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Electromagnetic radiation from strong Langmuir turbulence
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A series of computer simulations is reported showing the generation of electromagnetic
radiation by strong Langmuir turbulence. The simulations were carried out with a fully
electromagnetic 24-dimensional fluid code. The radiation process takes place in two stages that
reflect the evolution of the electrostatic turbulence. During the first stage while the
electrostatic turbulence is evolving from an initial linear wave packet into a planar soliton, the
radiation is primarily at @,. During the second stage when transverse instabilities lead to the
collapse and dissipation of the solitons, 2w, and w, radiation are comparable, and 3w, is also
present. The radiation power at @ = 2w, is in good agreement with theoretical predictions for

electromagnetic emissions by collapsing solitons.

I. INTRODUCTION

Theoretical' and experimental*”’ results have con-
vincingly demonstrated that the description of Langmuir
turbulence as an ensemble of weakly interacting plasmons is
not applicable to most laboratory and astrophysical plas-
mas. The ponderomotive force due to Langmuir waves excit-
ed by electron beams or other means creates regions of lower
plasma density (cavitons) where the high frequency Lang-
muir waves are trapped. The localized Langmuir wave pack-
ets (solitons) have energy densities several orders of magni-
tude higher than the average energy density and are
extremely dynamic. The caviton—soliton pairs are centers of
electromagnetic (em) radiation near the plasma frequency
and its harmonics.** The em radiation is a key diagnostic
signature of the processes occurring in many space and as-
trophysical plasmas permeated by energetic electron beams.

Early theories on the emission relied on weak turbu-
lence conversion of Langmuir to em waves. Such theories
and their diagnostic interpretation are invalid for most of the
relevant space and laboratory situations. Recent analytic
theories considered some of the localized aspects of the
strong Langmuir turbulence in the calculation of the em
emission.?'> However, the dynamic nature of the caviton—
soliton turbulence and the lack of an expansion parameter in
the strong turbulence regime makes the analysis suspect.

It is the purpose of this paper to present the results from
a 21-dimensional (2§-D) fully em two fluid code which was
especially constructed to study dynamically the em emission
processes under conditions of strong turbulence. It should be
noted that the use of the Zakharov equations is not appropri-
ate for the problem because of the averaging of the high fre-
quency fields, while particle simulations cannot accommo-
date the number of particles per Debye length required to
reduce the effect of numerical noise on the radiation devel-
opment and absorption. For this reason we developed an em
version of a two fluid code. The electrostatic version of this

14—7

®) Present address: Naval Research Laboratory, Washington, D.C. 20375-
5000.

2185 Phys. Fluids 31 (8), August 1988

0031-9171/88/082185-05$01.90

code was previously used to study the properties of Lang-
muir soliton—caviton pairs for magnetized and unmagne-
tized plasmas.'® It should be noted that Pritchett and Daw-
son'* performed 2}-D particle simulations of the conversion
of electron beam generated plasma waves to em waves. The
simulation parameters, the ion model, and the temperature
ratio (7,/T; =~20) were such that the weak turbulence con-
version of Langmuir waves by fixed ion density fluctuations
or by large amplitude sound waves was dominant. They,
however, were not able to extend the results into the strong
turbulence regime.

il. COMPUTATIONAL MODEL AND RESULTS

The simulation code is a fully nonlinear 2{-D em two
fluid code. It solves by a finite difference scheme the follow-
ing fluid and Maxwell’s equations:

In;
—ati = — V(njvj),
ov; ; VP,
=~ (vV)y, +L(E+—1—vij) ——= —
ot m; c m;n;
JB
— = —cVXE,
ar X
9E _ cVXB —J,
ot
where P; = y;n,;T;, with j= e and i electrons for ions, re-

