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Abstract

Recent advances of the photon kinetic theory are illustrated here, with examples taken from plasmafomysics
Raman scattering and from nonlinear optic¢self-phase modulation This theory can provide a unified view of
nonlinear optical phenomena involving photon beams with an arbitrary spectrum.
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1. INTRODUCTION view of nonlinear effects in plasmas and in optics. Thus, the
previous distinction between the two reginiesndom and
Nonlinear wave mixing was first considered in optics byfixed phasg loses its sense, the rule played by the field
Boembergen and othef&rmstronget al, 1962 inthe early  phase is better understood, and intermediate cases can be
1960s and imported into plasma physics soon afterwardyeated as well. Finally, the resonant collective processes
especially by Russian researchers. It was soon realized thatssociated with Landau damping by quasi-particles become
in contrast to optics, where the laser frequencies were wellextremely relevant in a large variety of domai@ngham
defined quantities and the spectral bandwidth was negligiet al., 1997; Mendong¢a & Bingham, 20D020n the other
ble, in plasma physics we usually deal with broadbandhand, with the recent advent of very short laser pulses, the
spectra. Photon kinetic theory is appropriate to deal withdiscovery of phase modulation effects and of supercontin-
waves having a large spectral bandwidth, and the early verdum radiation(Alfano, 1989, the study of broadband spec-
sions of this theory can be found in books on plasma turbutra became also very useful and importantin nonlinear optics.
lence published inthe late 1960&domtsev, 1965; Sagdeev The more recent versions of the photon kinetic theory are
& Galeev, 1969. This theory was derived in the framework thus very appropriate to provide a unified description of
of the random phase approximation, which is well justified nonlinear wave phenomena both in plasma physics and in
for plasma turbulence problems, in contrast with the fixedoptics. Here, we will briefly describe the contents of the
phase approximatiofor monochromatic wave approach photon kinetic equations and apply them to a specific prob-
more fitted to optical problems. The main feature of thislem in plasma physic&he Raman forward scattering pro-
early work was that nonlinear effects are much stronger ircesg and another similar problem in optidself-phase
the fixed phase approximation than in the random phasenodulation and the generation of a supercontinuum
one, where they appear at a higher order of the nonlinear
coupling parameters. In recent years, we have returned to
the photon kinetic theory by using a different perspectivez- PHOTON KINETIC EQUATIONS

and a better understanding of the physical meaning of thg js well known that a quantum system described by a wave
photon kinetic equationSilva & Mendonga, 1998; Tsint- fynction (r,t) can be represented in the classical phase

sadze & Mendqnga, 1998; Mendpnga & Tsintsadze, 2000 space(r, p) if we use the Wigner functiofWigner, 1932:
The result of this new approach is that many of the effects

associated with the fixed phase approximation can also be .
described by the kinetic equations, which provide a general Fo(r,t) = ftﬁ(r +5/2,t)¢"(r —s/2,t)e P ods. (oY)

, This function behaves in many cases as a density distribu-
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trum described by the electric field(r,t) can be repre- 3. FORWARD RAMAN SCATTERING
sented in terms of particles, evolving along ray trajectories IN APLASMA
with momentunk, if we introduce the corresponding Wigner

function (Mendonca, 2001t If a laser beam, described here as a bunch of photons, prop-

agates in a plasma, electron plasma waves can be excited
that modulate the propagating medium and induce a pertur-
bation in the photon population, which in turn increase the
electron plasma wave perturbation, thus leading to an insta-
bility process. The electron plasma oscillations are driven
by the ponderomotive force associated with the laser beam
inhomogeneities. The electron plasma density perturbations
f are then described by the following propagation equation:

Fo(r,t) = fE(r +s/2,t)-E*(r —s/2,t)e k'sds, (2

From Maxwell's equations it is possible to derive an evo-
lution equation for this Wigner function, for waves propa-
gating in a space and time varying medium, with dielectric

constante, in the form (Tsintsadze & Mendonga, 1998; 92 w2 N dk
Mendonca & Tsintsadze, 2000; Hall al, 2002 — twl|n=4—2 Zf —_—
¢ 2 <at2 +“’°°)h 40 V) serey @ ©
<§ . Vk'v) Fo+ dlne Fo— Wk [esinAF,], 3) where the right-hand side represents the ponderomotive force
ot ot € effect. On the other hand, the perturbed photon number

