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Introduction to relativistic physics of plasmas

Ever since the much acclaimed paper of Akhiezer and Polovin [1956] plasma theorists have been attempting
o comprehend complex dynamics related to the propagation of high and ultra-high intensity electromagnetic
EM) radiation through a plasma. This topic was successfully revisited a number of years later by Kaw and
Dawson [1970] whose analysis threw more light on the propagation of coupled longitudinal-transverse waves of
arbitrary intensity, for high phase velocity solved by Max and Perkins [1971] (early review, Shukla et al. [1986]).
Due to rapid progresses in ultrahigh intensity lasers over last decades, based on the invention of the chirped
pulse amplification (CPA) and advanced femtotsecond technigues, it has become possible to drive electrons
ith relativistic energy opening up new avenues of relativistic nonlinear optics and plasma physics The problem
of relativistic laser-plasma interactions is of particular interest concerning the fast ignition concept, in present
laser inertial confinement fusion. Moreover, the understanding of relativistic laser pulse evolution in a plasma is
basic to many applications, including optical-field-ionized x-ray lasers, plasma based electron accelerator
schemes, also, as well as, the interpretation of some astrophysical phenomena ( Mourou, 2007 and references,
herein). Currently, the wide field of relativistic laser matter interaction has been diverging in two main broad
directions; the first, related to laser fusion, high energy densities and laboratory astrophysics, and the second,
related to ultra high field science, high energy particle acceleration and photon beam and ultra-fast attosecond
phenomena. Many of these applications require stable channel guiding of intense laser beams over longer
distances without significant energy losses. The pioneer papers in this field, did not consider the stability of the
relativistic-wave solutions, related to nonlinear interaction between normal plasma modes. However, in a highly
nonlinear system we have to deal with a number nonlinearly coupled modes under various plasma conditions.
In this tutorial lecture we shall briefly address some of fundamental relativistic-plasma effects and implications.

http://www.nifs.ac.jp/report/nifs-proc74.html; Skoric, 2008
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@) ® Introduction (@/

®* Development of ultra-short pulse high-intensity lasers
® Free electron in ultra strong EM field
® Collective relativistic -plasma interaction

Relativistic Plasma Physics
® Relativistic change of plasma index of refraction
® Ponderomotive force
® Induced Transparency
¢ Self-focusing of a laser beam
® Relativistic electronic parametric instabilities
®* Complexity in Stimulated Raman back-Scattering (SRS)
® Stimulated: Raman and Electron acoustic backscatter
® SRS Cascade into Photon Condensation
® Relativistic EM localized structures- Solitons

® Applications, various — Fast Ignition scheme in laser fusion

¢® Summary
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@) Evolution of 751977-power laser sysiems b

° 1960: Discovery of laser "a solution looking for a problem®

® 1960-1965: "Q-switched" & "mode-locked" lasers, intensity ~ 102 W/cm?
® 1965-1985: Increase in laser intensity ~ 10'> W/cm?

® 1985: Discovery of CPA laser

® 1985-2008: up to (Ultra-) Relativistic intensity ~ 10%* W/cm?
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Pulse ( Picosec) —> Expansion (x 1000 ) — Amplification — Compression -> Ultra-short pulse

Chirped Pulse Amplification
initial short pulse CPA
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Concept of high-power ultra-short CPA laser
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Free electron in a intense Electromagnetic (EM) field

Assumption: Free electron initially at rest interacts with intense, e.qg.
linearly- polarized plane EMW which propagates along x-axis

Relativistic equation of electron motion:

nonlinear /

1
}/: —
\/l—vZ/c2

Coulomb gauge

d . - -
—(p—eA)=—-e(VA)-v
PR (V)

—

Energy balance: d » . 0A

—ym,c” =evy-—

= dt ot
eAd

m,y

Relations: |P1 =eA vV, =

Avdis Selzipe ICTR Surrigr Collags o Plasiiza Prysics, 2009



Longitudina
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Trajectory of relativistic electrons in linearly- polarized EM wave

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

1_

Trajectory of relativistic electrons in circularly polarized EM field:
a) Spiral — Lab frame b) Circular — Moving frame
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Relativistic collective effects in laser-plasma interaction

CPA enables compact multi-TW up to beyond PW laser systems
Intensity at focus, in range 10!7-10>4 W/cm? (moderate to ultra-relativistic electrons)
Propagation and channeling of relativistic short Laser- pulses in plasmas

Fast-Ignition concept (Inertial Confinement Laser- Fusion)

Applications

Novel Light Sources

X- Lasers (X-ray)

Higher harmonics generation
Laser-plasma particle Accelerators
Energetic ion and electron sources
Attosecond light sources
Laboratory Astrophysics

Vacit i m
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@’ Basic relativistic effects in strongly @

nonlinear laser- plasma interaction
Relativistic change of plasma index of refraction

Basic equations:

- 1 0%*4 r
AM-——"=—pyJ
c? or? "=

d _ - .
—(p—ed)=—e[VO - (VA)-7]

Dispersion relation for EMW:

mZ

o> =2 4 |22
4

Index of refraction:

mZ

N*=1-—F
yo’

n,<yn,

Relativistic transparency
EMW propagation in a plasma:

n,<n,<yn,

Avdis Selzin ICTR Surrrgr Collags o Plasiz Prysics, 2009



2 @

Light of frequency w propagates through a plasma
according to the well-known EM dispersion relation

W2=W

It depends on the plasma frequency w *=4me?n, /m,
- and the average <y >-factor. In overdense plasma with

,* ) Wy < W, , light cannot propagate and is reflected

|_aS from the surface. However, at relativistic intensities
generating large <y > -factor, the plasma becomes
transparent; so called relativistic induced transparency

