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Abstract

The quasi-thermal noise spectroscopy is an accurate method of determination of
density and temperature in space plasmas. When an electric antenna is immersed
into a plasma, it is able to measure electrostatic fluctuations caused by the thermal
motion of plasma particles. These fluctuations are detected as the power spectral
density at the antenna terminals, observing a spectrum at frequencies comparable
to the electron plasma frequency for both electrons and protons, since the proton
signal is strongly Doppler-shifted towards higher frequencies due to the solar wind
drift velocity. Beside inducing the fluctuating electric field, some of the electrons
are impacting the antenna surface, causing disturbances of the antenna electric po-
tential. The signal caused by this population is directly proportional to the flux of
plasma electrons impacting the antenna and is dominant if the antenna has a large
surface area. In this work, we use the orbit limited theory to calculate the incoming
particle flux for a non-thermal plasma described by x velocity distribution function,
commonly measured in the solar wind. The increase in the particle collection by
cylindrical and spherical objects is quantified and presented as a function of the
surface electrostatic potential and the fraction of supra-thermal particles. Including
these results into the theory has turned out to be absolutely necessary for accurate
measurements of the plasma parameters whenever the shot noise is the dominant
component in the power spectrum. This is the case for STEREO because the im-
pact noise is overwhelming on this probe, due to the presence of short and thick
antennas. The comprehensive study of data on this mission is motivated by the fact
that the electron analyzers are malfunctioning since launch and no information on
thermal electrons is available. Results obtained are verified by comparing with the
results from Wind, showing a good match between the values measured by the two
spacecraft. Uncertainties of the measurements are determined by the uncertainties
of the instruments used and are estimated to be around 40%. The final outcome of
this work will be establishing a database of the electron moments in both STEREO
A and B that will be covering the entire duration of the mission. In the second part
of the thesis, we use the kinetic approach to expand the theory of the quasi-thermal
noise to plasmas where electron-neutral collisions play a dominant role. This tech-
nique is able to measure the electron density, temperature and the collision frequency
as independent parameters using the wide frequency range both below and above
the plasma frequency, if the ratio of the collisional to plasma frequency is not smaller
than 0.1. The results presented here have can be potentially applied in laboratory
plasmas and unmagnetized ionospheres, while at the ionosphere of Earth their use
is limited to low frequencies due to the presence of the magnetic field.



Résumé

La spectroscopie de bruit quasi-thermique est une méthode précise de déterminat-
ion de la densité et de la température dans les plasmas spatiaux. Lorsqu’une antenne
électrique est immergé dans un plasma, elle est capable de mesurer les fluctuations
électrostatiques provoquées par le mouvement thermique des particules de plasma.
Ces fluctuations sont détectées par la densité de puissance spectrale aux bornes
de 'antenne, en observant un spectre a des fréquences comparables & la fréquence
plasma électronique aussi bien pour les électrons que pour les protons, car le signal
du proton est fortement décalé Doppler vers des fréquences plus élevées en raison de
la vitesse de dérive du vent solaire. En plus d’induire le champ électrique fluctuant,
une partie des électrons impactent sur la surface de I'antenne, ce qui provoque des
perturbations de son potentiel électrique. Le signal provoqué par cette population
est directement proportionnelle au flux d’électrons du plasma impactant 'antenne
et est dominante si 'antenne a une grande surface. Dans ce travail, nous utilisons
la théorie de I'orbite limite pour calculer le flux de particules impactantes pour un
plasma non thermique décrit par fonction de distribution de vitesses k ou Lorentzi-
enne, communément mesurée dans le vent solaire. L’augmentation de la collecte de
particules par des objets cylindriques et sphériques est quantifié et présenté en tant
que fonction du potentiel électrostatique de surface et de la fraction des particules
supra-thermique. La prise en compte de ces résultats théoriques est absolument
nécessaire pour des mesures précises des parametres du plasma a chaque fois que le
bruit d’impact est I’élément dominant dans le spectre de puissance. Ceci est le cas
pour STEREQ, car les bruit d’impact est dominant pour cette sonde, en raison de la
présence d’antennes courtes et épaisses. L’étude approfondie des données sur cette
mission est motivée par le fait que ses analyseurs d’électrons sont défectueux depuis
le lancement et aucune information sur les électrons thermiques n’est disponible. Les
résultats obtenus sont vérifiés en comparant avec les résultats de Wind, montrant
une bonne concordance entre les valeurs mesurées par les deux satellites. Les incer-
titudes des mesures sont déterminées par les incertitudes des instruments utilisés et
sont estimés & environ 40%. Le résultat final de ce travail sera I’établissement d’une
base de données des moments d’électrons pour les deux sondes STEREO A et B
qui couvriront toute la durée de la mission. Dans une seconde partie de la these,
nous utilisons I’approche cinétique pour étendre la théorie du bruit quasi-thermique
a des plasmas ou les collisions des électrons avec les neutres jouent un roéle domi-
nant. Cette technique permet de mesurer la densité et la température des électrons,
et aussi la fréquence des collisions en tant que parametres indépendants. Ceci est
obtenu sur une large gamme de fréquences aussi bien en dessous qu’au dessus de la
fréquence plasma, pour peu que le rapport entre la fréquence de collision et fréquence
de plasma ne soit pas inférieur a 0.1. Les résultats présentés ici peuvent potentielle-
ment étre appliqués avec succes dans les plasmas de laboratoire et ionospheres non



magnétisés, tandis que pour l'ionosphere de la Terre leur utilisation est limitée aux
fréquences basses a cause de la présence d’un champ magnétique fort.