spectively. The ratio of specific heats used here was y, =3
and 7, = 1. This guarantees that both the low and high fre-
quency modes have the correct linear dispersion. The tem-
peratures are assumed constant. Based upon earlier simula-
tions,'>!° until the collapse takes place there is no heating of
the background plasma. When the collapse occurs, the elec-
trons are heated by the formation of superthermal tails. An
effective  collision  frequency  v;/o, = a;(kAp)°®
+ B, (kA )2 which simulates collisionless Landau-type
damping, was used with a, =1, 8, =00, a,=1, and
B: = 1073 (w, is the plasma frequency and Ay, is the Debye
length).
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We present below the results of a rather typical run
which highlights many of the important dynamic features of
the conversion process. The computations were performed
in the x-y plane of a doubly periodic 64 X 64 system with cell
size Ax = Ay = 10'/24,. The system was initialized with a
Langmuir wave pocket whose @ and k satisfied the linear
dispersion relation v = w? + 3k %2, wherev, is the electron
thermal speed. The wave packet contained three modes
(3,0) and (3, + 1). The mode (3,0) contained 80% of the
energy, while the rest was equally shared by the other two
modes. The spectrum was chosen to model the turbulence
that would be generated by a warm electron beam streaming
in the positive x direction. The turbulence parameter #
=E?/4mn,T,, where E is the amplitude of the Langmuir
wave, and n, and 7, the ambient plasma density and tem-
perature, was taken as W = 0.2. For the mass ratio used
(m,/M; =107?%) and the corresponding value of k,A,
= 0.09, where k, corresponds to mode (3,0), the system
was in the strong turbulence regime, #W> (k4,)? m,/M,.
The value of ¢/v, was 12.65and 7, = T;.

The general evolution of the initial linear wave packet is
in good agreement with the one observed in the earlier purely
electrostatic simulations.’® At 50w, !, the initial wave pack-
et becomes slightly modulated and evolves into three soli-
ton—caviton pairs at w,¢ = 100. These are planar solitons
with their transverse dimension determined by the trans-
verse width of the linear wave packet. Because the initial
spectrum was chosen to model the waves driven by a warm
electron beam, it is strongly aligned in one direction. The
solitons form in the direction of the initial electrostatic (es)
fields. At 200w, !, the transverse fields begin to grow. The
local es field energy reaches its maximum at approximately
ot = 300, while the cavity reaches its minimum slightly lat-
er. Figures 1 and 2 show the two-dimensional spatial profiles
of the es energy and of the ion density at w,f = 300 averaged
over 50w, '. The collapse was observed to be slightly sub-
sonic. The es field energy was rapidly dissipated and the
solitons were virtually nonexistent by w,f = 500 while the
cavities were still present but were converting to ion waves.
The soliton—caviton pairs at this stage are sometimes called
burnouts. It is well known that most of the dissipated wave
energy heats the electrons by the formation of superthermal
tails.®'?

Figure 3 shows the time history of the total wave energy
and the em field energy, normalized to the thermal energy.
The total energy stays approximately constant until
o, t = 200. Then the dissipation proceeds quite rapidly with
40% of the wave energy damped in 50w, ' about @, = 300.

200

FIG. 1. Spatial distribution of time averaged es field energy at ¢ = 300w "
showing the presence of solitons. The vertical scale is linear with W, ...,
=2.15.
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FIG. 2. Ion density distribution at t = 300w, ' showing the presence of cav-
itons. The vertical scale is linear with (8, /1y) i = 0.5.

The planar solitons which first form stabilize at long enough
wavelengths so that there is little coupling to the heavily
damped short wavelength modes. During the formation of
the planar solitons there is a small enhancement of the em
field energy. With the collapse of the solitons, the em fields
grow by three orders of magnitude until the es energy dissi-
pates. The total radiation reaches its maximum energy at
t=300w,” ! which is also when the es energy reaches its lar-
gest local maximum. Even though the total es energy is drop-
ping, the strong turbulence acts to compress the remaining
field energy so that the most intense local fields occur at
t = 300w, ' with W = 2.15. At this time 7% of the initial
wave energy has been converted into em energy.

Figure 3 shows that the growth of em field energy occurs
in two stages. To see this process in more detail we also cal-
culated the power (=dW/dt) in three frequency bands
around ,, 2@,, and 3w, . This is shown on Fig. 4. The power
was calculated by first summing the energy in three separate
regions of the k space spectrum of W,,, at each time step.
These regions were determined from the linear dispersion for
the em waves with region 1 for , < < 1.3w,, region 2 for
1.6w, <@ <2.3w,, and region 3 for 2.6w, <@ < 3.3w,. The
width of these bands was determined from the spectral width
seen in the Fourier transform of the em field at individual
grid points. The field energy was averaged for 15 time steps
(3w, ). The average from the previous 3w, ' period was
subtracted and the difference was divided by 3w, '. There-
fore P is normalized to nT,w,. Since we are interested in
times of positive growth of the em field and also need to plot
the data on a semilogarithmic scale to cover the dynamic
range, the plotted Pis the larger of Por 107 '°. The gaps seen
on Fig. 4 at late times simply reflect that dW,_, /9t <Oascan
be seen in Fig. 3. Most of the time one sees high frequency
fluctuations in P. These are due to small fluctuations in W, .
However, one can clearly identify two periods of sustained
positive P which are associated with the two periods of
growth in W_,, seen in Fig. 3. The first burst of radiation,
which occurs when the planar solitons form, is at @,. One
seesthat P(w, ) » P(2w,) until @, ¢ = 200. When the solitons