[ ]
| L

.k
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@’ Ponderomotive force

- Circular polarized EM wave
- 1D cold plasma

Relativistic effects “reduce” the strenght of ponderomotive force by factor of

1
Radiation pressure Pm q= 1+ R)— R — Reflection coefficient
C

I — intensity

For laser beam intensity of 1022 W/cm?
Radiation pressure is larger than 100 Gbar

Aodus Salam ICTR Surriezr Collegz on Plasia Physics, 2009




Relativistic Pulse Profile Steepening

Another important effect is the steepening
of pulse envelopes propagating with group
velocity Vg=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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@’ Self-focusing of a laser beam @/

Change of index of refraction + ponderomotive force

Laser beam intensity is largest dI(r) intens

at the center and decreases in
radial direction dr

<0

v

Ponderomototive force pushes away do o (r) < phase fronts

electrons from the Max- intensity region d vph=cln
r

Optical lense effect
2
y (o’ ar

Index of refraction N? (r)=1-

2 2
Competition: Dispersion — Self-focusing Threshold: Pc (GW) =1.62 w /a)pe
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Self-focusing and filamentation of a laser beam

Change of index of refraction + ponderomotive force

_ plasma box (n,/1,=0.6)

L 7]

- o5
SEI" F'Uf.-ge
igis W

B mcm;/e ~ 10° Gauss
/tm2

After, Pukhov et al.
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evolves (almost) independently of the others. The 3WI is the lowest-order
nonlinear effect for a system approximated by a linear superposition of
discrete coherent waves. For the 3WI to occur, wave frequencies and wave
vectors must satisfy matching condition.

W_ = Wwp — Wy, k_ =ko— ky,

Wy = Wp + Wi, k_|_=k[|—|—k]_._,

where modes "0” and "1” represent laser pump and plasma waves and

” N

mode "-” and “+” represent scattered waves (Stokes/ anti-Stokes wave).

Skoric, Lecture Notes, NIFS-Proc no74 (2008)
http:/fwww.nifs.ac.jp/report/nifs-proc74.htrml
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@ Electron and ion parametric instabilities @

(= \
Laser light EMW decays during plasma interaction
into excited plasma and EM modes

Electronic plasma wave modes: lon plasmq e modes.:
- Stimulated Raman scattering- - Stimulated Brillouin scattering
- Two-plasmon decay- - lon-acoustic decay

—

Matching conditions: |@, = @, + @, k= k,

+kp

B 11

Incident laser

PLAZMA

.,,-.;“({\',;\:;:{plih}j“;]“lin.n. IO

Electron plasma wave

o / (Woer Koe)

Scattered EMW -
(W, Kg)

BN (b ot oo it

50

Schematics of Raman instability Destruction of 2D laser beam front
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Some important parametric decay mechanisms for laser plasmas (...,/

stimulated Raman scattering stimulated Brillouin scattering

(SRS) N A

laser Se, B ew

_@tric Decay Instability
Two-plasmon Decay (PDI) a4

(TPD) ~:..w EPW s, iei - EPW

< . *
e I = ™
10, W00 aser -,
v on L o
ne *©® 5 a e
n %,m (S
»

....’ :. ¥,
Langmuir Decay Instability EPW PO
(LDI) —- “- .: “‘ .'. “‘ ~: “‘ v, o':...v
~ a

after D. Montgomery (LANL) PRL2002
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Analogous process to SRS, however, involving
EMW scattering on an ion acoustic wave (IAW) :
stimulated Brillouin scattering (SBS) instability
Aocluys Salze ICTR Siummer College o Plasirzl Physics, 2009

wp = Wy + WEPW ,

1.0

NG/N,

0.25

ko = £k + kg pw,

SRS matching condition

rillouin, filamentation, inverse bremsstrahlung

Two-plasmeon decay

o
w“

Distance



COMPTON SCATTERING({INVERSE)

BOOST o Tz

STIMULATED RAMAN SCATTERING

PLASMA WAVE

STIMULATED COMPTON SCATTERING

PLASMAWEVE

Figure 2.Scattering of radiation in a plasma.
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W = Ws +WEPW .

SRS matching condition

ko = ke + kppw,

)uz

1/2

rillouin, filamentation, inverse bremsstrahlung
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1 - .
Ay = Eﬂgeyeitk“"x_“’”ﬂ + c.c.

and two daughter waves

1

A_|_ — §A+ey‘?il:kx—mt:| E‘E:I:kg-]{—wnt:l _I_ c.c.
A = %ﬂ_eye_“k“_“*”e“k” X—wit) 4 ce.
JA
— WV —— d
E=-Vo—75 LV (av) =0,
ot
B—V <A,
dyv
_ IE m—— = —e(E + v x B),
V x B = pp] + =opo dt

ot
. . | 5, 9\ —1/2 . -
v 1s the velocity and v = (1 —v-/e ) , 18 the relativistic Lorentz factor.

