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This p•per describes the basic principles, the unique features •nd the lim- 
itations of thermal noise spectroscopy as • tool for in situ diagnostics in 
sp•ce plasmas. This technique is based on the •n•lysis of the electrostatic 
field spectrum produced by the quasi-thermal fluctuations of the electrons 
•nd ions, which c•n be measured with • sensitive w•ve receiver •t the termi- 
nals of •n electric •ntenn•. This method produces routine measurements of 
the bulk electron density •nd temperature, •nd is being extended to measure 
the ion bulk speed. It has the •dv•nt•ge of being in general relatively im- 
mune to spacecraft potential •nd photoelectron perturbations, since it senses 
• l•rge plasm• volume. We compare this method to other techniques, •nd 
give examples of •pplic•tions in the solar wind as well as in comet•ry •nd 
in m•gnetized planetary environments. 

1. INTRODUCTION 

Since particles and electrostatic waves are so closely 
coupled in a plasma, particle properties can be deter- 
mined by measuring waves. In a stable plasma, the par- 
ticle thermal motions produce electrostatic fluctuations 
which are completely determined by the velocity distri- 
butions (and the static magnetic field) [Rostoker, 1961]. 
Hence, this quasi-thermal noise, which can be measured 
with a sensitive receiver at the terminals of an electric 

antenna, allows in situ plasma measurements. 
Except near magnetized planets, the electron gyrofre- 

quency fa is much smaller than the plasma frequency 
fp. Then, the electron thermal motions excite Lang- 
muir waves, so that the quasi-equilibrium spectrum is 

Measurement Techniques in Space Plasmas: Fields 
Geophysical Monograph 103 
Copyright 1998 by the American Geophysical Union 

cut-off at fp, with a peak just above it (see Figure 1). 
In addition, the electrons passing closer than a Debye 
length Ll9 to the antenna induce voltage pulses on it, 
producing a plateau in the wave spectrum below fp and 
a decreasing level above fp; since LD is mainly deter- 
mined by the bulk (core) electrons, so are these parts 
of the spectrum. In contrast, since the Langmuir wave 
phase velocity v• --• c• as f --• fp, the fine shape of the 
fp peak is determined by the high-velocity electrons. 

Hence when fa << fp, measuring the thermal noise 
spectrum allows a precise determination of the electron 
density and bulk temperature (using respectively the 
cut-off at fp and the spectrum level and shape around 
it), whereas the detailed shape of the peak itself re- 
veals the suprathermal electrons (see [Meyer- Vernet and 
Perche, 1989] and references therein). This technique, 
first introduced in the solar wind [Meyer-Vernet, 1979; 
Couturier et el., 1981; Kellogg, 1981], has been applied 
in a cometary tail [Meyer-Vernet et el., 1986a, b], in 
the Earth's plasmasphere [Lund et al., 1994], and in the 
interplanetary medium over a wide range of heliocen- 
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tric distances and latitudes [Hoang et al., 1992, 1996; 
Maksimovic et al. , 1995; Issautier et al. , 1997]. 

In the environment of magnetized planets the effect 
of the ambient magnetic field is not negligible and the 
technique must be modified accordingly; this modifica- 
tion is outlined in Section 5. 

2.1. Theory 

2. BASICS 

The voltage power spectrum of the plasma quasi- 
thermal noise at the terminals of an antenna in a plasma 
drifting with velocity V is 

VJ = 2 /dak _• E2(k ' -k.V)(1) 
The first term in the integral involves the antenna re- 
sponse to electrostatic waves, which depends on the 
Fourier transform J (k) of the current distribution along 
the antenna. The second term is the autocorrelation 
function of the electrostatic field fluctuations in the an- 

tenna frame. At frequencies f >> fg, we have 
2 

E 2 (k co) - 2•r •-•"j qj f dsv fj (v)• (w - k. v) ' I (e) 
fj (v) being the velocity distribution of the jt• species 
of charge qj, and et (k,w) the pl•ma longitudinal di- 
electric function (see for example [Sitenko, 1967]). 

