamentation- coalescence, Weibel instabilities
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Laser pump strength Relativistic  NL freq. shift

e.g.  Rosenbluth et al. , 1971
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Laser pump strength

e.g.  Forslund PF , 1977
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EPW Intermittency

Fixed point
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L -Under-dense

Plasma layer 
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EPW   ST-Intermittency

Fixed point

Periodic

Q-Periodic

Intermittent

Chaos
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Fixed point

Periodic
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QuasiQuasi-- PeriodicPeriodic
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Intermittency
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relationsrelations
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(1997)
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e.g., Malkin & Fisch, PoP 2000-2006;  see  R. Trines, ICTP College 2007/2008
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Short QP 

pulsations

in 3WI model

with NLFS

PIC- kinetic

dissipation

isolates single

Ultra-short

FS pulse 

Intensity scaling of proposed Raman pulse amplifications is limited !
e.g.  by seeding short B-SRS pulse – but, schemes seems to work only at low intensities !? 

e.g., Malkin & Fisch et al , PoP 2000-2006;  

see review   R. Trines, ICTP College 2007/2008

Root cause B-SRS  transition to incoherence, maybe ?

predicted by simple 3WI model with relativistic NLFS
Skoric et al, 1993, 1996

Alternative Alternative ––BB--SRS in very thin foil to exploit QP regimeSRS in very thin foil to exploit QP regime

/
���	 .���)	����P�3-�<//
���	 .���)	����P�3-�</
Miyamoto,1998
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SRSSRS

SEAS ?SEAS ?
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Nearly critical (��~�pe) EM backscatter  with Vs~ 0 =>  SEASSEAS

~�0-�pe < �pe

��pe

a0=0.3

-'��	
�

subcritical
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Nearly critical (��~�pe) EM backscatter  with Vs~ 0 =>  SEASSEAS~�0-�
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L1 Under- L2 Over-critical  for SRS
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A nonlinear interplay between backward and forward SRS, produces a strong spatial 

modulation of the laser light pulse and the down cascade in frequency spectrum. 

Raman Cascade saturates by a unique Photon Condensation at the bottom of the 

light spectrum near the electron plasma frequency, related to strong depletion and 

often break-up of the laser beam. In the final stage of the cascade-into-condensate 

mechanism, depleted downshifted laser pulse gradually transforms into a train of 

ultra-short relativistic light solitons. The interaction of a relativistic laser pulse with 

an underdense plasma is studied by fluid-Maxwell and particle-in-cell simulation
������"������������"��������
���
� �(��	 ���������$��(��	 ���������$������� ���C���C

F-SRS Cascade-into-condensate (n~0.1 nc; a0=0.1)

Higher order Stokes and anti-Stokes hamonics

and interplay between Fwd and Bwd- SRS 



���������� ��	�
��
�����

���
�		��������	��
�����������������	�
��
�����

���
�		��������	��
���������������

8�	�(�0��(���C;�-	���8�	�(�0��(���C;�-	���))��=,�		���
�	�(������=,�		���
�	�(����

%�!)�����2�.��	��+
1����
�� �� �

1�	��	���"��	�����
���	��2'����
����	

/	������������%��	�� "��	����
���

A�	 ��	����"���������� ����������� �	���� �	�����	�� ����
���	 =)����
���	.�
�	��
�	 � ����� ���	������� �	�� ��	 �����	�� ���
���	� 
����	'� 6	� �+ 
���.�
��	 �����	��� $/=&� �	�� ���	������� $/�&� ���
���
� <���� �	��
� 	���
� ������9D



���������� ��	�
��
�����

���
�		��������	��
�����������������	�
��
�����

���
�		��������	��
���������������

�(�
�	�(���8�
���
�������(�
�	�(���8�
���
������))��(���(�))
�������(�
�������(�

6	��	���"�@�<#/D/����
���
��"�3+��61

F-SRS spectrum (n~0.05 nc)- 1D PIC
B-SRS spectrum (n~0.05 nc)- 1D PIC
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Stimulated Photon Cascade into CondensationStimulated Photon Cascade into Condensation
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Nonlinear interplay between backward and forward SRS produces strong spatial modulation 

of relativistic light pulse and down cascade in frequency spectrum. Raman Cascade

saturates by a unique Photon Condensation at the bottom of the light spectrum bellow the 

electron plasma frequency with strong depletion and break-up of laser beam. Finally, pulse 

is transformed into a train of ultra-relativistic spatially localized EM structures- Solitons
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Relativistic EM Solitons: Stationary spatially localized EM structures,  self-trapped in 

a local change of plasma index of refraction due to: relativistic electron mass 

decrease and density drop caused by ponderomotive force of laser pulse 
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Stationary, localized solutions of nonlinear partial differential equations (PDF)
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Solitons – solutions of nonlinear PDEs, 

e.g., Korteweg-de-Vries, Sine-Gordon eq.

Nonlinear Schroedinger equation, etc.

KdV soliton

Solitons in many physical 

problems –very remarkable 

properties - elastic collisions
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Soliton on the Scott Russell Aqueduct on the Union Canal in Edinburgh, Scotland, 1995

in 1834Scott Russellby SolitonDiscovery of the 

Large stable Solitary wave- soliton observed in water Canal
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Weakly - relativistic 1D equation
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Overdense

plasma

Low density

Linear density profile => SolitonsCritical for SRS => Solitons
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System represented by large number of ( ~ million) particles (electrons & ions)

Evolution of each particle (position, 

velocity) in self-consistent EM field 

is solved in time

By summing up all effective charge 

and current densities necessary for 

calculating temporal values of local 

EM fields from Maxwell equations

!fectseficKinet
A�	������
��	 �A�	������
��	 �
�����
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Fast Ignition concept–Laser fusion 
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	��������	���
	� 

�
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%������������ �������(����%������������%���(���������(����%������������%���(��

�������������	���
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1

1
0

10
0

1
0Laser energy (MJ)

0.
1

1

US-NIF

KOYO 

(Osaka design)

Central 
Ignition 

Central ignition

Fast ignition  

Laser irradiation Compress Ignition Burn

PW 
laser

Fast heating of compressed                       

pellet creates a spark ignition

Fast Ignition

Requred gain R k

Fusion gain

S����	���6 	����	�<�
����"#S6<.�A����
���
3#V�%H��	���3�����������
��$3--�&
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GEKKO laser: 12 green laser beams

E= 5 kJ, t = 1-2 nsec.

Uniform irradiation for high 

density compression.
PW laser: 1 beam

At 1 micron. (2005)

PW peak power is 

utilized for fast heating'

ILE Osaka
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Laser technology for PW systems
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Various applications of High-Field Plasma Science
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X-ray image obtained  

from the point source

by CPA  laser-plasma
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Laser Lightning Arrestor 

Ultra-short CPA

laser as a trigger
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Light- laser bullets
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Common features:  Coherence versus turbulenceCommon features:  Coherence versus turbulence
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-- Laser fusion, highLaser fusion, high--energy densities and laboratory plasma astrophysicsenergy densities and laboratory plasma astrophysics

-- Ultra high field science, particle acceleration, Ultra high field science, particle acceleration, attoatto--physics, nuclear physicsphysics, nuclear physics
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Education and Training of Young Generation
at National Institute for Fusion Science, Japan
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The Graduate University for The Graduate University for 

Advanced Studies (SOKENDAI)Advanced Studies (SOKENDAI)��
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http://soken.nifs.ac.jp/index.html
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