Maxwell equations  Relativistic e-fluid equations
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U C J

The relativistic wave equation and the cold electron momentum equation, in terms of
vector and scalar potential (A and ¢, respectively), in the Coulomb (radiation) gauge,
where V + A = 0, are written as (e.g. Jackson, 1975)

1 o dr
2
A—-——A=——J 4.53
v c2 Ot? c b (4.53)
where .J | is the transverse component of the total electron current J = .J | 4+ .J, = enw,
where n is the electron density and ions assumed to be fixed, and

Ip J

_—&—(UV)p:eVg‘b—l—g—A—%U ¥ (V % A), (4.54)

ot d

where p = ymuw, is the electron momentum, v, is the electron velocity and v = (1 + p?/m?*c?
is the relativistic Lorentz factor. The relativistic electron momentum equation can be
transformed by using the vector identity which after a straightforward algebra gives

% (P—=4) =eVo-—meVy+vx [V x (p--4)], (4.55)

that is the equation for the generalized momentum (p — = ) . By taking the curl of the
above relation, one can readily conclude that if V x (p - < ) is equal to zero initially,

it will remain zero at later times. Therefore, an important relation,|p, = A is found,
which after a substitution in J . simplifies the wave equation in terms of the wvector
potential A, (McKinstrie & DuBois, PF 1988)

O
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Using vector identity V x (Vx A)=V(V-A) - V2A
from Maxwell equations one obtains

1 9%A 1 9o .

On the other han e rewritten, as

motive force
urther, egs. are anal in the laser amplitude

j=—env =jlt 4B 4308 4

i = eyl

j[ﬂ] — _Enﬂl:v[z] _l_ ﬂ.[l]v[]])?
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For the scattered waves, on the other hand, we have

D_A* =TD[A* —TD,A,.

2 02
where I' = f’;li and Dy = [(w + wp)? — wﬁ — 2k + kn)g] .

1‘#:( 22 c2(k + 2kg)? _3)1
w!

2—w§+ (w =+ 2wp)? — w?

P

k2 Vel |2 3
Dy = ( + 0 _ —) .

2 _ 2 3 .2
W ws rilwﬂ Wy 2

D_D, =T(D_Df +D,D;y) +T*(D5 — Dy D;).

term ~ I'? can be neglected.

which is complicated a sixth order equation in ® .
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Complex phenomena in relativistic plasma interactions

Inhibition of electric fields

Transport and collimation of electron beams
Energy deposition and target heating
Return electron current

Jast current- . .
. e q <7 Fetin current- -
Laserpuls¢ X% ' @FF— SiesIs T

i

. “collisions
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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@, ransition to Chaos in relativistic backward SRS ),

The one-dimensional model of SRS, assumes a uniform plasma layer of thickness L,
irradiated by a laser beam from z < 0, which enters the plasma at x > 0, boundary..
The EPW and the scattered light are allowed to grow from their thermal noise levels
(21 and =2, respectively ). Moreover, the EPW is subjected to a weak dissipation char-
acterized by the linear damping rate v.. The nonlinear 3WI model derived here for the
case of SRS describes the spatiotemporal evolution of complex amplitudes of the pump
(ag), scattered (a;) and EPW (ay) in a weakly coupling approximation. These equa-
tions are obtained from Maxwell’s and fluid vlasma eauations in WKB approximation,
assuming the resonant matching between frequencies and wave numbers of three waves
(wop = wy+wa, kg =k +ko) c-l<:>selv satisfying the c-.c:n‘re&:pc:)ndinﬂ' linear dispersion relations

woy = wo, + kg ¢, Wl =Wl 4 3k, (3.34)

where indices 0, 1, and 2 stand for the pump, scattered, and EPW| respectively; w,,. for

electron plasma frequency; and v, for electron thermal velocity. For the case of backscat-

tering, which is of most practical importance, the corresponding set of 3WI equations
reads [102]

dag
ar
5'(11
or
da 2
_l_
or
with time and space variables 7 = wyt, & = x/L, where the dimensionless amplitudes of
the coupled waves are related to the physical quantities, electric fields Ey and Ejof the
two electromagnetic waves, and EPW-driven electron density fluctuation dn.,

—ayas, (3.35)

apas,

nonlinear EPW

22 . 2
Gyaoal — Tay + ié |as|” as.,

. C o
,-"3:} _ Vgse o =y ~ -giduzib’l

c MW C 0 =

2 2
C"Wpe k:z e.g. Rosenbluth et al. , 1971

Laser pump strength Relativistic NL freq. shift
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@, ransition to Chaos in relativistic backward SRS ),

The one-dimensional model of SRS, assumes a uniform plasma layer of thickness L,
irradiated by a laser beam from z < 0, which enters the plasma at x > 0, boundary..
The EPW and the scattered light are allowed to grow from their thermal noise levels
(21 and =2, respectively ). Moreover, the EPW is subjected to a weak dissipation char-
acterized by the linear damping rate v.. The nonlinear 3WI model derived here for the
case of SRS describes the spatiotemporal evolution of complex amplitudes of the pump
(ag), scattered (a;) and EPW (ay) in a weakly coupling approximation. These equa-
tions are obtained from Maxwell’s and fluid vlasma eauations in WKB approximation,
assuming the resonant matching between frequencies and wave numbers of three waves
(wop = wy+wa, kg =k +ko) c-l<:>selv satisfying the c-.c:n‘re&:pc:)ndinﬂ' linear dispersion relations

woy = wo, + kg ¢, Wl =Wl 4 3k, (3.34)

where indices 0, 1, and 2 stand for the pump, scattered, and EPW| respectively; w,,. for

electron plasma frequency; and v, for electron thermal velocity. For the case of backscat-

tering, which is of most practical importance, the corresponding set of 3WI equations
reads [102]

day 9, Elliptic function solution

e
1 T

Do dar Steady-state saturation

#
= g,
ar 2

Poz 22 g 0. Standard 3WI model

ar

with time and space variables 7 = wyt, & = x/L, where the dimensionless amplitudes of
the coupled waves are related to the physical quantities, electric fields Ey and Ejof the
two electromagnetic waves, and EPW-driven electron density fluctuation dn.,

. .C
e R Uase =y
:j.;} ==

o MWy
e.g. Forslund PF, 1977
Laser pump strength
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The most useful information on the SRS is contained in the reflectivity £, which
designates a fraction of incident laser intensity reflected backward