For a wire dipole antenna made of two thin filaments 
each of length L along the x axis we have [Kuehl, 1966] 

(Dec 28 1990 at 07h 59min 36s) 
I I I I 

10.0 - - 

•,• n -5.02 (+0.8%) cm -s 
'•' I \ T,,=506000 (+4.7%) K 
• ] • nh/nc=0.017 (+19.7%) 
L [ • Ta/T,,= 133 (+11.1%) 

•o 1o0 

•- ectron. ther 
noise 

o.1- i i i i - 
10 20 30 40 50 60 

Frequency (kHz) 

Figure 1. Example of voltage power spectrum measured 
by URAP on Ulysses in the solar wind (dots) and the de- 
duced plasma parameters. The solid curve is the theoretical 
electron quasi-thermal noise, with the best-fit parameters in- 
dicated. (The statistical uncertainties are obtained from the 
fitting procedure.) 

k.a - 4 sin=(k•L/2) (3) 
k•, L 

This expression assumes that the current decreases lin- 
early with distance along each antenna arm, or equiva- 
lently, that the measured voltage is the difference be- 
tween the voltages averaged over each arm. This is 
expected to hold in general if the filament radius is 
much smaller than the electrostatic wave-lengths, and 
if wL/c << 1 [Schiff, 1971]. The signal at the ports of a 
receiver is Vi• - VJ x {Za/(Za + Z)l where the re- 
ceive/impedance Zft is mainly due to the antenna base 
capacitance, and the antenna impedance Za is given by 

Za (w) (2•.)•we ø eœ (k,w - k. V) (4) 
2.2. Measuring the Electron Density and Bulk Temper- 

ature, and Estimating the Hot Component 

Eq.(3) shows that a thin wire dipole antenna is mainly 
sensitive to wave vectors whose projection along its di- 
rection is of the order of rr/L. This result has important 
consequences [Meyer-Vernet and Perche, 1989]. First, 
in order to be well adapted to observe Langmuir waves 
(which satisfy k < lILts), the antenna length should ex- 
ceed a few Debye lengths. Second, if rrV/L << wp (where 
V = IvI), the Doppler shift is negligible for waves ob- 
served near fp (this statement is also true if V is much 
smaller than the particle thermal velocities); thus the 
ion contribution to Eq.(2) is negligible near fp, since fp 
is much larger than the ion characteristic frequencies. 

This condition generally holds in the near-ecliptic 
low-speed interplanetary medium, in cometary environ- 
ments, and in the outer plasmasphere. A diagnostic 
of electrons is then obtained from the noise measured 

around fp by [Meyer-Vernet and Perche, 1989]: 
- assuming a model of the velocity distribution, 
- calculating the electron quasi-thermal spectrum from 
Eqs.(1) to (4), 
- deducing the parameters of the model by fitting the 
result to the observations. 

Figure I shows a typical example of such a fitting, 
obtained with the 2 x 35-m wire dipole antenna of the 
URAP experiment [Stone et al., 1992a] on Ulysses in 
the in-ecliptic solar wind. The electron distribution is 
described by a superposition of a cold (c) plus a hot (h) 
Maxwellian [Feldman et al., 1975], and the fitting yields 
the electron total density n, cold temperature Tc, and 
the ratios na/nc, Ta/Tc. The precision is much better 
for the total density (a few per cent) and core tempera- 
ture (generally better than 15 %) than for the hot pop- 
ulation because an accurate diagnostic of suprathermal 
particles would require measuring the spectral peak with 
a very good frequency resolution [Chateau and Meyer- 
Vernet, 1989, 1991]. 



2.3. Measuring the Ion Bulk Speed 

When the bulk speed is not negligible, as in the inter- 
planetary medium when •'V/L • wp, the above method 
can be used to measure it. Since the proton and elec- 
tron thermal velocities are respectively much smaller 
and much larger than V, the bulk velocity has no sig- 
nificant effect on the electron thermal noise, but the 
proton noise is strongly Doppler-shifted, so that it is no 
longer negligible, especially for f < fp [Meyer-Vernet et 
al., 1986c]. In that case, the proton bulk speed can be 
deduced by fitting the theoretical electron-plus-proton 
noise to the observed spectrum [Issautier et al., 1996]. 

This situation is illustrated in Figure 2 which is based 
on data obtained with the URAP wire dipole antenna 
on Ulysses. The fitting yields the proton bulk speed V 
(and temperature), in addition to the electron parame- 
ters n, Tc, nn/nc, Tn/T• [Issautier et al., 1996]. In the 
present preliminary state of the method, which is not yet 
fully optimized, the precision on V is generally 10-20%; 
(in addition, the precision on Tc is better than when 
the drift velocity is neglected). The method is not well 
suited to measure the proton temperature Tp since the 
spectrum is in general sensitive to Tp only at very low 
frequencies where the shot noise produced by particle 
impacts and photoemission on the antenna is large. 
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Figure 3. A series of thermal noise spectra recorded by 
the radio experiment aboard ICE during the crossing of the 
tail of comet Giacobini-Zinner, and the corresponding pro- 
files of electron density and temperature as a function of 
the distance from the tail axis at 7800 km from the nucleus. 