Pesunme

CrekTpocKouja KBa3u-TePMAJTHIX ITyMOBA je TTPeI3Ha MeTo1a 3a oapehuBame
KOHIIEHTpAIlije W TeMIlepaType CBeMHpcKe Iaasme. EjaeKTpudHa anTeHa Koja ce
HaJIa3u y ILIa3MH MOYXKE MEPUTH eJIeKTpocTarudke (hayKTyaluje Koje J0ja3e O/
TePMaJIHOT KpeTama HaeJeKTPUCAHUX YecTHIa. Pajuo npujeMHUK 3a KOjH Ce Be3yjy
KpajeBH JUIOIHE aHTeHe MEPHU CIIEKTap y OIlIcery OKo Iia3mene ¢gppeksenne. Ha oBaj
HAYMH MOI'Y Ce JeTeKTOBATU CUTHAJU KOjU JI0JIa3e U OJI eJIeKTPOHA U OJI IPOTOHA jep
je MPOTOHCKA KOMIOHEHTa MOI0XKHA 3HaYajHOM /JlomaepoBoM moMepajy Ka BHUITUM
dpekBenama ycje BeJauke Op3uHe yCMepPeHor Kperamba cy4deBor Berpa. Heke yecTu-
e, OCUM IITO MHAYKY]Y CUTHAJ myTeM (BIyKTyalyja eJeKTPUYHOr I0Jba, Takohe
yJapajy y MOBPIIMHY aHTeHe M3a3uBajylu MpoMeHe y eJIeKTPUYHOM IIOTEHITH]aTy.
CurHas Koju HacTaje Ha OBaj HAYUH je TUPEKTHO cpa3MepaH PIYKCY VAAPHUX eTeKT-
pOHA M JOMHUHAHTAH je y MEPEHOM CIEKTPY YKOJIUKO aHTeHA MMa BEJIHUKY IOBPIIUHY.
Y 0BOM pa/ly KOPUCTH Ce TeOpHja OI'PaHuYeHOr OPOUTAJHOT KPeTamha Y IU/by U3pady-
HaBarma uykca jgoaazehnx decTuna y mia3mMm Bal TepMaJHe PABHOTEXKE OMUCAHO] K
pacmojesom o Op3nHaMa, KakBa je yoOu1iajeHo MepeHa y cyHdeBOM BeTpy. Y Behame
Opoja decTuna CakyIJbeHHX Ha HMOBPIIMHE aHTeHe je oapeheHo y 3aBUCHOCTU O]
HIpOIEHTAa HeTepMAJIHUX Op3uxX decTuna y byHKIHju pacmogene. Ymorpeda OBHUX
pesyJirara y CKJIOIY KOpulllheHne Teopuje ce UCIHOCTaABU/Ia HEOIIXO/HA Y CJIydajeBUuMa
Ka/1a je JOMPWHOC YAAaPHUX eJieKTpoHa 3Hadajan. OBakBa cUTyalmja je KapakTepu-
cruuna 3a caresiut STEREO koju je onpem/beH KpaTKuM aHTEHAMA, BEJTMKOT TPEYHH-
Ka U OBaKaB IbUXOB OOJIMK YMHHU YJapHe CUTHAJIE JOMUHAHTHUMA Y MEPEHOM CIIEKTPY.
HeTta/bHa cTyIMja MoJaTaKa ca OBe MUCH]e je MOTUTBUCAHA YNHHEHUIIOM 18 eJIeKTPOH-
CKH aHAIN3aTOPHU He (DYHKIIMOHHUIINY HCIPABHO HA HUCKUM €HEeprHjaMa U HUKAKBU
HoJIaN O TEPMAJHUM €JIEKTPOHUMA He IMOCTOje 3a 4YuTaB TOK mucuje. Jlobujernn
pesyaratu cy ynopehenn ca moysanum pesyiaaruma caresuta Wind u gobujen je
3a/10BoJbaBajyhu HUBO carsiacHOCTH. ['pellrke Mepema Cy YCI0B/beHe HUBOOM IPeIi3-
HOCTHM HHCTPYMEHTa W IIpolielmeHe cy Ha oko 40%. KoHayHum mpom3Boj, OBOI paja
he outn peasmsanuja 6aze mogaraka MoMeHaTa (YHKIHje pacloiese eJeKTPOHA
3a STEREO A u STEREO B koja he mokpuBatu uutaB TOK Mucuje. ¥ JAPyrom
JieJly aucepraruje, KopumnhemeM KHHETHYKe Teopuje, TPOITUPEHa je Teoprja KBa3u-
TepMa/THUX IIIyMOBa Ha ILJIa3Me Y KOjuMa CyJdapu u3Mely eJIeKTpOHa U HEeyTPaJHHX
YecTUNa WUrpajy 3HadajHy yiaory. OBHM MyTeM je pas3BHjeHA MeTOJa CHOCOOHA 11a
MepH eJIEKTPOHCKY TYCTHHY, TeMIepaTypy U (GpeKBeHIH]y CyIapa Kao He3aBUCHE
napamMerpe yKOJUKO OJIHOC cyjapHe u iiasmeHe dpekpenie Huje mamwu oj 0.1.
[IpencraBbenu pesyaratu Mory OuTu Kopuimhenu y JabOPATOPHUjCKUM ILIa3MaMa
" HEMarHeTH30BaHUM joHochepama 0K je vy joHocdepn 3emibe HBUXOBa yHnoTpeda
orpaHHYeHa Ha HUCKe (ppekBeHIe 300T NPHCYCTBA 3eMJ/bUHOT MArHETHOI I10Jba.



