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Photon Landau Damping
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We present a general description describing the nonlinear dispersion relation of electron plasma
waves or electromagnetic waves propagating in a plasma with intense radiation or turbulence. We
find that a spectrum of photons behaves similarly to particles and can Landau damp electron
plasma waves. We derive a linear Landau damping coefficient and a quasilinear equation for this
process. [S0031-9007(96)02073-X]

PACS numbers: 52.35.Mw

The dispersion relation of electron plasma waves in amwe derive the evolution equation far
unmagnetized plasma in the presence of an intense ra- 27 P
diation field (or turbulence) is obtained using a kinetic — + wyit — v7, Vi = —ngV <—> (2)
equation of the Klimontovich type for the photons (or ot ot
plasmons). A fluid description is used for the electronThe term on the right-hand side is due to ponderomotive
plasma waves and thus normal Landau damping of théorce effects due to the electromagnetic waves, and
electron plasma wave is absent. The photon “Landaw?, is the average random velocity (thermal) of the
damping” will still be present since the kinetic effects of electrons. We also have from the momentum equation
the photons are retained in the Klimontovich descriptionthe expression for the ponderomotive force

The process we describe is equivalent to photon accel-aﬁ | | 2 B di
eration described by Wilkst al. [1], who did numerical <—v> = — —V|vgul*> = — —<i> \Y k2 .
calculations of photon acceleration in a large amplitude' 9 2 2\m wi Q27)
plasma wave. More recent analytical and numerical stud- (3)
ies of the same process were based on single photon trgy gefinition, the number of photons is
jectories [2].

In this Letter we present an analytical description of Ny = @(ﬂ) |E, |2 (4)
photon acceleration (or deceleration) based on a kinetic 4\ dw /o, ’

description of the photons, and a ﬂwd description of thewhereD = D(w.k) = 0 is the photon dispersion rela-
plasma wave thus enabling collective photon effects to b? . ,
described. ion. Using Egs. (3) and (4) in Eq. (2), we get
We study the dispersion relation of electron plasma 9% ) 2 o2~ @ po 2[ Ny
i — v Vit = \Y ——p—

waves in an unmagnetized plasma, in the presence of 2 + @ n w%(@)
Jw / Wk

radiation (or turbulence). If the spectral width of this di

radiation is larger than the characteristic time scales of the 7 (5)

dominant wave processes, the wave phase effects can be (2)

neglected and a photon description of the radiation fieldrhis equation is now coupled with the kinetic equation for

can be assumed [3]. the photons, which give§, as a function ofV;, andii:
Using this dispersion relation we can show that a new - .

kind of kinetic instability will eventually occur, where 9Nk + - a]\i + F - 3N50 —0. (6)

the source of free energy is not the population of plasma ot ar ak

electrons, but the radiation field itself. This can be alsorpe equivalent forceF acting on the photons is deter-
seen as a new kind of modulational instability [4]. Apart pined byf? — —Vw,, where

from the linear version of the plasma wave dispersion

relation, the quasilinear saturation mechanisms will also Jwg + k2v?,, for plasmons
be discussed. wp = " T2 for ph (7)
In equilibrium, we have a mean electron densigyand y@p + k¢, for photons

some distribution of photons (or plasmomg),. We then

perturb the plasma and the photon spectrum: In this Letter we will consider only the kinetic description

for photons and consider the plasma wave only from
n=ny+ it Ny = Ny + N, (1) a fluid approximation. The expression for the forte
in Eq. (6) is due to the gradient of the plasma wave
From the electron fluid equations and Poisson’s equatiofrequency.
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In both cases we can write Let us assume the perturbatiohsind N, are written as
Lo o (7. 1) = i()e™ " Nu(F.1) = Nu(e* ™. (9)
F=- dwp om (8) | From Egs. (5) and (6) we obtain
9% 2 2\~ w? Ny dr’
= + (wpo + KPvg )it = —2k>=2° [ m @ny > (10a)
ONL = NP~ . 2 - aNA,/
3[]( + lk * v(k/)Nk/ = ﬁk’ Ei_mnk ° 8]—;/0 . (lOb)