densityN, is determined by the kinetic E¢3), where the

wherev, andwy are the group velocity and the frequency of f_orce term is (_Jletermined by thezelectron density perturba-
the field modek, andA is a differential operator, acting back- tion f, according todk/dt = —(e/2meow)VN. For elec-
wards ore and forward orF,: A = (1/2) « (3/0r -9/39k) —. tron _and ph.oton density perFurbaﬂof_isa,ndl\l_h of the _form
This is similar to the Wigner—Moyal equation of quantum &XP(iK-r —iwt), we can derive the dispersion relation+1
mechanicg Hillary et al, 1984 and it has been discussed Xe T Xpn = 0, wherey. is the usual electron susceptibility
for the case of a dispersive dielectric medi@iendonca & ~ 2Ndxpn IS the new term associated with the photon field.
Tsintsadze, 2000and more specifically for a plasni@sint- If we consider the simplest case of a m'onc.J—en'ergt_etlc pho-
sadze & Mendonca, 1998This equation can be seen as aton beam, such that the unperturped dlstr!butlomg§=
kinetic equation for the field quasi-distributié. It should (27)*Nod (k; )8 (k — ko), the dispersion relation reduces to
be noticed that it is exactly equivalent to the propagation s )
equation for the electric field, but it is of little use because @0 @pold -0 )
of its complexity. It is then more convenient to introduce w? 0?0 —ku)?
some simplifying assumptions, namely that the medium is
slowly varying in space and time in comparison with thewhereu, = wo/ko = cis the laser group velocity, are =
space and time scales of the field. We are now left with ak*c?/mny)(wpo/wo)?No. For kuy = wpo we can have an
much simpler form of kinetic equation, where diffraction instability at a frequencw = ku,, with a growth ratey ~
effects are completely neglected: (Q/wpo)Kup. This means that we can recover the usual growth
rate of the forward Raman scattering, proportional to the
5 a9 field amplitude,N&’2. However, the above dispersion rela-
(_ VeV 4 —- _> N, = O. (4)  tion shows that the maximum growth rate is attained at
o dt ok kup = wp0, With a growth rate proportional tg’>:

The quantityN, is the photon number density, defined in \3
terms of the Wigner function als, = (e/8) (0R/dw)y F, Y= a3
whereR(w, k) = 0 denotes the linear dispersion relation of

the medium. The electromagnetic energy density can the@ur kinetic approach could also be used to study the photon
be simply written as the product of the photon frequencybeam instabilities created by laser beams with a frequency
with the number densitW = wN. This equation is noth- or an angular sprea@ilva et al, 2000; Mendonca, 2001

ing but the photon number conservation, valid in the geothus allowing for a global description of instabilities created
metric optics limit. Here we should stress the physicalby spectra with arbitrary shape.

meaning of the third term, which was mostly ignored in the
past and represents the photon acceleration effects Ieading
to frequency shift and energy nonconservation. These ef-
fects are associated with the fortlke/dt = —dw/dr, acting

on the photon field. This new kinetic equation will then be Let us now apply the photon kinetic theory to one of the
applied to two illustrative examples in the following two most paradigmatic effects of nonlinear optics, which is usu-
sections. ally associated with phase modulation. Here, in contrast, the

(wpo©2?)Y2. ()

SELF-PHASE MODULATION
IN OPTICAL MEDIA
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field phase will be completely ignoreg&ilva & Mendonga, ability to describe forward scattering instabilities, not only
2003). We will now use the kinetic Eq4), with the photon  for mono-energetic photon beams, but also for laser beams
acceleration force determined bgk/dt = —V[ke/ny +  with an arbitrary spectral width. When applied to optics,
n,1(r,t)], whereny andn, are the linear and the nonlinear the photon kinetic theory can provide a very accurate de-
refractive indices of the mediufe.g., an optical fiber or a scription of the processes known as phase modulation, thus
piece of common glagandl (r,t) = [ Nc(r,t) dk/(27)3 showing that the field phas@bsent in the photon kinetic

is the intensity of the laser beam. The beam spectrum wilbescription is not an essential ingredient. We can then con-
change along propagation, due to the local gradient of thelude that the photon kinetic theory provides a very power-

nonlinear refractive index, as determined by ful method to understand the spectral changes in plasma
physics and in optics, and can provide a unified view of a
2n,c¢ al (n) large variety of physical processes.
w(n,t) = wgexp > t, )
ng dn
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