Contents

1 Introduction 1
2 Quasi-thermal noise in space plasmas 3
2.1 The Sun and the solar wind . . . . . . ... .. ... ... ...... 3
2.1.1  The mystery of solar corona . . . . . .. ... ... ... ... 3
2.1.2 In situ measurements in the solar wind . . . . . ... .. ... 4
2.1.3 Solar wind theoretical models . . . . ... ... ... .. ... 5)
2.2 Phenomena of the quasi-thermal noise . . . . . .. ... ... ... .. 6
2.3 Modeling the response of an electric dipole antenna . . . . . . . . .. 7

2.3.1 Voltage power spectral density measured in response to a fluc-
tuating electric field . . . . . .. ... oo 7
2.3.2 Measurements in open circuit - antenna gain . . . . . . .. .. 9
2.3.3 Antenna current and response function . . . . ... ... ... 10

2.4 Thermal fluctuations of the electric field in a plasma measured by the
antenna . . . . ... L. e e 14
2.4.1 Voltage fluctuations induced by the motion of electrons . . . . 14
2.4.2  Voltage fluctuations induced by the motion of protons . . . . . 20
2.4.3 Shotmnoise . . . . . . .. ... 23
2.5 QTN spectroscopy in space missions . . . . . . ... ... . ..... 25
2.5.1 Pioneer work . . .. .. .. ... 25
2.5.2  Extraterrestrial missions . . . . . .. ... ... ... ... 26
3 Orbit limited theory in the solar wind 31
3.1 Phenomena of charge collection in a plasma . . . . . ... ... ... 31
3.2 Definition and characteristics of s distributions . . . . . . ... ... 32
3.3 Flux corrections . . . . . . . . . .. ... 33
3.3.1 Basicsof themodel . . . . . .. ... ... ... ........ 34
3.3.2 Attracting potential . . . . . ... 35
3.3.3 Repelling potential . . . .. ... ... ... ... ... ... 38
3.4 Validity of the theory for non-ideal collector shapes . . . . . ... .. 39
3.5 Applications in the solar wind . . . . . . . . ... ... ... .. ... 40

4 Electron temperature deduction on STEREO/WAVES using the

QTN spectroscopy 46
4.1 The STEREO mission . . . . .. . ... ... ... ... ....... 47
4.2 QTN spectroscopy on STEREO/Waves . . . . . ... ... ... ... 49
4.2.1 Accommodation of the theory to STEREO antennas . . . . . 49
4.2.2 The LFR instrument . . . . . . ... ... ... ... ..... 52
4.3 Dataanalysis . . . . . . ... 53



Contents

6.2

4.3.1 The fitting procedure . . . . . . . ..o 53
4.3.2 Necessity of averaging of the results . . . . . .. .. ... ... 54
4.4 Comparison with Wind . . . . . .. .. ... .. ... ... ...... 56
4.4.1 Real-time test and averaging intervals . . . . . . . . ... ... 56
4.4.2 Processing a largedataset . . . . .. .. ..o o8
4.5 STEREOQO electron moments database . . . . .. ... ... ... ... 59
5 QTN spectroscopy in weakly ionized collisional plasma 61
5.1 Thermal noise in collisional plasmas . . . . . . . ... ... ... ... 62
5.1.1 Low frequency limit . . . . . .. .. ... .. ... .. ..... 63
5.1.2  High frequencies w > w, . . ... .. .. ... ... ... 64
5.1.3  Resonance region w ~wp . . . . . ... 65
5.1.4 Antenna capacitance . . . . . . ... ... 66
5.2 Practical consequences . . . . . .. ... ... 66
5.2.1 In the ionosphere of Earth . . . . .. ... ... ... ..... 67
5.2.2 Laboratory plasmas and unmagnetized ionospheres . . . . . . 68
5.2.3 Standard problems and limitations . . . . ... ... .. ... 69
6 Conclusions and perspectives 71
6.1 Quasi thermal noise spectroscopy on Solar Orbiter and Solar Probe
Plus . . . . . 71
6.1.1 QTN on Solar Orbiter - predictions . . . . .. ... ... ... 71
6.1.2 QTN on Solar Probe Plus - unknowns and challenges . . . . . 73

