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Abstract

Electric fields are generally measured or calculated using two intuitive assumptions: (1) the electric field equals the voltage

divided by the antenna length when the antenna is electromagnetically short, (2) the antenna responds best to electric field

along its length. Both assumptions are often incorrect for electrostatic fields because they scale as the Debye length or as the

electron gyroradius, which may be smaller than the antenna length. Taking into account this little-known fact enables us to

complete or correct several recent papers on plasma spontaneous fluctuations in various solar system environments.
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Abstract12

Electric fields are generally measured or calculated using two intuitive assumptions:13

(1) the electric field equals the voltage divided by the antenna length when the antenna14

is electromagnetically short, (2) the antenna responds best to electric field along its15

length. Both assumptions are often incorrect for electrostatic fields because they scale16

as the Debye length or as the electron gyroradius, which may be smaller than the17

antenna length. Taking into account this little-known fact enables us to complete18

or correct several recent papers on plasma spontaneous fluctuations in various solar19

system environments.20

Plain Language Summary21

Electric fields are measured in space by detecting the voltage across an electric22

antenna, and dividing this voltage by the antenna length (or an effective length taking23

into account geometry and receiver gain). The antenna is also assumed to respond best24

to electric field along its length. Both intuitive assumptions are correct for antennas25

shorter than the scale of variation of the field, and therefore for measuring electromag-26

netic waves with electromagnetically short antennas. However, in space, the measured27

power often stems from electrostatic waves, scaling as the plasma Debye length or the28

electron gyroradius, which are generally much smaller than the electromagnetic wave-29

length. In that case, the electric antenna may not be short compared to the scale of30

the electric field, so that the voltage is no longer proportional to the antenna length,31

nor maximum when the antenna lies along the field. This fact is generally ignored,32

producing incorrect results. We complete and correct several recent papers and discuss33

the adequate antenna response and directivity in various space environments.34

1 Introduction35

Most wave instruments in space use electric antennas of length exceeding several36

meters or tenth of meters in order to maximise sensitivity. Notable examples are37

ISEE-3 (length L = 45 m) (Knoll et al., 1978), Ulysses/URAP (35 m) (Stone et38

al., 1992), WIND/WAVES (50 m) (Bougeret et al., 1995), Cassini/RPWS (10 m)39

(Gurnett et al., 2004), Van Allen Probes wave instrument (50 m) (Wygant et al.,40

2013), Bepicolombo/MMO/SORBET (15 m) (Moncuquet et al., 2006), Parker Solar41

Probe/FIELDS (2 m) (Bale et al., 2016), and Solar Orbiter/RPW (6.5 m) (Maksimovic42

et al., 2005).43

Electric power spectra are generally deduced by dividing the voltage power spec-44

trum by the square of the antenna length L (or an effective length taking into account45

geometry and spacecraft structure as well as the receiver gain (e.g., Fischer et al.,46

2001), Pulupa et al. (2019)) when the antennas are shorter than the electromagnetic47

wavelength. Unfortunately, at frequencies of the order of magnitude of the plasma char-48

acteristic frequencies, the measured power generally stems from electrostatic waves,49

which scale as the plasma Debye length LD or the electron gyroradius rg. These latter50

scales are in practice much smaller than the electromagnetic scale c/ω (ω is the angular51

frequency and c the velocity of light) and are often smaller than L. In that case, even52

though the antennas are electromagnetically short (ωL/c � 1), they are not smaller53

than the scale of electrostatic waves or fluctuations, so that the voltage is not propor-54

tional to L (nor to any effective length). This occurs for instance in the solar wind55

(LD ' 10 m at 1 AU to less than 1 m at Parker Solar Probe (PSP) perihelion (Bale et56

al., 2016)), in cometary plasma tails (LD ' 1 m (Meyer-Vernet et al., 1986)), and in57

planetary environments such as the plasma torus of Jupiter’s satellite Io explored by58

Ulysses (rg ' 10 m > LD (Meyer-Vernet, 2001)), the plasma torus of Saturn’s satellite59

Enceladus explored by Cassini (rg ' 7 m > LD (Moncuquet et al., 2005)), or the60
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Earth plasmasphere explored by WIND (Issautier et al., 2001), by IMAGE (Reinisch61

et al., 2000) or by the Van Allen Probes (e.g., Kurth et al., 2015)).62

The antenna response must therefore be carefully taken into account, especially63

when calculations of spontaneous plasma fluctuations are used to measure plasma64

properties via quasi-thermal noise (QTN) spectroscopy (Meyer-Vernet et al., 2017, and65

references therein). Nevertheless, a common practice is to deduce the measured electric66

field by merely dividing the voltage by the antenna length, whereas on the theoretical67

side, a number of recent interesting calculations of spontaneous plasma fluctuations68

or QTN approximated the antenna response inadequately (e.g., Yoon, 2014; Yoon et69

al., 2017). A related question concerns the antenna directivity. Contrary to common70

belief, and in particular to a recent claim (Yoon et al., 2019), an electric antenna71

shorter than the EM wavelength does not always respond best to electric field along72

its length. When the power is dominated by electrostatic waves or fluctuations, this73

intuitive response does not generally hold for a wire antenna longer than the plasma74