(3.41)

with its maximum value normalized to unity in the stationary case. To solve (3.35),
appropriate initial and boundary conditions are required. We choose physically realistic
boundary conditions, while the choice of thesatisﬁes the criterion for
the occurrence of the absolute instability. The wave amplitudes obey the corresponding
initial and nonzero source fixed boundary conditions,

ag (z,0) = 0 (for z > 0),a0(0,t) = Ao (3.42)
ay (x,0) ay (L,t) =140 as(x,0) =ag (z,t) =0

where Aq follows from (3.36) for Ey (0) = &.
Analysis has shown that ViV, > 0, gives the convective instability, while for ViV, < 0,
absolute instability) appears, if the additional condition is satisfied, namely

2

272
|:’Dif| > ?TI Yo ~ 0.560v/af (1 — a)w
1va

Q= Wpe /Wy = V/1/ Ny,

where 7¢ is the uniform linear parametric instability growth rate and [ is the length of

the system.
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@, Bifurcations to low-dimensional Chaos in B-SRS @

-

By varying the control (laser& plasma) parameters, Route
to chaos in space-time in 3WI relativistic B-SRS is found :
via steady-state, periodic, quasi-periodic and intermittent
transition to chaos. Complexities in non-stationary bwd-
Raman regimes include, strong spiky- burst like temporal
Refilectivity & broadened blue-shifted incoherent spectra.

@ﬂﬂ - a{lu
a3
1’3{11 _Il;;_ 3{11
7 Vg
8(1;3 - a{lg

Vo——

or o0&

= —AQpag,

= {ID{]; 3

REFLECTIVITY

Q0025 I |
e Fixed point
oooots |- steady state
LooDn d 1 ]

a o 20 0

TIME (107w 5')

Figure 1:

Tiwe evolution of the reflectivity of
stimulated Raman backscattering
for the parameters: vgee = 0.005¢,
v =10"Fw ., ng=01n,,
L=100¢/wy, T.=1keV.

22 N 2
I,.'_‘ED{IDG.; — Tas + 20 |{1’--3| as.,

with time and space variables 7 = wyt, £ = x/L, where the dimensionless amplitudes of
the coupled waves are related to the physical quantities, electric fields Ey and Ejof the
two electromagnetic waves, and EPW-driven electron density fluctuation dn.,

W\~

L -Under-dense
Plasma layer

. .C
2 Uose £Cq
'jﬂ — —
C m.wpc

control parameter
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@ ifurcations to low-dimensional Chaos in B- @)

By varying the control (laseré& plasma) parameters, Route
to chaos in space-time in 3WI relativistic B-SRS is found :
via steady-state, periodic, quasi-periodic and intermittent
transition to chaos. Complexities in non-stationary bwd-
Raman regimes include, strong spiky- burst like temporal
Reflectivity & broadened blue-shifted incoherent spectra.

As the relative pump strength 3, increases, starting from the value 0.01, the attractor
changes according to the symbolic sequence

FP—-P—-QP—-1—-C
where FP stands for unimodal fixed point, P for periodic, QP for quasiperiodic, I for

intermittent, and C' for chaos. The quantitative boundaries in [3; between successive
attractors are depicted in Fig. 3.1.

see, Skoric et

al. LIRPP1993; PRE1996

972
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Figure 1: § '
Tiwe evolution of the reflectivity of £ :
stimulated Raman backscattering '
for the parameters: vgge = 0.005¢, } i T T
Yo =10"%w_ ., mny=01n,, 1 2 3 000 005 a0 e -03 00 0.8 1.8
L =100¢fwy, T.=1keV. t [10% wg!] w/ Re ia,i
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@, nurcations (o iow-dimensiona aos In o- @

-

By varying the control (laser& plasma) parameters, Route
to chaos in space-time in 3WI relativistic B-SRS is found :
via steady-state, periodic, quasi-periodic and intermittent
transition to chaos. Complexities in non-stationary bwd-
Raman regimes include, strong spiky- burst like temporal - '

ALY ZU

Refiectivity & broadened blue-shifted incoherent spectra. TOME (10°w3Y)
Fixed point

Q.ooms -

(b) i ' Figure 1:

Thne evolution of the reflectivity of
stimulated Raman backscattering
for the parameters: vgee = 0.005¢,
vo =10"% ., mno =0.1n,,
L=100¢/wy, T.=1keV.

Power specirum

M Periodic ]

32 40 0.000 G004 0.008 18 ¥ 0.0 09 18
t[10% wgt] W/ g Re {a,i

Reflectivity, power spectrum & phase diagram

As the relative pump strength 3, increases, starting from the value 0.01, the attractor
changes according to the symbolic sequence

FP—P—-QP —-1—-C

where F'P stands for unimodal fixed point, P for periodic, QP for quasiperiodic, I for
intermittent, and C for chaos. The quantitative boundaries in 3, between successive
attractors are depicted in Fig. 3.1.

see, Skoric et al. LIRPP1993; PRE1996
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nurcations (o iow-dimensiona aos In o- @
&

By varying the control (laser& plasma) parameters, Route
to chaos in space-time in 3WI relativistic B-SRS is found :
via steady-state, periodic, quasi-periodic and intermittent
transition to chaos. Complexities in non-stationary bwd-
Raman regimes include, strong spiky- burst like temporal
Refilectivity & broadened blue-shifted incoherent spectra.