Concluding remarks . . . . . . . .. ..o oL 74




Notation
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oFy(a,b;c;2) | Regularized hypergeometric function io ?EZ; (kl;))?((ij— Z);j
erf(z) Error function 2 [Jetat
erfe(z) Complementary error function 1 —erf(z)
erfi(z) Imaginary error function er f(iz)
Physical constants
Definition Value
e Elementary charge 1.6-1071°C
Me Electron mass 9.1-10"3 kg
m, Proton mass 1.67-10"%"kg
Ky Boltzmann constant 1.38- 1073 J/°K
€0 Dielectric permittivity of vacuum 8.85- 10712 F/m
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Lo Magnetic permeability of vacuum 47 - 107" N/ A2
c Speed of light 3-10%m/s
Physical quantities
Definition
Ne Electron density
T, Electron temperature
T Generalized electron temperature
Lp Electron Debye length
Vthe Electron thermal velocity
Vs Solar wind bulk velocity
Wy Electron plasma frequency
W Ion plasma frequency
v Electron collision frequency
Q, Electron cyclotron frequency
€ Plasma dielectric permittivity
f(9) Velocity distribution function
%5 Power spectral density
qum Electron power spectral density
Van Proton power spectral density
V2 Shot noise
Antenna-related quantities
Vo Tip-to-tip potential difference
r Gain
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L Half-length (sphere dipole)
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Qant Radius (wire dipole)

a Radius (sphere dipole)
Soant Surface (dipole)

Simon Surface (monopole)

jz Current density

1, Current at the terminals
Lot Impedance (dipole)

R Resistance (dipole)
Zmon Impedance (monopole)
Cont Capacitance (dipole)
Cron Capacitance (monopole)
Clstray Stray capacitance (dipole)
Cins Stray capacitance (monopole)
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Chapter 1

Introduction

The natural noises detected by antennas in space plasmas are being studied for
half a century now [Andronov, 1966, Fejer and Kan, 1969]. These signals are caused
by the electrostatic fluctuations induced by thermal motion of plasma particles. The
quasi-thermal noise (QTN) spectroscopy [Meyer-Vernet, 1979] is the technique de-
veloped in order to theoretically explain the measured antenna power spectrum and,
based on its features, determine the velocity distribution function (VDF) moments
of the surrounding plasma.

The measured QTN spectrum is dependent on the antenna configuration as well
as on the plasma parameters. If the antennas used are dipoles that are long and
thin (compared to plasma Debye length Lp) then the spectrum observed will be
suitable for determination of both electron and proton density and temperature, as
well as characteristics of supra-thermal particles, as independent parameters (see e.g.
[Issautier et al., 1999]). Multiple spacecraft launched in past several decades, like
ISEE3, Ulysses or Wind were equipped with antennas of satisfying characteristics
that provided very ‘clean‘ measurements, in good agreement with the theory (see
Section 2.5 for details). This technique is a routinely used, powerful diagnostic tool
in the solar wind plasma since it has several very positive features. Some of the most
important ones are being almost independent of the spacecraft floating potential and
possibility to quickly estimate the total electron density from the location of so called
‘plasma peak’ that appears in the spectrum just above the plasma frequency, given
as wy, = y/n.e?/egm. (with n., e and m, being electron density, charge and mass,
respectively and ¢ is dielectric permittivity of vacuum). This well known theory of
the QTN is reviewed in Chapter 2.

However, some current and also future missions use radio instruments that are
not primarily designed for observing the QTN and therefore the measured spectra
will not have all the desirable features described above. This is the case for NASA
STEREQ spacecraft which carry both in-situ and remote sensing instruments and
require therefore to be 3-axis stabilized during their operations at 1AU (Section 2.5).
As a consequence only short, rigid and thick radio antennas have been installed on
these spacecraft and the method described above was planned to be a ‘bi-product’,
used only during coronal mass ejection (CME) events, when Debye length is small.
Unexpectedly, electron analyzers experienced major issues measuring low energies
and there is no data on thermal electrons at all for this mission. This work aims
to recover this missing data (on a confidence level determined by the instrument
characteristics), using the QTN spectroscopy, and prepare basis for producing the



electron moments database. In order to perform this task, several major theoretical
and practical issues needed to be resolved along the way. For instance, since the
antennas are shorter then the Debye length in the quiet solar wind, the character-
istic plasma peak is not possible to observe while the signal that comes from the
electrons impacting the antenna surface, which is strongly dependent on the antenna
floating potential, becomes dominant due to antenna thickness. This so called shot
noise has very low intensity for thin antennas used on previous missions and the
theory that describes it offers only approximative expressions. This thesis further
develops the shot noise theory, deriving precise theoretical expressions for the flux
of particles collected by the antenna in the solar wind and, consequently, the shot
noise below the plasma frequency. The results presented here are not important
just for investigation of the specific spectra observed by STEREO, but will also be
necessarily exploited on future missions Solar Orbiter and Solar Probe Plus, aimed
to explore the interior of the solar corona and origins of the solar wind, as well as
on Turbulence Heating ObserveR (THOR), primarily intending to explore plasma
turbulence in the proximity of the Earth’s bow shock, if this mission gets selected.
All of these spacecraft will have the antennas with similar characteristics as the ones
on STEREO.

