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ABSTRACT

The nonlinear evolution of Langmuir waves excited by the beam-plasma
instability is studied experimentally. The emission of electromagnetic
waves at the second harmonic of the plasma frequency and the formation
of a density depression have been observed. These phenomena are con-

sistent with the predictions of the strong Langmuir turbulence theory.



1. INTRODUCTION

Electromagnetic wave emission was first observed by astrophysi-
cists more than thirty years ago. In the solar system, radio emission
occurs in a sporadic way and is correlated with solar flares| 1] . Type
II1 solar bursts have received persistent interest due to their pro-
perties and the associated theoretical problem. Let us recall the sa-
lient characteristics of type III bursts |1, 2, 3, 4|. Type III bursts
are emitted in two frequency bands, one around the local plasma fre-
quency wpe and the second one around twice Wpe? the power emitted
in each band is comparable. The electromagnetic emission is associated
with an energetic electron beam (Ep ~ 20 - 100 keV) emitted during a
solar flare. Satellite observations show that the beam propagates at
least one A.U. Observations at one A.U. indicate that second harmonic
emissions are correlated with arrival of the energetic electron beam
|5]. The observation of the electron beam at a distance so far from
its source (the sun) raises the question of beam stabilization. Quasi-
linear effects lead to a very strong coupling between the beam and the
unstable Langmuir wave: the electron beam would then be stabilized in
the solar corona itself | 6]. Both effects (i.e., second harmonic emis-
sion and beam propagation) can be explained by the strong Langmuir
turbulence theory |4, 7-14|. The source of the second harmonic elec-
tromagnetic waves is the nonlinear current associated with the non-

linear Langmuir wave | 10].



Although type III solar burst characteristics have been measured
for more than thirty years, it is important to be able to perform con-
trolled experiments. An electron beam has been injected into the
interplanetary plasma from a satellite | 16]. However, in this experi-
ment only emission at Wpe Was observed. It is only recently, with
the availability of large size plasma devices, that laboratory simula-
tions of second harmonic emission have been performed. In these
experiments a single electron beam |17, 18], or two oppositely-propa-
gating electron beams | 19| are injected into the plasma. In the latter
case, second harmonic emission results from the coupling of the two
antiparallel propagating Langmuir waves which are excited by the two
electron beams. The single electron beam experiments |17, 18J have
more similarity to the actual astrophysical situation. In the experi-
ment of Cheung et al. [17], a small diameter (beam diameter: 4 cm),
cold beam was injected into a large size plasma. The beam had a densi-
ty np/ng of less than 3% and an energy Ep of up to 1 keV. Second
and third harmonic emissions were observed. The ponderomotive force of

the Langmuir waves caused a density depression of up to 20%.

In this paper, we would like to report on an experimental inves-
tigation of nonlinear effects associated with strong Langmuir turbu-
lence. Preliminary results on second harmonic emission have been re-
ported elsewhere | 18|. The paper is organized as follows. The experi-
mental arrangement and the diagnostics will be presented in sec-
tion II. Section III is devoted to the second harmonic emission and
density depression measurement. The results will be discussed in sec-

tion 1IV.



2, EXPERIMENTAL ARRANGEMENT

The experiment is performed in a large plasma device (Fig. 1)
(diameter: 2m, length: 3m). The base pressure in the device is
5 x 10~ Torr. A steady state argon plasma is created by a discharge
from 224 tungsten filaments. The bias voltage on the filaments is 60V
and the argon filling pressure is 2 x 10~ Torr. The plasma density
ng is 1.5 - 2 x 10t 0 cm‘s, corresponding to a plasma frequency
fpe of 1.1 - 1.27 GHz. By adjusting the filament emission current a
flat density profile was obtained in the region between the electron

beam source and the microwave horn.

An electron beam is injected into the plasma from a barium-oxide
coated cathode. The cathode diameter is 30 cm. It consists of sixteen
strips of 1 mm thick nickel coated with Ba0. The nickel strips are
directly heated by the Joule effect. A high voltage (up to 3 kV) is
applied to the cathode through a simple R-C current (C = .4 uF,
R = 10R) which is triggered by a spark gap. The temporal evolution of
the beam current and voltage are monitored. Typical maximum current is
20 A which lasts for about 10 ps and then decays to zero in 70 us. The
beam is guided by a weak axial homogeneous magnetic field (Bg:
2-5 Gauss, corresponding to an electron cyclotron frequency fge of
6-14 MHz). Taking for the diameter of the electron beam a value of

30 cm, the ratio of the beam density np to the plasma density No

is of the order of 2 . 10-3.