Debye length or the electron gyroradius.75

2 Antenna response and directivity76

For electrostatic fields (ω/kc � 1) with longitudinal fluctuations (E ‖ k, the
wave vector) given in Fourier space by 〈E2(k, ω)〉, the voltage power spectrum is

V 2
f =

2

(2π)3

∫
d3k
|k.J|2

k2
〈E2(k, ω)〉 (1)

where

|k.J| =
∣∣∣[4 sin2(kL cosα/2)

kL cosα

]
J0(ka sinα)

∣∣∣ (2)

for a cylindrical antenna made of two aligned wires of length L and radius a, making77

the angle α with k (Figure 1).78

Since the spontaneous electrostatic fluctuations have k ∼ L−1D or r−1g (of typical79

orders of magnitude given in Section 1), the antenna radius, generally a few millimetres80

or smaller, satisfies ka� 1 so that J0(ka sinα) ' 1, except in very dense and cold plas-81

mas such as planetary ionospheres not considered here. Hence the antenna response82

(2) is determined by the factor in brackets. Therefore, whereas an antenna satisfying83

kL� 1, whence |k.J| ' kL cosα, responds best to k parallel to the antenna direction84

(α = 0) in agreement with intuition, a long antenna (kL � 1) instead responds best85

to wave vectors satisfying cosα ' π/kL � 1, whence α ' π/2 (Meyer-Vernet, 1994)86

(Figure 1, top).87

If the fluctuations are isotropic, the 3-D integral (1) simplifies to

V 2
f =

8

π2

∫ ∞
0

dk F (kL)〈E2(k, ω)〉 (3)

where the function F (x), given by Meyer-Vernet and Perche (1989), has a maximum88

for x ∼ π, whereas F (x) ∝ x2 for x� 1 and F (x) ∝ 1/x) for x� 1.89

In the solar wind, where the electrostatic fluctuations scale as LD, which is gener-90

ally a few times smaller than L as mentioned in Section 1, the response F (kL) is close91

to maximum, and properties of the electron velocity distribution can be accurately92

deduced from the observed spectrum by inversion of (3). In that case Meyer-Vernet93

et al. (2017) have shown that V 2
f depends weakly on L for f < fp, has a peak at the94

plasma frequency fp of shape depending on L, and is proportional to 1/L for f � fp.95

Such a dependence illustrates the inadequacy of the usual paradigm according to which96

E2
f can be obtained by dividing V 2

f by L2.97
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This inadequacy appears still more clearly when L� LD. In that case, the QTN98

power V 2
f ∝ (L/LD)2 ln(LD/L) (Meyer-Vernet & Perche, 1989), so that V 2

f /L
2 → ∞99

for L → 0. The origin of this surprising result is that the above formula does not100

hold for L → 0 because in a plasma at temperature T the antenna length should101

satisfy L > rL = e2/(4πε0kBT ), since the usual plasma approximations do not hold102

at scales < rL (e.g., Meyer-Vernet, 1984). Since rL ' 1.4/TeV nanometers (TeV being103

the temperature in eV), the case L < rL never occurs in practice, except formally in104

theoretical calculations of E2
f that assume implicitly L→ 0.105

Figure 1. Top. Reception pattern (2) of a short (left), half-wave (middle), and long antenna

(right), showing that whereas a short antenna responds best to electric field along its length, the

opposite is true for a long antenna. Bottom. Antenna response F⊥ for k nearly perpendicular

to the magnetic field B plotted as a function of k⊥L and θ, showing the minimum at θ = π/2

when k⊥L � 1 (left); example of power spectrum recorded by Ulysses/URAP as the spacecraft

spins, making the angle θ between the antenna and B vary, with the corresponding values of k⊥L

indicated (right); from Moncuquet et al. (1995).