Another research area, expected to be intensively explored in the future, is the
development of cubesats and, in general, the QTN spectroscopy as a piggyback tech-
nique on complicatedly shaped devices (e.g. tubular booms). For this purpose, we
explore the plasmas whose behavior is determined by collisions between electrons
and neutrals. Using the method developed here, we are able to measure, beside n,
and T,, the collision frequency v as a separate independent parameter as long as
v/w, > 0.1. The possible applications of the theory in laboratory plasmas and un-
magnetized ionospheres are also discussed. The usage in laboratory experiments can
be double-natured. First, as a precise diagnostic tool for measuring the plasma pa-
rameters using wide frequency range, both below and above the plasma frequency.
Second, the technique we introduce here would enable the validation, by ground
testing, of various kinds of sensor geometries for QTN spectroscopy purposes. As
recently proposed during the PTANOS project, both 3D stable and spinning config-
urations are interesting to test, including different types of booms or tethers.

The theoretical work related to determination of the incoming particle flux on
the antenna surface and also the antenna charging in the solar wind is presented in
Chapter 3 and partially published in [Martinovi¢, 2016]. Applications to STEREO
data and perspectives related to establishing of the electron moments database are
given in Chapter 4 and by [Martinovi¢ et al., 2016b|, while theory of the QTN
in weakly ionized collisional plasmas is developed in Chapter 5 and [Martinovi¢
et al., 2016a|. Some predictions of the QTN spectroscopy perspectives and chalenges
related to the future missions are briefly discussed in Section 6.




Chapter 2

(Quasi-thermal noise in space plasmas

2.1 The Sun and the solar wind

2.1.1 The mystery of solar corona

Since the ancient times, the Sun has been a central topic of interest for philoso-
phers, scientists and all people who wanted to know more about the Universe and
Earth’s position inside it. After centuries of astronomical observations that proved
some basic but very important facts (like the one that the Earth is not flat and is
orbiting around the Sun, not vice versa), with progress of telescopes the existence
of outer layers of the Sun was revealed. First measurements in optical spectroscopy
during second half of XIX and beginning of XX century explained their chemical
structure and physical properties.

The ‘surface’ of the Sun, called photosphere, is ~ 500km thick and radiates as
a ‘black body* at Ty,, ~ 5770K. The chromosphere is the layer that extends from
500 — 2000km from the solar surface and spectroscopic measurements in this region
(except at the lowest layers where was acknowledged that the temperature drops
down to ~ 4000K’) were possible only during eclipses due to weak radiation, so
knowledge on the upper layers was quite limited for a very long time. It was only
confirmed that above the chromosphere exists one more layer with very low particle
densities, called solar corona, but its parameters were unknown.

The first measurement that required a fundamental explanation was the one
performed by C. A. Young and W. Harkness during the 1869 total solar eclipse
(which was visible from Alaska to North Carolina). They identified the strong
530.3nm green coronal line that has never been observed before. Since this line
did not correspond to any known material, it was proposed that it was due to an
unknown element, provisionally named coronium. Through many decades, great
effort has been put by the space science community in order to explain this topic,
until [Grotrian, 1939] concluded that non-equilibrium effects exist in the corona and,
shortly after, the mystery was finally resolved when [Alfvén, 1941] proved that the
corona is ‘heated to an extremely high temperature’. Based on this work, |Edlén,
1943] has given an effective method of coronal spectral lines identification, detected
lines of several highly ionized elements (iron, nickel, and calcium) and also recognized
the famous 530.3nm line to originate from twelve times ionized iron. The ultraviolet
emission from the corona was first detected with instruments built by [Baum et al.,
1946] at the U.S. Naval Research Laboratory using captured German military V2



2.1. The Sun and the solar wind

rockets, giving confirmation to the hypothesis of the hot corona.

All the information obtained about the corona were a step forward to explaining
the stream of particles flowing outward from the Sun. Even though the existence
of such a stream was first suggested by R. C. Carrington in 1859, the first simple
physical model was given 100 years later by |Parker, 1958]. However, the solar
wind has been finally confirmed by observations on Lunik 2 and Lunik 3 missions
[Gringauz et al., 1960], after the Parker model was published. These results opened
the interest for comprehensive in situ measurements of the solar wind plasma in order
to obtain more information on the planetary medium and, as the ultimate goal, to
understand heating mechanism of the corona and origins of the solar wind. After
the pioneer mission of Mariner 2 in the solar wind five decades ago [Neugebauer
and Snyder, 1966], many other successful missions (Helios, Ulysses, Wind, ACE,
STEREO...) provided extensive measurements of in situ solar wind parameters.
Results obtained by these missions improved our understanding of this medium and
to related the interplanetary observations to the solar ones. However, even after half
a century of research, the origin and acceleration of the solar wind are still not fully
understood.

2.1.2 In situ measurements in the solar wind

The most important results of the in situ measurements are ion composition of
the solar wind and properties of the VDF of each particle species. These measure-
ments find the solar wind to be completely ionized plasma that dominantly contains
protons and electrons coming from hydrogen and small percentage of fully ionized
helium (« particles), making the interplanetary medium a faithful reflection of the
coronal plasma. Ions of other elements (see e.g. [Bame et al., 1975, von Steiger et al.,
2000]), solar or interstellar dust (see e.g. [Meyer-Vernet et al., 2009, Zaslavsky et al.,
2012, Le Chat et al., 2013]), are observed only as isolated events and their influence
on the bulk properties of the solar wind plasma is very small. Therefore, the dust
and heavy ions will not be considered in this work.