The steady state plasma density and the density fluctuations were
monitored with movable Langmuir probes. During the electron beam in-
jection, however, the plasma potential changes. Since this effect may
influence electrical probe measurements, microwave interferometry was
used as a complementary means to measure density variations. Initial-
ly, a 10 GHz microwave interferometer was installed to check whether
ionization occurred during the beam injection. The system, which used
standard X-band horns (beam divergence: 3® half width at half power) ,
did not allow the measurement of small scale density variations. It
was therefore replaced by a 10 GHz Lecher wire interferometer | 20|
(Fig. 1). The Lecher wire interferometer is a classical microwave
interferometer where the microwave propagation in the plasma is guided
by a two-conductor transmission line. The two conductors of the Lecher
line consist of constantan wire (having a diameter of 0.3 mm, and a
separation of 2.5 mm) with an oxide coating which prevents the drawing
of current from the plasma. The line is impedance matched to the
X-band waveguide. The Lecher wire interferometer is sensitive to a
change of the dielectric constant of the medium in a cylindrical
region of 3 mm diameter centred in the middle of the two wires. The
spatial resolution of the interferometer in the direction perpendicu-
lar to the wires is therefore approximately 3 mm. The measured density
fluctuation is, of course, averaged over the length of the wire. Two
lengths were used: 60 cm and 30 cm, the latter one corresponding to
the cathode diameter. For both interferometers (the one using horns
and the other the Lecher wire), care has been taken to avoid any elec-
trostatic coupling on the detection diodes during the beam injection.

The reference arm and the arm crossing the plasma, which are connected



to the ground of the vacuum vessel, are galvanically decoupled from

the magic Tee and diodes.

Microwave emission from the plasma is collected by a pyramidal
horn inside the plasma. The horn and the waveguide to coaxial coupling
section has a cut-off frequency of 1.5 GHz, preventing the measurement
of radiation emitted at the plasma frequency. Time-resolved frequency
spectra were obtained either directly from a spectrum analyser or from
a heterodyning system. In the latter case, the signal is first fil-
tered by a YIG preselector, which has a 3 db attenuation bandwidth of
50 MHz, amplified by a low noise 30 db gain amplifier. It is then con-
verted to a fixed IF of 100 MHz by mixing with a local oscillator. The
IF is detected by a low frequency spectrum analyser tuned to 100 MHz.
The frequency response of both detection systems is flat within 1 db
in the frequency range of 1.9 GHz to 3.3 GHz. The time resolution of
the first method ié, however, limited to 100 us by the 10 kHz video
filter of the spectrum analyser. The heterodyning method, which has a
better signal to noise ratio, does not require the use of a video fil-

ter and has a time constant of 2 us.

3.  EXPERIMENTAL RESULTS

Without the injection of the energetic beam, electromagnetic ra-
diation emission at the second harmonic is below the noise level of
the detection system (noise power level: -105 dbm). Emission at the

plasma frequency does not occur since the plasma is uniform | 21]. This



measurement shows that the ionizing electrons from the filaments
(Ep = 60 eV, Ny/ng = 10*) do not excite a sufficiently high

level of Langmuir turbulence to reach the strong turbulence regime.

When a high energy electron beam (Ep > 1 keV) is injected into
the plasma, a strong increase of the power of the electromagnetic
waves emitted at frequencies around twice the value of the original
plasma frequency fpe was observed. This increase amounts to 60 db
compared to the steady-state level of the noise. Figure 2 shows the
frequency spectrum of the electromagnetic waves in the range of 1.6 -
3.2 GHz at a time 4 us after the beam injection. The beam energy is
2 keV. One notes a very strong increase (around &0 db) at frequencies
around 2.2 GHz. The emission at frequencies around 2.2 GHz is identi-
fied as an emission at the second harmonic of the plasma frequency
(Fpe = 1.19 GHz) and not as an emission at the plasma frequency
| 21, 22 corresponding to a four-fold increase of the density due to
ionization by the beam. We rule out the latter interpretation since
both probe measurement and the microwave interferometry show that in
the first 10 us after the beam injection the plasma density does not
change appreciably for the experimental values of neutral pressure and
pulse length used. In fact, we found that working at higher neutral
pressure (which yields a higher value of the plasma frequency and
would allow a measurement of both the fundamental and second harmonic
emission with the present horn), or longer pulse length (which would
make time-resolved measurements easier), leads to significant ioniza-
tion by the beam, and thus complicates the identification of the fre-

quency of the emitted waves.