Now we follow the usual Landau approach and usd a The integral in Eq. (13) becomes

Ig.}:{)lace transformation in time. From Eg. (10b) we then [ | (]; . aNk(;/al?) dk - di',
P wpo k(N /0k') 1) o [0 — k - 5(k)] @m)? Q2m)?
¢ 2np op w — k- oK)’ % j INK/p
wherew is complex, and from Eq. (10a) [u — w/k]
k2 . q 1 dp
2+k22_2~=_r_f X —5. (15)
(w50 vy, — )it m PO ©3(0D/30) e, 0l
y (k - Ny /ok') dk’ Developing the parallel photon velocity around the
w— k- o) Qm)3’ resonant value(py) = w/k:
12 > > ou
w2 (12) up. K = ulpo K + (= po) (2]
We can usé 7)., = - which leads to p / po
2k? 1 we get
w? = kzv%e + a)f,o 1 — —wf,of 3 g
_mng . o Ny /dp dp 1 Ny /dp dp
w — k- vk 2m)? (16)
In order to develop this integral we consider the parallelThis last integral takes the standard form
and the perpendicular pho'Eon motion: B h(z) h(z) '
Vo= k4 I(z) = ——dz =P ¢ ——dz + imh(z),
k= pr + ki, (14) = 20 z— 20
Dk = u(p.K)E + 5, . | which means that
1 k- aNg/ok'  dk’ dk', 1 1 N /0 INy,
L LA A 5 f u/ pdpﬂw(—"“) ] (17)
0 o — k- vk 2m) Q)3 (wip)p, (Ou/dp)p, P — Po ap Jp,
Replacing this result in Eq. (13) and using = w, + | Plasma waves with high (relativistic) phase velocities
iy, we get from the real part of the resulting equation thewith negligible electron Landau damping can still be
following dispersion relation: R attenuated by photon Landau damping. For thermal
s o 22 2k, k', , radiation at a temperatur® we should use in Egs. (19),
W, = @y + kKvp, + g PO (277)3(“’k’ )p0 (20) the Planck distribution:
(ONy/dp) o} 1
Ny = , 21
u— wlk dp. (18) K el expfiwy/kgT) — 1 (21)

The imaginary part gives the photon Landau damping 5
2wy 9G, wherew; = y/w,o + k2c2.
<a—> , (19) If a photon beam is used instead of this equilibrium
P 7 po distribution, relativistic plasma waves can be destabilized

Yy=7
mngo

where G.p is a kind of reduced distribution function for by inverse photon Landau damping.
photons: N >, Let us now study the quasilinear saturation of a photon
G, = f 21 ko dk’, . (20)  (or plasmon) beam by this mechanism of photon Landau
(wp)po (9u/dp)p, Q)3 damping. We start with the evolution equation
From this result some conclusions can be drawn. which for uniform turbulence(dNy,/dr7 = 0) can be
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written as . y . of photon acceleration by a spectrum of electron plasma
INg P INe\ _ [ zs  ONp dk wavesl|ii;|* can also be studied.
a L Y AT St In conclusion we have obtained the Landau damping

coefficient of plasma waves by photons and derived a

_ . N (2?) quasilinear treatment of a photon spectrum interacting
Using Eq. (8) forF and Eq. (11) forN; we can derive jith plasma waves.

from this equation a quasilinear diffusion equation for

photons:
ONy 9 =- 9
S ~ap DR TEN @9
d d
where the diffusion coefficient is A *Per_manen_t address: Rutherford Appleton Laboratory,
. i w2 s |7, |2 dk Chilton, Didcot, Oxon, OX11 0QX England.
D(k',t) = —— —5 | kk R 3 - Permanent address: Instituto Superior Técnico, University
dny wp w — k- v(k') (2m) of Lisbon, 1096 Lisbon Codex, Portugal.
(24) *Permanent address: Department of Physics, University of

: . : California, Los Angeles, California 90024-1547.
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