The electron VDFs in the solar wind contain three components: the core, the
halo, and the strahl. Core electrons with a speed smaller than the thermal speed vy,
are characterized by a bi-Maxwellian with an anisotropy at 1AU of T};/T| = 1—1.5,
where parallel and perpendicular direction are defined with respect to the magnetic
field.

The main two characteristics of the halo electrons are being isotropic and supra-
thermal, forming a high-energy tail of the total electron distribution. At the orbit of
the Earth, average values of the density and temperature ratio of the halo electrons to
those of the core are ny/n. ~ 0.05 and T}, /T, ~ 6. It is important to note that exact
definition of T}, depends on the shape of this component which has been modeled
in different ways by many authors. The natural path to use was modeling the non-
thermal electrons with another Maxwellian or bi-Maxwellian distribution (see e.g.
|[Feldman et al., 1975, Gosling et al., 1987]). However, by careful examination of
the particle analyzers data, it has been determined that the supra-thermal ‘tails’
of the VDF show a power low decrease toward higher velocities, rather than the
exponential decrease characteristic for a Maxwellian. The power-low x distribution
model, initially proposed by [Scudder, 1992a, Scudder, 1992b| in order to explain
the high temperature of the coronal plasma, was incorporated into the solar wind

4



Chapter 2. Quasi-thermal noise in space plasmas

models [Pierrard and Lemaire, 1996, Maksimovi¢ et al., 1997a], and application to
Ulysses data showed somewhat better agreement than the two-Maxwellian model
[Maksimovi¢ et al., 1997b]. Proprieties of the x distributions will be explained in
detail in Chapters 3 and 4.

The third population is the strahl. It is a sharply field-aligned beam, where the
electron energy is comparable to that of the halo electrons. The largest importance
of this VDF component is that, even though there is a very small fraction of ‘beamed’
electrons, they carry a significant portion of the total heat flux, which plays a key
role in the solar wind acceleration [Zouganelis et al., 2004|. By investigating Helios,
Wind, and Ulysses data, [Maksimovié¢ et al., 2005] showed that the strahl component
is decreasing as we move away from the Sun as it is being scattered into the halo.
The scattering mechanisms of the strahl electrons are still not well known and the
adequate model that explains this topic is needed.

The comprehensive solar wind VDF model, which is widely accepted by the
community, is given by [Stverak et al., 2009]. This model proposes bi-Maxwellian
core, bi-x halo and bi-x beam-like strahl. The strahl component at 1AU is, in
general, small compared to the halo and can be neglected when interpreting radio
measurements [Couturier et al., 1981, Issautier et al., 1999, Salem et al., 2003]. This
is why the strahl is not taken into account in this work. The entire distribution
is shifted outwards from the Sun for a velocity v, which denotes the solar wind
speed, highly varying in range vy, = 250 — 900km/s in the Solar system. However,
at the orbit of the Earth, there are mainly two types of wind: a fast wind of vy, ~
700 — 800km/s, with a total electron density around n, ~ 2 — 3em™3, and 10%
of « particles compared to protons, and a slow wind which has a speed around
Vsw ~ 350 — 400km/s at 1 AU, slightly higher total electron density and a helium
abundance which is reduced to ~ 4% [Matthias et al., 2001].

2.1.3 Solar wind theoretical models

Based on these observations multiple models have been developed in order to
explain heating of the corona and acceleration of the solar wind (these two closely
linked phenomena should not be treated separately). Hydrodynamic approach ob-
serves plasma as a fluid. This means that the plasma is in equilibrium and the VDF
is Maxwellian, which is at the very start unrealistic for the solar wind. The first and
most significant fluid model was the one by [Parker, 1958|, already mentioned above,
which explains the slow but not the fast fraction of the solar wind above 600km/s.
There were multiple attempts to overcome this problem by generalization of the
Parker’s model to bi-fluids and multi-fluids [Sturrock and Hartle, 1966, Wolff et al.,
1971] but macroscopic parameters obtained still do not fit well with the observations.

On the other hand, the exospheric approach, first introduced by [Chamberlain,
1960] assumes that above a critical level called exobase, the charged particles move
freely without collisions along helicoidal trajectories determined by their energy and
pitch angle. When the VDF of the particles is known at the exobase reference level
and the system is described by the stationary version of the Vlasov equation, it can
be calculated at any other point in the exosphere using Liouville theorem. This
approach requires usage of the adequate electric field model. Namely, the electric
flux of the electrons escaping the corona (which is proportional to the thermal speed
of the electrons) is \/m,/m. ~ 43 times larger than the proton flux, where m,, is the
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2.2. Phenomena of the quasi-thermal noise