The ratio of the second harmonic to the fundamental frequency has
been determined by changing the plasma density. Figure 3 shows this
ratio to be 2(* .2). The experimental results of figure 3 were ob-
tained from measurements for different beam energy for which second
harmonic emission occurs. The second harmonic frequency is identified

as the frequency where the maximum increase in power occurs.

Figure 4 shows the time evolution of the power emitted at
2.2 GHz. The experimental conditions are the same as for figure 2.
It can be seen that 20 us after the beginning of the injection the en-
hancement has decreased from 55 db to 30 db and is negligible at
50 us. This behaviour correlates with the time evolution of the beam
characteristics. After 20 us, the beam current and voltage have drop-
ped to half of their initial value and at 50 us the beam energy was

below 500 eV, which is a threshold value for second harmonic emission.

An important characteristic of the phenomena is the dependence of
the power emitted at the second harmonic on the beam energy. The
microwave detection system was tuned to the frequency corresponding to
maximum enhancement (f = 2.2 GHz) and measurements taken at 4 us. No
significant emission at the second harmonic occurs for Ep below
500 eV (Fig. 5). Significant increases (30 - 50 db) of the power emit-
ted at the second harmonic occur when Ep exceeds this value. The ac-
curacy limit in the determination of the power of the emitted electro-
magnetic waves and the relatively small energy range covered in the

experiment do not allow us to state whether the experimental points



could best be fitted by a linear Ep or quadratic Ebz relation.
These measurements, however, help to clarify the time behaviour of the
increase in power shown in figure 4. At 20 us, the beam voltage is
1000 V, for which figure 5 shows that the increase of the power emit-
ted drops to approximately 35 db. Below an energy of 500 eV, corres-

ponding to time greater than 50 us, no second harmonic emission

occurs.

We now turn to the second important point predicted by strong
Langmuir turbulence, namely the formation of a density depression due
to the ponderomotive force of large amplitude Langmuir waves. Local
density variations were measured with a Langmuir probe biased at
=100 V or at +10 V to collect either the ion or the electron satura-
tion current. In both cases, the saturation current measured indicates
a density decrease (§n/ny = 20 - 30%) during the first five micro-
seconds (Fig. 6). Although electrical probe measurements may be per-
turbed during the energetic electron beam injection, at which time the
plasma potential changes by about 10 V and sheath rectification of the
large amplitude Langmuir waves excited by the beam occurs, the insen-
sitivity of the results with respect to the probe bias indicates that
the measurements are, at least qualitatively, correct. Note also that
the use of an electrical probe is current in similar experimental si-
tuations |23]. The probe measurements are confirmed by the results ob-
tained using the Lecher wire interferometer. The transverse size of
the density depression (i.e. in the direction perpendicular to the
beam velocity) is roughly equal to the cathode diameter (30 cm). This
result was inferred from measurements of the density depression using

the Lecher wire interferometer operating with two different lengths of
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transmission line, 60 cm and 30 cm. In both cases, the transmission
line is symmetric with respect to the centre of the cathode. Using a
length of 30 cm it was found that the line average of the density de-
crease 86n/ng is twice as large as that obtained with a length of
60 cm. This indicates that for radii greater than the radius of the

cathode, §n/ng is approximately zero.

The variation of &n/ng with respect to the beam voltage is
shown in figure 7. Results from the Lecher wire interferometer clearly
indicate that for Ep below 1 keV, no density depression is formed.

Recall that a similar conclusion was obtained for the second harmonic

emission (Fig. 5).

4.  DISCUSSION

The theory of strong Langmuir turbulence has often been invoked
to explain the second harmonic emission of type III solar bursts.
Since our experimental conditions differ considerably from the solar
or interplanetary plasma conditions (10 keV<EL<100 keV, n0=40cm‘3,
ny/Ng = 5 x 10*) for which calculations have been performed, let
us verify whether the strong Langmuir turbulence theory may be app-
lied. The main criterion is the value of the energy W, of the waves
in resonance with the beam compared with (kADe)Z, where k is a typi-
cal wavenumber of the excited wave (k = wpevb) and Ape the Debye

length. Strong Langmuir turbulence effects occur when W, reaches

values comparable to (kipg)? |14]:

We = E%/8BT nokpTe > (kApe)2. (1)
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For a typical experimental condition (Ep = 2000 eV), kKipe is

1.7 x 10~2 and the threshold value for W, is given by

W > 2.8 x 10" (2)
T

Let us now consider the linear beam plasma instability. The growth
rate for a cold beam is given by | 24]:
1
Y /3 T /3
— — — = .09 (3)
pe

Assuming the Langmuir waves are destabilized from the thermal value,
the initial value of Wp is of the order of 102, It would then take

a time t given by

o t o« N0 100 (4)

pe .09

to reach the threshold value. This time (t = 90 ns) is very short com-
pared to the pulse length (~ 10 us). Subsequent evolution of the wave

is then dominated by nonlinear effects such as the collapse of Lang-

muir waves.