(b)

Quasi- Periodic

]
—

| i
LL-FJI'—HL— —-1.8 L
10 20 ] 40 D000 0005 000 Q013 -1 (]
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As the relative pump strength [, increases, starting from the value 0.01, the attractor
changes according to the symbolic sequence

FP—-—P—-QP —-1—-C

where F'P stands for unimodal fixed point, P for periodic, QP for quasiperiodic, I for
intermittent, and C for chaos. The quantitative boundaries in 3; between successive
attractors are depicted in Fig. 3.1.

see, Skoric et al. LIRPP1993; PRE1996
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By varying the control (laser& plasma) parameters, Route
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changes according to the symbolic sequence

FP—-P—-QP —-1—C

where F'P stands for unimodal fixed point, P for periodic, QP for quasiperiodic, I for
intermittent, and C for chaos. The quantitative boundaries in 3, between successive
attractors are depicted in Fig. 3.1.
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@ ifurcations to low-dimensional Chaos in (@/

see, Skonc et al. LIRPP1993; PRE1996

By varying the control (laseré& plasma) parameters, Route % . o N
to chaos in space-time in 3WI relativistic B-SRS is found : = M hf' I ﬂ \ : PeriGdic
via steady-state, periodic, quasi-periodic and intermittent = ‘lﬂ ’U i A £
transition to chaos. Complexities in non-stationary bwd- U' h. M g
Raman regimes include, strong spiky- burst like temporal s o A S —
Refilectivity & broadened blue-shifted incoherent spectra. t 0] e o
As the relative pump strength 3, increases, starting from the value 0.01, the attractor a0 ‘c[] l
changes according to the symbolic sequence _ e .
FP—P QP ~T—-C s | E
Q o rh !h ?
where FP stands for unimodal fixed point, P for periodic, ¢JP for quasiperiodic, I for os - :
intermittent, and C for chaos. The quantitative boundaries in 3, between successive =
attractors are depicted in Fig. 3.1. T T T T T T o Um‘]j’nl“ifm 5_4; L
FP P QP ] C bolrio? st 4 bk Re fa.l
{mode locking) l (®)
| I ¥ 1 E |‘
0.01 06 ¢ Intermittén
g
g |/ Fixed point|
- o.oomo L 1 E
© hmave "
Figure 1: | g A
Tiwe evolution of the reflectivity of =
stimulated Raman backscattering
for the parameters: ¥oee = 0.005¢, ‘ } : 1 : -
vo =10"F ., 1o =010, o 1 2 3 oo 0.08 a0 18 —09 0.0 0.9 1.8
L =100¢fwy, Te=1keV. t [10%w;'] w/wy Re {a,t

Reflectivity, power spectrum & phase diagrary
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Manly-Rowe breaks => Nonstationary relativistic SRS (&

Introducing the linear and nonlinear phase shift terms in the system of equations
“in the §teadv state (0/0t — 01> conserved auantities (invariants) are calculated as
a; (x.t) = A; (x, 1)@ total phase shift is ¢ = ¢g — ¢ — 09
where A; and ¢;, is the amplitude and phase of the wave (i = 0,1, 2), respectively
mog = Vong(x) — Ving (z) = const.,
my = Vong (x) + Vang (z) = const.,
o

(3.27)
Manly-Rowe
relations

5 ‘
Qe 4 2
f:.ll.ﬂf:.ll.lf:.ll.z s @y — _4 ‘4.3 - _2 44.2 — 1{)?1-5-5 eg. Forslund’ PF 1975

with n;(x) (z)*, 1=20,1,2. For boundary conditions
1o (0)=1,n1 (L) =0,n2(0) =0 (3.28)

the third invariant becomes K (0) = 0. However, at the other boundary = L, from (3.20),
one calculates K'(L) # 0; whichdbreaks the invariancecondition,i.e., K(x) # const., hence,
contradicts our basic assumption of the steady state. This simple argument, due to Skori¢
(1997) rased on a nonlinear phase mismatch, explains a generic cause of nonstationarity
in 3WI processes, such as, e.g. nonlinear stimulated Raman (also Brilloiun) instability
saturation in laser plasma interactions
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Manly-Rowe breaks => Nonstationary relativistic SRS /&)
(4

Introducing the linear and nonlinear phase shift terms in the system of equations

in the &eadv state (0/9t — 01 conserved auantities (invariants) are calculated as
a; (x,t) = A; (x,t) =0 total phase shift is ¢ = dg — @1 — @2

where A; and ¢,, is the amplitude and phase of the wave (i = 0, 1, 2), respectively

mg = Vong (x) — Ving (x) = const., Maniv-Rowe
. . anly-Rowe
my = Vinglx) + Vone () = const., .
1 oo (7) + Vany (2) . relations
s ’ i U - 2
K(z) = AgA;Aysing — Iiﬁ — 5}12 = const. e.g. Forslund, PF 1975

with n,;(z) = A;(x)?, i =0,1,2. For boundary conditions
1o (0)=1,n1 (L) =0,n2(0) =0 (3.28)

the third invariant becomes K (0) = 0. However, at the other boundary = L. from (3.20),
one calculates K'(L) # 0; whichdbreaks the invariancecondition,i.e.|K(x) # const|, hence,
contradicts our basic assumption of the steady state. This simple argument, due to Skori¢
(1997) hased on a nonlinear phase mismatch, explains a generic cause of nonstationarity

in 3WI processes, such as, e.g. nonlinear stimulated Raman (also Brilloiun) instability
saturation in laser plasma interactions

Generic cause for poor intensity scaling in B-SRS pulse

amplification and incoherent spectral broadening, may be !?
e.g., Malkin & Fisch, PoP 2000-2006; see R. Trines, ICTP College 2007/2008
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first data, Coverdale etal., LLNL, 1996