proton mass. Hence to equilibrate the fluxes and to have no net current, an electric
potential of the order of several hundred volts has to be constantly present in order
to attract more electrons towards the Sun. The electric field associated to the latter
potential will then ‘push’ the protons and accelerate the wind to its supersonic
regime. The shape of the electric field was first proposed to be proportional to
the gravitational potential [Pannekoek, 1922, Rosseland, 1924]. However, this field
model is not realistic and does not explain the fast solar wind. More precise, but
much more demanding when it comes to mathematics, approach to the problem is
using the Vlasov equation with self-consistent electric field to describe the corona and
the solar wind [Jockers, 1970, Lemaire and Scherer, 1971]. Even thought multiple
upgrades to these models exist (see e.g. [Maksimovi¢ et al., 1997a, Meyer-Vernet
and Issautier, 1998, Pierrard and Lemaire, 2001]), they neglect the fact that position
of the exobase is not the same for different kinds of particles. The multi-exosphere
model with different exobase positions that uses the Pannekoek-Rosseland electric
field was proposed by [Brandt and Cassinelli, 1966 but making this kind of a general
model with self-consistent field is the task that still has not been performed yet. A
review of both fluid and kinetic models can be found in [Echim et al., 2011].

All the models described above give theoretical predictions of the conditions in-
side the corona as well as in the solar wind. Their full verification and development
to a higher level can be done only by probing the solar wind origin region and
performing in situ measurements there for comparison. However, particle analyzer
measurements have shown multiple difficulties due to the spacecraft potential [Scud-
der et al., 2000, Kellogg et al., 2009, Pulupa et al., 2014], not being able to measure
during extreme events |[Liu et al., 2014| or even systematically malfunctioning [Fe-
dorov et al., 2011]. This is why the QTN spectroscopy [Meyer-Vernet, 1979] in radio
domain is used as an alternative way to measure plasma VDF moments. The QTN
(excluding the shot noise) is almost completely independent of the potential [Meyer-
Vernet and Perche, 1989] and has multiple advantages for both quick and precise
diagnostics that will be explained throughout following chapters. This is why the
methods that will be presented here are routinely used on various missions (Section
2.5) and will be the important part of science on the Solar Probe Plus [Bale et al.,
2016] - the spacecraft aimed to make in situ measurements inside the corona, down
to 9 solar radii from the photosphere, in the years to come.

2.2 Phenomena of the quasi-thermal noise

When electric antenna is immersed into a plasma and connected to a sensitive
wave receiver it is able to detect electromagnetic fluctuations due to the thermal
motion of plasma electrons and ions. These fluctuations are measured at the antenna
terminals as a noise that is dominant in the frequency range comparable to the
plasma frequency.

In order to understand the nature of this phenomenon we will consider an ide-
alized case of the spherical dipole antenna that does not perturb the surrounding
plasma. Sufficient conditions for the plasma to stay nearly homogeneous near the
antenna are that the antenna radius a is much smaller then the plasma Debye length
Lp and that the antenna potential is not large compared to the particles thermal
energy |[Laframboise, 1966, Meyer et al., 1974].

At this oversimplified, heuristic approach, we will consider the signal as a sum
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of uncorrelated events, each one coming from a single particle. We also neglect
temporal dispersion, limiting our derivation only to very low frequencies and assume
a long dipole L >> Lp so that two spheres receive uncorrelated signals.

Consider at first a single particle that passes near the antenna within the distance
r < Lp. This event has a duration 71 ~ 2Lp /vy and induces a voltage inside the
antenna in the order of

(&

V) ~
! dmeqr

The Fourier transform of a single event for wr << 1 is simply Vi (w) ~ 7 V;. If
the plasma is in thermal equilibrium then we have N; = 27'/2n, v, uncorrelated
events. The power spectral density (PSD) is given as V? ~ 2N;|V;(w)|* [Meyer-
Vernet, 1983| (here, the factor 2 comes from the symmetry of positive and negative
frequencies), yielding
MeVthe

VAV?/Hz ~ ~9.5-1071"TY2[° K]

w3/2¢

which is actually not far from the low frequency result derived by more precise
calculations [Meyer-Vernet and Perche, 1989).

Although the derivation shown above is simple and gives decent estimation for
spherical antenna at low frequencies it is not correct for cylindrical antennas that are
used more often in space instrumentation. Also, the result breaks down at w > w, as
the temporal dispersion becomes important. In order to discover the general noise
properties it is necessary to perform the accurate calculation given below.

2.3 Modeling the response of an electric dipole an-
tenna

After understanding the noise received by an antenna on a simple, phenomenolog-
ical level, we will develop more precise calculations. Thermal motion of the charged
particles generates fluctuating electric field and, if the antenna is immersed in the
plasma, this field will induce the voltage fluctuations measurable at the antenna ter-
minals through the mechanism briefly described above. The objective of the QTN
spectroscopy is to determine the plasma VDF characteristics (density, temperature,
fraction of the supra-thermals, drift velocity...) from the measured power spectrum.
From this statement it is clear that both the antenna and the plasma properties will
influence the spectrum.

In this Section we explore the nature of the QTN measurements in the solar
wind, illustrating how the antenna signal and the fields generated by the plasma are
connected. Further on, we investigate the antenna influence on the spectrum and
characteristics necessary for interpretation of the measurements.