Papadopoulos |7] has alsoc determined the domain of parameters for
which the strong Langmuir turbulence theory is valid (Fig. 8). The
parameters of our experiment lie almost entirely within the region
where the strong Langmuir turbulence theory is applicable. Figure 8
also shows that for low beam energy (around 200 eV) quasi-linear ef-
fects would dominate. A beam energy of 500 eV was found to be a thre-

shold for second harmonic emission in our experiment.
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Our experiment has provided evidence of some of the features predicted
by the strong Langmuir turbulence theory. The spontaneous formation of
a density depreséion caused by the ponderomotive force due to the col-
lapse of Langmuir waves has been observed in our experiment, Similar
measurements have been reported by Cheung et al. | 17] in a laboratory
device and by Gurnett et al. |26] in the Jovian plasma. The amplitude

of the density depression 8n/ng yields an estimate of the peak field

amplitude |23, 25]:

§n E2
= (5)
n, BnnokBTe
The measured value of §n/ny = 10 - 30% corresponds to a peak value

of the electric field of E?/(8rngkgTe) = .1 - .3.

A second point of importance is the dependence of the power emitted at
the second harmonic with respect to the Langmuir wave Wy energy. A
linear dependence is predicted by Papadopoulos and Freund's theory
| 10] whereas an upperbound proportional to W, was found by Goldman
et al. [13]. In our experiment the increase of Wp with Epb was
measured (Fig. 9). A linear relationship was found. Consequently, the
figure (5) gives a relation between the power emitted at 2 Wpe and
the Langmuir wave energy. The present experimental evidence is insuf-
ficient to give a definite answer to this problem and measurements

using larger values of beam energy are necessary.
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Finally we would like to comment on the problem of beam

stabilization. It is well known that the quasi-linear effect with its
very large energy transfer rate U between the beam and the

excited waves (nQL = 1/3) leads to very fast beam stabilization.

The distance over which the plateau formation occurs is given by | 27|

LQL = D.Z(no/nb) (Vihe/bpevb) A (6)

where vthe is the thermal velocity and A the Coulomb logarithm.
Using the values appropriate to our experimental conditions, LqL is
of the order of 1 cm. Experimentally, we have observed a density
depression at distances much further from the cathode: for example,
the Lecher wire interferometer is located 60 em from the cathode. If
the beam was thermalized by the quasi-linear effect, large amplitude
waves would not exist so far from the cathode and no density

depression would have been formed.

5.  CONCLUSION

We have presented experimental evidence of second harmonic ra-
diation in a beam plasma system. Density depressions have also been
observed unambigously. Qualitative agreement exists with results from
the theory of strong Langmuir turbulence. Future experimental work
will be performed in the beam parameter regime of type III solar

bursts.
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FIGURE CAPTIONS

The experimental device. The size of the plasma volume is
3 m length and 2 m diameter. A pyramidal horn is used to
detect the electromagnetic wave. A Lecher wire X-band
interferometer is used to detect small scale density per-

turbation.

Frequency of the electromagnetic waves emitted 4 us after
the beam injection. The plasma frequency is equal to

1.19 GHz. The peak around 2.2 GHz corresponds to the

second harmonic.

Ratio of the second harmonic to the fundamental

frequency fpe as a function of fpe-

Time evolution of the power emitted at the second har-

monic. The electromagnetic wave frequency is 2.2 GHz.

Dependence of the power emitted at the second harmonic on

the beam energy. The measurements were performed at a

frequency of 2.2 GHz.

Density depression measured by a Langmuir probe collecting

electron Ig and ion I saturation currents.
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Figures (cont'd)

Figure 7

Figure 8

Figure 9

Dependence of the density depression §n/ng on the beam
energy Ep. O are values obtained using a Langmuir
probe biased at +10 V, while @ are values obtained from

the Lecher wire interferometer.

Domain of the parameters np/ng and Ep/kpTe where
strong Langmuir turbulence (NL) and quasi-linear (QL)
theories are applicable |Ref. 7|. The region corresponding

to the parameters of the present experiment is denoted by

(E).

Variation of the power at Wpes as measured with a Lang-
muir probe at floating potential, with the bean energy

Ep.
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