Possible explanation is offered by the relativistic complexity in B-SRS !

| |
e Vacuum———-:—Plaama—:———- Vacuum = — —

Laser
IHmuHHmHHHHHHBwb
- | nat  (b) ) “_(a) '
200 c/w, 100 c/wm, 200 c/w, " Blue sh ift
= oz
QA2 gy e T T T T T 104 =y
01 F g o
E =3 oz
g 0.08 £ SE 3
§ 0.06 ;— E— _; “ 80 ass ) o8 “hw a9n 00
S 004 b 3 F ] e 1 /)
2, VOLATE R T A AR RS R 3WI model with rel. NLFS
. .68 0.7 0.72 074
0 - W Rt i Skoric, PRE1996; Miyamoto,JPSJ1998
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@ FS pulse generation by B-SRS in a thin foil (@&

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; S
see review R. Trines, ICTP College 2007/2008 >

=

Root cause B-SRS transition to incoherence, maybe ? sportp =
predicted by simple 3WI model with relativistic NLFS  pulsations =
Skoric et al, 1993, 1996 in 3WI model

with NLFS s M :m wl 0
time (T,)

FI(“UR_F 1. Time series o[ mean reflectivity slightly above blftll‘cat:lon threshold for

Alternative —B-SRS in very thin foil to explo:!regime i i ol gty b s et = 0.t D= 018031

T lke\-r By = 0.26, b) T, = 6keV, fy =

PIC- kinetic  » @ ‘. B
- C . - . 8 . S .k
dissipation 3 ¢ ket
isolates singlez ;| STy
Ultra-short = ° KR o e e
FS pulse - 1[: _ L _....‘_!..-.-:-- kst - — _-'-HT,'-S_'keV' - ] U
. 3 05 ) G . . _)1-5. ._
) By Scallng, down to 20 FS | By
Miyam0t0,1 998 . S Oeiw ']lmig ;15»:’0 ?'c;oa)zsuo ?Iouu § . | .FIGURE 2. Pulse leng!‘.h T/To (fulI line) and laser mt.enslty ﬁa (broken hne) versus plas:nn,

' . o {foil thickness [ with corresponding peak reﬂectmty for plasma temperatures of 1keV (tri-
FIGURE 3. PIC simulation reflectivity versus time for two different pump intensities Gy

: an 1és) and 5ke‘d‘ dots =

) 0,02, b) 0.03. For the lundamental wavelength 1.06 s, the pulse len gthsamestlmatedto &t ) ( - Plasma is underdense (ﬂo D lnﬂ').' Ao a'nd TO are: the: laser
approximately 1ps and 0.5ps, respecl.lveiy Plasmaiis underdense: ng = 0.1ne e T = 0.5keV .wavelength and penod respect:vely

and L = L6Ag. .
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& @
Relativistic SRS & Stimulated Electron Acoustic Scattering ™=

Recently, D. S. Montgomery PRL2001 reported observation of a novel Stimulated Electron Acoustic
Wave backscattering (SEAS) to explain "single hot spot” experiments done at Trident laser facility

wavelength (nm)
6?0

650
Illlllllﬂlll

550
IIIII""I

u

SRS

(1000x)

EAW

> Q=< oy,

0.1 0.2 0.3 0.4

k }'De

A
[0}
=]
=
= 1000
=
<C

Vg VTe

First observation of SEAS as reinterpretation In li theorv. EAW is Landau damped
of earlier data attributed to backward SRS IWHINSEFSOTY, ! au damp
in Vlasov-Maxwell system, since phase
velocity is between EPW and IAW

Stix, 1962

However, parametric instabilities can excite strongly damped or plasma quasi-modes, and
in particular, above is possible in relativistic plasmas with modified overlapping eigenmodes

Nishikawa & Liu, Adv. Pl. Phys. v.6 1976
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[y =322 -1379

a,=0.3

\Brillouin. filamentation, inverse bremsstrahlung
[ >

0.5n

cr

Two-plasmeon decay

: Raman

Distance

W subcritical

Nearly critical (on~n,,) EM backscatter with V,~0=> SEAS
Nikolic, Skoric, PRE2002
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0 - o (0

We propose a SEAS model as a resonant parametric coupling of three waves a;(x, t) exp[i(k;x—
w;t)] , in a weakly varying envelope approximation [102, 105],

da da
a;’ +V a; = —Mya,a,, (4.88)

da, da, .
I — If;% = ﬂfirsﬂ»uﬂ;a, (489)

aaa aﬂ"ﬂ. _ *
E + L;E + Faa'cr, - ﬂfaaoa'sa (490)

where V; > 0 are the group velocities, I', is damping rate for EAW (I'y = I', = 0 for
light waves is used), M; > 0 are the coupling coeflicients and a; are the wave amplitudes,
fan=322 - 1379 where 7 = 0, s, a, stand for the pump, backscattered wave and EAW, respectively. Since
07k { considered model is a short plasma, in order to get high reflectivity, instability needs to
o a,=0.3 1 be absolute. With standard boundary conditions ag(0,t) = Ep, a,(L,t) = a,(0,t) = 0,
2 g4t i the backscattering becomes an absolute instability if
= 03 E

02 09 N i L/Ly > 7/2, (4.01)

0

0.5 . . I 9
0.025 ———————— [91, 105], where Ly = (V.V,)"/2/; is the interaction length and v5 = Ey(M.M,)"/? is the
0.02 1 uniform growth rate. Since observed V; == 0 for the backscatter, the condition (4.91) is
oo 1 readily satisfied (Ly = 0). Explicit form of (4.88) and (4.89) is easy to get (light waves),

Nearly critical ((,)..wpe) EM backscatter with V.~ 0 => SEAS

Nikolic, Skoric, PRE200:
o5, 2005 /




SRS and SEAS Instabilities

EMW Dispersion
x Laser

SRS ENIW —9 = 0

Reflectivity

SRS SE #\s

f'”“f"w‘""’““““— e J maﬂ_ .