0.2
Wiotal
0.l o
1 1 1
(¢] 125 250 375 500
tHwe™

FIG. 3. Time history of the total field energy (dotted line) and the em field
energy (solid line). Note the different vertical scales.
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FIG. 4. Time history of em power densities of w,, 2w,, and 3w, [(a), (b),
and (c), respectively].

are fully developed at v, ¢ = 300, P(w, ) ~P(2w, ), and asig-
nificant level of 3w, is observed. The radiation field de-
creases at late times (@,¢> 300) mainly because of a reverse
conversion of @, em waves to Langmuir waves. This change
between early and late times is also seen in the radiation
pattern. During the early stages when the », emission is
dominant, the radiation has a dipole pattern. The largest
modes in the k-space spectrum of the em field energy are
(0, + 1) and (0, — 1). At 300w, ', following the growth of
the 2w, radiation, one sees in addition to the dipole fluid two
quadrupole spectra: the 2w, spectrumat ( 4 3, + 3) and the
3w, spectrum at ( 4 6, + 4). These results are consistent
with theoretical predictions.'®-'> An important effect can be
seen from Fig. 5. At w,£>350 the spectral peaks for both the
es and em waves show substantial broadening. The broaden-
ing seems consistent with nonlinear frequency shifts caused
by strong turbulence Aw ~w, W,,,, . Broadening of the radi-
ation spectrum has been observed experimentally by Cheung
etal’®

Il. CONVERSION PHYSICS

In the preceding section, we have discussed the radi-
ation process in terms of spatially averaged quantities such
as field energies and radiation densities. As can be seen from
Fig. 1, strong turbulence leads to localized structures. Figure
6 shows the total es field energy at w, ¢ = 300 for the center of
the simulation grid. The total grid covers (0 to 200)A, in
both the x and y directions. This is the middle soliton seen in
Fig. 1. Figure 7 plots the normalized E> es field at
@,t = 300. The maximum E is approximately an order of
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FIG. 5. Frequency spectrum for the electrostatic turbulence ( W ) and mag-
netic field energy at t = 350w, .

magnitude less than the maximum E 2 field. One can see that
at the center of the soliton, it is a basically one-dimensional
structure with the es field in the x direction. Figure 8 shows
the normalized B2. Figure 9 is the current vorticity. The
local current vorticity VX J is the source of the em emission
as expected on the basis of the wave equation

¢ ot c
By examining these diagnostics it is easy to see the emission
source regions are not located at the center of the solitons
where the es energy density maximizes but at the edges. In
fact, the source regions correlate well with regions where the
E, component of the es field maximizes. This is consistent
with the results of Ref. 11, which indicate that the conver-
sion efficiency to em radiation scales with the transverse to
Iongitudinal soliton aspect ratio and the electrostatic to elec-
tromagnetic coupling disappears in the limit of zero aspect
ratio. This has important implications with respect to the
time dependence of em emissions during beam-plasma in-
teractions. In this case the es wave spectrum is mainly one
dimensional with k parallel to the beam velocity. This leads
to the formation of planar solitons during which time the em
emission is very weak. Strong em emission is produced dur-
ing the next stage of transverse collapse which increases the
soliton aspect ratio. Most of the emission is localized at the
edges of the soliton where the es field curvature and the

150
A B FIG. 6. Linear contour plot of the
y(xp) total es field energy at £ = 300w, .
This is the middle soliton shown in
Fig. 1. Full mesh covers (0 to
¢ 200)Ap in both x and y. Here