(adapted from [Meyer-Vernet et al., 1986a]) 
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Example of voltage power spectrum measured 

by URAP on Ulysses in the solar wind when the Doppler- 
shifted proton contribution is important (dots) and the de- 
duced plasma parameters. The solid curve is the theoreti- 
cal electron-plus-proton quasi-thermal noise (plus the shot 
noise, which is only significant at the smallest frequencies). 
The best-fit parameters are shown. 

3. EXAMPLES OF APPLICATION 

3.1. Cometaw Electrons 

This technique was first used on a large scale with the 
radio experiment on the spacecraft ISEE-3/ICE when 
it crossed the tail of comet Giacobini-Zinner (Figure 
3)ø The experiment yielded the profiles of cometary 
electron density and temperature during the encounter. 
These results are unique because the ICE electrostatic 
electron analyzer could not detect adequately the cold 
cometary electrons in the plasma sheet (n - 670 cm -3, 
T - 1.3 x 104 K) as the effects of the spacecraft potential 
and photoelectrons could not be properly eliminated. 

3.2. Solar Wind 

Plate 1 shows an example of routine plasma mea- 
surement with the Ulysses URAP experiment. The up- 
per panel is a radio spectrogram displayed as frequency 
versus time, i.e., the time evolution of spectra such as 
shown in Figure 2. The high level near 20 kHz cor- 
responds to quasi-thermal Langmuir waves, close to fp, 
which gives the plasma density. The bottom panel shows 
the density, core electron temperature and bulk speed 
deduced from the fittings. The structure shown corre- 
sponds to Ulysses crossing an interplanetary shock. 
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Plate 1. Example of routine plasma measurements obtained 
from quasi-thermal noise spectroscopy in the interplanetary 
medium. The upper panel is a radio spectrogram plotted as 
frequency versus time, with relative intensity indicated by 
the color bar chart on the fight. The bottom panel shows the 
electron density, core temperature, and bulk speed deduced 
from the data. 

4. WHY AND WHEN DOES IT WORK? 

4.1. Comparison With Other Techniques 

The presence of several instruments measuring elec- 
tron parameters aboard Ulysses made possible an ex- 
tensive comparison between them. The electron density 
was measured by: 
- the SWOOPS electron analyzer [Bame et al., 1992], 
- thermal noise spectroscopy with the URAP radio re- 
ceiver [Stone eta!., 1992a], 
- the URAP relaxation sounder [Stone eta!., 1992a]. 

Maksimovic et al. [19913] compared 12,000 nearly si- 
multaneous measurements (acquired within 1 minute 
of separation) from SWOOPS and from the thermal 
noise at several heliocentric distances in the ecliptic; the 
SWOOPS densities were on average 19% smaller than 
the thermal noise ones. A comparison was then made 
with improved SWOOPS results obtained with a vec- 
torial correction of spacecraft charging effects [Scirae et 
a!., 1994]; these densities are closer to the thermal noise 
ones, i.e., only 13% smaller (Figure 4(a)). In contrast, 
the density measurements from the sounder and from 
the thermal noise differ by only (6-t-3)% (Figure 4(b)). 

These results suggest that, although the vectorial cor- 
rection of spacecraft charging effects improves the re- 
sults of the Ulysses electron analyzer, it still underes- 

timares the density by about 10%. The core electron 
temperature aboard Ulysses was measured by both the 
electron analyzer and thermal noise spectroscopy. The 
results are within 17% of each other (Figure 4(c)). 