In magnetized low-β plasmas where transverse and longitudinal modes decouple,106

the quasi-thermal electrostatic fluctuations near the upper-hybrid frequency and be-107

tween gyroharmonics nfg propagate nearly perpendicular to the magnetic field B, i.e.108

|k‖| � |k⊥| where subscripts relate to the direction of B (Sentman, 1982). In that109

case Meyer-Vernet et al. (1993) has shown that V 2
f varies with the angle θ between the110

antenna and the magnetic field as F⊥(k⊥L sin θ), where F⊥ (Figure 1, bottom middle)111

varies qualitatively as F (x) defined above. Hence V 2
f ∝ L2 sin2 θ when k⊥L � 1, in112

agreement with intuition. In contrast, when k⊥L � 1, the voltage has minima at113

θ = π/2, since in that case k lies nearly along the antenna (α ' 0). Figure 1 (bottom114

right) shows an observed example of this anti intuitive behavior, around and between115

the first two gyroharmonics; the predicted minima at θ = π/2 appear clearly in the116

lower end of the harmonic bands, where k⊥rg � 1 (Moncuquet et al., 1995).117
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3 When theory and practice differ and how to make them agree118

We show below two examples of calculations of spontaneous fluctuations or QTN119

spectrum assuming inadequate antenna responses. Yoon (2014) used an equation120

equivalent to putting in (3) a function F (kL) = π2/(4k2), instead of the correct121

response decreasing as k2L2 when kL� 1. This function amplifies so much the small122

k fluctuations that it would produce an infinite QTN spectrum for f . fp in a stable123

isotropic unmagnetized plasma (Meyer-Vernet et al., 2017). Yoon et al. (2017) used124

an equation equivalent to putting F (kL) = π2/4 in (3), which amplifies arbitrarily125

the fluctuations at both small and large k. Both functions, which do not represent126

the response of any physical electric antenna, prevent any quantitative comparison127

between theory and observations to be made.128

Consider now the variation of the antenna response with its orientation. Yoon et129

al. (2019) aimed at complementing the paper by Meyer-Vernet et al. (1993), that they130

inadequately cited as (Moncuquet et al., 1993), by determining the direction of k to131

be chosen in their QTN calculations. They asserted that the antenna response (2) is132

maximized when the antenna is oriented along k because of the factor J0. However, as133

shown in section 2, the antenna response (2) is in general (and in the application they134

consider) determined instead by the factor in brackets, so that the antenna responds135

best to electric field along its length only when kL < 1 (Figure 1).136

Yoon et al. (2019) analyzed an interesting observation of gyroharmonic bands137

by the Van Allen Probes (VAP) wave instrument (Wygant et al., 2013). These bands138

were observed when the spin axis made a small angle with B, so that the spinning139

antennas lied approximately in a plane perpendicular to B, i.e. θ ' π/2. Since the140

quasi-thermal fluctuations between gyroharmonics have |k‖| � k⊥ (Sentman, 1982),141

the antennas were adequately oriented for detection if F⊥ was maximum for θ ' π/2,142

which requires that k⊥L . 3 from Figure 1. With L = 50 m, the gyrofrequency143

fg ' 4 kHz, whence rg ' 20 m (assuming T ' 1 eV), this inequality is equivalent to144

k⊥rg . 1.5. This latter range lies in the upper part of the harmonic bands (Bernstein,145

1958), which explains the spectrogram shown by Yoon et al. (2019). Indeed, although146

these bands are called (n+1/2)fh bands, it is only for short antennas and θ ' π/2 that147

the emissions are observed in the middle of the bands (Moncuquet et al., 1997). Our148

calculations (Meyer-Vernet et al., 1993) could also be used to deduce the temperature149

of energetic electrons from the observed amplitudes. Note that the applicability of (2),150

used by Yoon et al. (2019), is uncertain because of the geometry of the VAP antennas151

which are made of spheres mounted on wires (Wygant et al., 2013).152

4 Final remarks153

Taking into account the antenna response is essential in implementing QTN154

spectroscopy on PSP/FIELDS (Moncuquet et al., 2019). When the probe will reach its155

perihelion near 10 solar radii, one expects fg ' 60 kHz, fp ' 750 kHz, LD ' 0.8 m and156

rg ' 15 m, with considerable fluctuations (Bale et al., 2016). The spacecraft carries157

two L = 2 m electric dipoles perpendicular to the spacecraft axis oriented towards the158

Sun, so that the antennas should be perpendicular to the average direction of B, and159

therefore in general oriented best to detect the QTN between gyroharmonics if k⊥L <160

3, whence k⊥rg . 20 from the parameters sketched above. The first gyroharmonic161

bands should be difficult to detect because they should be hidden by the shot noise162

(Meyer-Vernet et al., 2017); however, the upper ones might possibly be detected in the163

presence of enough suprathermal electrons if the ratio fg/fp is not too small, in order164

that the upper gyroharmonic bands below fp have k⊥rg in the range defined above.165

In the present paper, we have shown the importance of carefully taking into166

account the response of the electric antennas to study plasma spontaneous fluctuations167
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or electrostatic waves, or implementing QTN spectroscopy. Since the scale of these168

fluctuations or waves is often smaller than the antenna length, the antenna response169

depends on the scale, so that the electric field cannot be deduced by merely dividing170

the voltage by the antenna length, nor by any effective length, contrary to common171

practice.172
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