0 1000 2000 3000 4000 3000
[

SEAS EMW —

h‘lectivity in time from two connected plasma (L, ,)
layers with densities sub- and over-critical for SRS.
Initial bursts by relativistic SRS follows at late times
Intense SEAS pulse in L,, heated by SRS electrons

[N
=".
]
i
Ak =

EPW Dispersion

EAW I}i'.'[u'rr.hr&

¢

CLF o em—

N\~

laser
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U o bl U = \ U J J < = J J = Y < J U

an underdense plasma is studied by fluid-Maxwell and particle-in-cell simulation
see, Skoric, Mima et al., APS2000; PoP 2001

vacuum plasma (a) (b)

po os 1.0 15 20 00 05 10 15 20

° _"‘ T O G N S

®/ 0y w/ oy
F- SRS .
m" F-SRS Cascade-into-condensate (n~0.1 n_; a,=0.1)
0 j We 5 = Wp :lzjwepw ; :lzks,j = ko :I:jkepw
wp 2 Qope = N < Yy [4 Higher order Stokes and anti-Stokes hamonics

and interplay between Fwd and Bwd- SRS
Aocluys Salzem ICTR Summer College on Plasirz Physics, 2009



ot dx e
oB. O0E, 0
ot dr
oA
ot~ P

Maxwell eqgs, in 1D
Coulomb gauge

v = (142 +42)77

— 5

o =

Continuity and electron eq. of motion

0.08

0.04

(a)

EM energy (rel. units)

016 —

012 —

0.08 —

EM energy (rel. units)

0.04 —

000 ——

0.00
o

napsho
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@ imuiate aman Lascade-into-Lonaensate @

CAEr

IEY(w)I

[s] 50 100 150 200

: m‘t(t’({\'i\‘.‘:’ﬂnu}}l“lmhv-u T {7

NI o s e g

o 50 100 150 =200 0.0 WS

(@) 1 (b)
Beam break-up

o
W Wao

B-SRS spectrum (n~0.05 n.)- 1D PIC F-SRS spectrum (n~0.05 n_)- 1D PIC
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Self-organization in relativistic laser-underdense plasmas

Stimulated Photon Cascade into Condensation

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 u!:tra-relativistic spatially localized EM structures- Solitons

(a)
Cascade

k : Mima, Jovanovic, Sentoku, Z-M Sheng
wJL-Jlrﬂ*ﬂ ——— INt0 & Skoric, APS-2000, PoP 2001

(@

Condensate

Ultra-relativistic EM solitons

(b

- A
P v A LU
....-n-nj i
5. ™ d‘_J "
M Renals o
N l.ll 1y N
o ANt W
3 af
B

L] L=t s ] pE=2 4] Felik L]

L] 0 100 150 200 250 0

2D PIC simulations (snapshots) xI
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Relativistic EM Solitons in plasmas

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

Stationary, localized solutions of nonlinear partial differential equations (PDF)

AD = —

)

B .
—(p—ed)=—e[VO—(VA)- 7]

Circular polarization

O > exp(i\/ﬁ t, o= \/ﬁ

cosh?(Ax)— 1
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@ Solitons ! - Stable nonlinear localized waveforms

Solitons in many physical
problems —very remarkable
properties - elastic collisions

et Buny +ugey =10
ula,t) m %cnuh’%ﬁ[a —ct41d) ,

Solitons — solutions of nonlinear PDEs, KdV soliton
e.g., Korteweg-de-Vries, Sine-Gordon eq.
Nonlinear Schroedinger equation, etc.

Avdus Sala ICTR Surirgr College on Plasriz Physics, 2009
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Discovery of the Soliton by Scott Russell in 1834 (.../

Large stable Solitary wave- soliton observed in water Canal

Soliton on the Scott Russell Aqueduct on the Union Canal in Edinburgh, Scotland, 1995
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Fluid -Maxwell equations

Nonlinear relativistic 1D equation for cold plasma

__C —

ot* ox”

a=——-"—a

0’ 5 0° 60 n a=eA/mc? - Vector potential
n, ¥ (y-axis)

on O [ np ®, = (4me’n,/ m)"* electron plasma
0 frequency

ox\ my
EII - Longitudinal electric field

- electron momentum
(x-direction)

- electron density

- zero order

electron density

y=1+a’ +p’/m’c’ "
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Space-Time evolution of EM energy density

&

=3.2 W,

0.5 and w,

1D fluid-Maxwell simulation of laser pulse a,

M
MVWW'N
i

X/ A




Weakly - relativistic 1D equation

Dimensionless
units:

on=(n-n,)/n,

-1
x> (cow, )x

-1
t > (v, )t

Conditions:

lal<<1

| on |<< 1
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@ Linear polarization @

Slowly-varying complex amplitudes

— %[Ae_it + A*ei’] on=N, +%(Nze_i2t + N, e )

Only odd harmonics Only even harmonics

GENERALIZED NONLINEAR SCHRODINGER (GNLS) EQUATION

LA AP A (A), A () A
or 2 24 i

N,
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Photon number

CONSERVED QUANTITIES @

Hamiltonian

P=j|A|2dx,

1 3 1 1
H=— A4 |"——A|'—=[(A])). T ——| 4’| 4. |" tdx
2j{| e (EIPRE- Ely x|}

SOLITON SOLUTION 4 =a(x)e™’