C=1.8and 4 =0.35.
50
63 x(ap) 150
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150
A
¢
y(rg) FIG. 7. The E2/4wnT, es field en-
A ergy at t=2300w;'. Here C
B =9.67X10"2 and A=193
1072
A X
5063 150

X()\D)

FIG. 8. The B2/A7nT, at t
= 300w,” ' showing the correla-
tion with E2. Here C=35.77
X107%and 4 = 1.15x 1073,

y(\p)

150
A .
B FIG. 9. Radiation source term
y(rp) (VX j) at 300w, '. Soliton radi-
° ation is from the sides, not the cen-
w ter. There is a mixture of dipole
and quadrupole radiation. Here C
A =156X10"2 and A4=3.12
%1073,
50
63 x(rp) 150
102k T T - . 5
I ° 3
L o o . ]
. [ ]
03 o _
e E
— F -
3 L 7
5 r -
G.E
104 -
E x 3
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FIG. 10. Radiation power density versus initial es turbulence for w,, 20,,
and 3w, (open circle, closed circle, and X, respectively).
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transverse part of the es field maximize. Equivalent mode
coupling descriptions can also be seen in the code by looking
at individual Fourier components. For example, the 2w, ra-
diation is consistent with coupling of the ( + 3, 4+ 2) and
(+ 3,4+ 3) modes with (0, + 1) and (0,0) modes. The
Langmuir waves with large k, grow because of the trans-
verse modulational instability.

The maximum radiation power densities obtained in the
simulation can be compared with a weak turbulence theory*4
and the strong turbulence theory of Freund and Papadopou-
los.'"12 We use Eqs. (13) and (14a) of Ref. 14 to estimate
the power density emitted at  ~w,:

1 (v.) 6n)2( k)(/lz)z
P _— = —_ —— —
(@) 24ﬂ'2( c) ( n Ak \ Ap
xf (0 — DNVW_ (0)dw,

where o, =1, (6n/n) is the average ion density fluctuations,
and (k;/Ak) is the ratio of the typical ion wavenumber to
the spectral bandwidth, A, = 2#/k,. To obtain an estimate
of P one can assume W, (0) = W 8(w — w,), where w2
=1+ 3k 212 and W, is the average es field energy. For this
simulation ¢/v, = 12.64, k,/Ak ~3, A,/Ap =34, and kAp
=0.093. At t=3000;', W,=02 and (&n/n)
= 4.7 X 1072 Note that these are not the local maximums
or minimums but are the spatially averaged values. These are
appropriate for a weak turbulence calculation since weak
turbulence assumes homogeneous, uniform fluctuations. At
t = 300w, ', this yields a value of P(@,) =~2.10"7, which is
far below the observed value 10~>. The power emitted by a
Langmuir soliton at @ ~ 2w, can be computed by Egs. (16)
and (17) of Ref. 11. From this we can obtain the normalized
power density at 1~300w_ ', which is P(2w,) ~6.1 X 10™*
in good agreement with the observed value of 7X 10™*. The
scaling of the emission with the level of turbulence W for o,
2w,,and 3w, is shown in Fig. 10. The emission scales linearly
with W consistent with the results of Ref. 11.

IV. SUMMARY AND CONCLUSIONS

The results from a fully em 24-D two fluid simulation of
em emission during soliton formation and collapse have been
presented. Two sequential emission stages are observed.
During the first stage, while the initial linear wave packet
forms planar solitons, P(w, ) » P(2w, ) and the radiation has
a dipole pattern. During soliton collapse transverse es fields
are rapidly produced around the centers of the solitons, re-
sulting in strong harmonic emission with P(w,) ~P(2w0,)
and substantial 3w, emission. The 2w, and 3w, radiation has
quadrupole patterns. The total emission is several orders of
magnitude stronger than expected on the basis of weak tur-
bulence theory; in addition P(2w,)/P(w,)~0(1) rather
than the (v,/c)? scaling of weak turbulence. The analytic
theory of Ref. 11, where the soliton—caviton pair was treated
as static during the radiation emission, predicts the correct
scaling with W, the P(2w,)/P(w,) = O(1) ratio, and the
quadrupole nature of the harmonics. The per soliton emis-
sion is estimated within a factor of 2, without the dynamic
aspects of the collapse. Results pertaining to scaling with
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v,/c, ion mass ratio, and the emission from a collection of
solitons will be published later.
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