4.2. Advantages, Drawbacks, and Design 

The above Sections illustrated the main advantages 
of thermal noise spectroscopy: 
- the large volume sensed: since the Langmuir wave- 
length satisfies 3,œ > 27rLD, the antenna is equivalent to 
a sensor of surface S > 27rLD x L, making the method 
in general relatively immune to spacecraft potential and 
photoelectron perturbations, 
- the simplicity of density measurements (in general one 
has just to locate a frequency on a spectrogram, and this 
works even in presence of strong radioemissions since 
electromagnetic waves do not propagate below fp), and 
their independence of gain calibration. 
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Plate 2. Upper panel: Radio spectrogram measured by 
URAP on Ulysses in the Io plasma torus and beyond. Lower 
panel: Corresponding electron density, bulk temperature, 
and magnetic field ]B], deduced from quasi-thermal noise 
analysis, as a function of time, Jovicentric distance (bottom 
scale), and magnetic latitude (top scale of upper panel). The 
color symbols refer to different measurement methods 
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Figure 4. Scatter plot of electron density measurements from the thermal noise (TN) and (a) the electro- 
static analyzer SWOOPS on Ulysses or (b) the URAP sounder. In each case, the continuous line corresponds 
to the line that minimizes the perpendicular dispersion from it and a dotted line of slope I is superimposed. 
(c) Scatter plot of electron temperature measurements from the thermal noise and the electrostatic analyzer, 
with the same kind of associated lines. (adapted from [Maksimovic et al., 1995]). 

In contrast, as already noted, the method is not well- 
adapted to measure suprathermal particles. In addition, 
as most. wave measurements of bulk plasma parameters, 
it is perturbed by strong plasma instabilities. 

For the method to work, the following conditions have 
to be met: 

- the antenna length must exceed a few LD in order to 
detect adequately the Langmuir wave cut-off and peak, 
- the antenna must be sufficiently thin in order (i) to 
minimize the shot noise and (ii) have a radius smaller 
than LD (for the simple theory used to hold), 
- a good frequency resolution is necessary to resolve the 
peak, 
- a sensitive and well-calibrated receiver is required in 
order to measure the temperature accurately; this con- 
dition is not necessary to obtain the density, which can 
be measured even with receivers of moderate sensitivity 
(see [Gumerr et al., 1979; Lund et al., 1994]). 

5. MAGNETIZED PLASMA 

When the electron gyrofrequency fg is not negli- 
gible compared to fp, the wave spectrum around fp 
is modified by the electron gyration in the magnetic 
field. In that case, the electron thermal motion excites 
Bernstein waves, and the observed quasi-thermal noise 
shows weak bands with well-defined minima at gyrohar- 
monics below the upper-hybrid band [Meyer-Vernet et 
al., 1993], peaks at the upper-hybrid fVH and fq fre- 
quencies [Christianse• et al., 1978], and drops in the 
frequency bands where no Bernstein waves propagate 
[Mo•cuquet et al., 1997]. 

The minima at gyroharmonics allow a simple mea- 
surement of the modulus of the magnetic field. Plate 2 
shows an application on Ulysses in the Io plasma torus; 
this determination agrees with the magnetometer results 

within a few percent [Meyer-Vernet et al., 1993]. In ad- 
dition, the quasi-thermal noise levels at maxima yield 
an estimate of the hot electron temperature [Sentman, 
1982]. 

The fUH and fQ peaks can yield the total electron 
density [see for example Birmingham et al., 1981; Hoang 
et al., 1993] (black diamonds in Plate 2). The density 
can also be deduced from the signal disappearances in 
the Bernstein wave forbidden bands [Moncuquet et al., 
1997] (red symbols); on Ulysses these results were in 
agreement with the few measurements given by the re- 
laxation sounder [Stone et al., 1992b]. Note however 
that the accuracy of all these density measurements 
may be limited by the possibility of confusion between 
different resonance frequencies, especially in the non- 
equilibrium case. 

The bulk temperature can be obtained either (i) from 
the thermal noise level at the minima, or (ii) by measur- 
ing the Bernstein wave-length (black triangles in Plate 
2) [Meyer-Vernet et al., 1993; Moncuquet et al., 1995]. 
Method (ii) requires a spinning spacecraft; it is based 
on the fact that the angular pattern of the antenna is 
a sensitive function of kL when kL _> 1 (see Eq.(3) and 
[Meyer-Vernet, 1994]), so that measuring the thermal 
noise spin modulation yields k. This technique requires 
a wire dipole antenna longer than the electron gyrora- 
dius rg, since Bernstein waves have k •0 1/to. In addi- 
tion to the bulk electron temperature, this can also yield 
an estimate of the density (blue symbols in Plate 2). 

6. CONCLUSION AND PERSPECTIVES 

Thermal noise spectroscopy is complementary to elec- 
trostatic analyzers to measure accurately the density 
and the bulk electron temperature when spacecraft pho- 
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toelectron and charging effects cannot be properly elim- 
inated. This method requires a sensitive receiver and a 
wire dipole antenna; it is routinely used on Ulysses and 
has been implemented on Wind; it will also be used on 
Cassini, and is proposed on several future missions. 
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