“cusp” soliton NLS soliton

A2, =3/432 (a, >3) A<< A,
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SOLITON SOLUTION (CIRCULAR POLARIZATION)

2 A cosh(Ax) , \/—2
1) = e |- ¢
a(x.) cosh’ (Ax) = A° Xp( )

amplitude frequency of polarization plane

24

T @=\1-1

d, =

limitations

a <3
1>0>~/2/3 (O</1<\@/3)
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& SOLITON STABILITY o),

Criteria for soliton stability

(Vakhitov-Kholokolov) TR

Linear polarization P (A)= &/1 -+ i(l — 2/12 j In

B 2

9

Circular polarization
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Low density Overdense
plasma

1 a=035

Critical for SRS => Solitons :LM = 500 Linear density profile => Solitons

1
1
1
1
1
I
1
1
1
1
I
1
I
0

=
T
2
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Method of particle simulations (Particle-In-Cell)

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

V'E=qu5(-’_‘?_5‘;k)
k

Kinetic effects !

Landau damping P OE 4z

particle trapping ... VxB = c ot c Zk:quk5(x—xk)
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@ Laser fusion — Fast Ignition concept @

Fast Ignition; attractive concept with high fusion gain
by using Ultra-short High Intensity laser spark

Fast ignition.: Compression and heating phases are separated

Laser irradiation Compress Ignition

Central |gn|t|o$

-y I Fast Ignitio ]
0 OBl e
o~ a
i ) KOYO |
saka design) |

/ Fusion gain /
© us-NIF

Fast ignition |

D@

Fast heating of compressed
pellet creates a spark ignition . 1
Laser energy (MJ) 0

National Ignition Facility-NIF, Livermore
2-4 MJ in 192 laser beams (2009)
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Conventional ICF

Lasar enargy =

Inwvard transportad
thermal enargy

Burn

Thaemonuckaar bum
Bowoll o spreads rapidly through
tha comprassed fusal,
yiedding many times
tha driver input enargy.

Tharmanuclaar burm =

il

Fast-Ignitor ICF

Compression ..rh"

£

Lasar or paricls Fusl is comprassad —a
beams rapidly by rocket-like blowolf

heat the surfacs of the surface material.
of the fusion
fargst, forming
a surrounding At tha moment of
plasma envalopea. maximum
a short (1 to 10 pico-
Figure 6. Contrast of conventional
inertial confinement fusion (1CF)
and the fast-ignitar ICF, which is
used on the Petawatt laser.
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ILE, Osaka has unique capability to conduct
Fast Ignition model experiments -FIREX (2009)

GEKKO laser: 12 green laser beams
E=5kJ, 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.
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Laser technology for PW systems




;Eﬁﬁjz-' Rutherford Appleton Laboratory

Various applications of High-Field Plasma Science
Ultra High Intensity Ti:S = High Energy Pump

High Energy - many 10’s Joules
Green wavelengths (~530 nm)
Can be “long” duration
Reasonable Repetition Rate
Reasonable Beam Quality

Low Cost
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X-ray image obtained
from the point source
by CPA laser-plasma

RADIOGRAPH OF A RAT shows the very high resolution that can be
achieved by using x-rays generated from a tiny spot of plasma
at the focus of a tabletop ultrahigh-intensity laser.
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Laser Lightning Arrestor

Ultra-short CPA
laser as a trigger




Progress in high power laser.
Very short (~ 100 fsec) laser
pulses with powers of 100 TW.

Propagation of these highly
powered pulses in air leads to the
collapse of the beam to “light
bullets” (filaments) that can
propagate for long distances.
Inside the filaments the pulse
under goes temporal and spectral
changes.

Light- laser bullets {

Chirped Pulse Amplification Scheme

E~102W E~101W
T~‘]O’98 b r T_"10,13S
r Amplifier Compressor M

> p=1012W

“Light Bullets” — Filaments

>

A=08um, P=22TW E =240mJ, 7 =110 f sec
10Hz rep—rate, L, = 2km, L, =12km, n =40%
* L. Woste, et al., Laser und Optoelektronik, 29, 51 (1997)
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Single electron dynamics => nonlinear, multi modal & multi-Dimensional

Collective => relativistic plasma physics : nonlinear, multi-modal & multi-D -«
for moderately relativistic laser-subcritical plasmas (A,~1)

Electronic parametric instabilities strongly modified, broadened and merged
Stimulated B- and F- Raman scattering dominate in underdense plasmas
Novel relativistic SEAS versus SRS instability in subcritical plasma
Coherence and turbulence; Raman cascade-into-condensate

Raman complexity versus FS pulse generation and spectral features
Strong turbulence and relativistic coherent EM localized structures

Common features: Coherence versus turbulence

Relativistic plasma physics is “bifurcating” into two main branches

- Laser fusion, high-energy densities and laboratory plasma astrophysics

- Ultra high field science, particle acceleration, atto-physics, nuclear physics

Many future challenges for experiments, theory and computer simulations
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Education and Training of Young Generation

at National Institute for Fusion Smench%,p\)lwg%

nifs.ac.jp

Graduate Course University

The Graduate University for
Advanced Studies (SOKENDAI)

Cooperated Course with Nagoya Univ.

Acceptance of Graduate University Students

Summer School for Young Students

Asian Winter School

http://soukenweb.nifs.ac.jp/eindex.html
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@’ Plasma and Fusion Simulation Science @
National Institute for Fusion Science
Toki, Japan

The Graduate Univeraity for Advanced Studies
! Schoaol of Physical Sciences

- Department of
el R O (2= http:/isoken.nifs.ac.jplindex.html
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Thank you and see you ...!?
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