2.3.1 Voltage power spectral density measured in response
to a fluctuating electric field

In order to calculate the PSD we will assume an ideal antenna made of thin
mesh wires, considering that charged particles can freely penetrate through it while
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2.3. Modeling the response of an electric dipole antenna

the electric field inside the antenna is equal to zero (the so-called ‘grid antenna’
approximation). Real antennas don’t have these properties so the calculations of
the QTN will have to be corrected due to the antenna thickness later on (Section
2.4.3).

Random motion of the charged particles, that is described by velocity distribu-
tion f(¥) produces a current j_j; in the plasma. This current produces a random
electric field E in both antenna and the plasma. Under influence of this field the
current, described by the current distribution ']2, is induced inside the receiving
antenna.

From here we can calculate the the tip-to-tip potential difference V; on each of the
antenna thin wires in an open circuit (Figure 2.1) using the ‘induced electromotive
force method* (see e.g. [Schiff, 1970]). The power delivered to the antenna is equal

to
/E < jadF

where integration is performed over the antenna volume. On the other hand, the
same quantity is given as the product of V) and the current intensity at the antenna
terminals I,, so we can write

—

Vo = /E-‘;—adf (2.1)

Equation 2.1 provides a very important conclusion that the electric potential
difference between the two antenna arms V|, caused by the random plasma currents
can be determined by knowing the properties of the random electric field in the
absence of the antenna and the normalized antenna current distribution jz /1,. The
formal proof of this statement requires using the Lorentz reciprocity theorem in the
limit of thin wires and is given by [Fejer and Kan, 1969|.

However, since the quantity measured by a radio receiver is the PSD, we need
to link it with the voltage that appears on the terminals. This can be done using
Wiener-Khintchine theorem that gives the power spectrum as Fourier transform of
autocorrelation function of the voltage

V2(w) = / < Vo(t)Va(ty + 1) > et (2.2)

The autocorrelation of the antenna voltage is [Meyer-Vernet, 1979]

< Vit Vi () >— Jj//j;;(ﬁ) < Bir ) B (7 ts) > jus(F)drdr (2.3)

The power spectrum is then directly

S O
‘/02(0‘]) = W /]az(k) < Ei(k',UJ)Ej (k,w) > Jaj (k’)dk’ (24)

where we have defined Fourier transforms

Ju(R) = / fu(P)eFEdr (2.5)
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A
=
=
£
=

,w) >= / / < Ey(ri, ) EX (7 + 7ty + 1) > U D didt (2.6)

From Equation 2.4 it is clear that we need to calculate the Fourier transform of
the antenna current distribution (Section 2.3.3) as well as mean squared value of
the electric field fluctuations in order to obtain the noise spectrum.

2.3.2 Measurements in open circuit - antenna gain

The theory given throughout this Chapter is devoted to calculating the PSD
Vi (w) that is induced by different plasma particle populations. However, this quan-
tity, defined by Equation 2.4, is related to the electrostatic potential difference be-
tween the tips of the antenna mesh wires (Figure 2.1), while we are only able to
measure it at the antenna terminals. The relation between theoretically calculated
and measured power spectrum is

Vs =2V + V2 (2.7)
Vo
1 . 3 | — |
| I | —_
Zmon Vobs Zmon
Z, receiver 7.
Vsc

Figure 2.1: Schema of the dipole antenna. In general, for both dipole and monopole
mode the voltage needs to be measured between one arm and the spacecraft potential
Vie (see e.g. |Bougeret et al., 1995]). Then, for dipole antenna (investigated in this
work) two values are subtracted to obtain the difference of two signals. It is worth
noting that this Figure is applicable not only to wire dipoles, but to any antenna
shape that satisfies approximations given in Section 2.3.1

Here, V/? is the receiver internal noise, usually measured in laboratory before the
mission (although the laboratory measurements of V/? are not always useful in the
space due to various effects of the spacecraft payload itself). The antenna gain T is,
from Figure 2.1

Z
N=_—_—_=m 2.8
ZmOTl + ZmS ( )
The total ‘stray‘ impedance of a monopole is actually combined base impedance
(impedance of the enclosure to the spacecraft body) and preamplifier input impedance,

along with some contribution from the cable connections. For measurements in
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dipole mode, it is convenient to express the antenna gain given in Equation 2.8 in
terms of the impedance of dipole antenna Z,,;. Since Zu: = 2Zp0n and Zgpgy =
27,5 (see e.g. |Bale et al., 2008]) we can write

Zst
r=_—_=-5"% 2.9
Zant + Zstray ( )
At the frequencies comparable to the plasma frequency in the solar wind, Equation
2.9 can be reduced to (see e.g. [Bougeret et al., 1995, Gurnett et al., 2004, Bale
et al., 2008])

G@mt

s Cant + Cstray (2.10)
This is the expression for the antenna gain used further on. From the Equation
2.10 it is noticeable that the attenuation factor of the signal depends on the relation
between the antenna and stray capacitance. It is desirable for Cy,q, to be as small as
possible so the gain can be close to unity because, as value of the gain decreases, the
signal given by Equation 2.7 will be more and more affected by the internal noise V2.
This is difficult to achieve in space missions and we usually have Cyqy = 20— 50pF.
For a wire dipole antenna with L,,; and a,; being the length and radius of one

arm, the capacitance can be well approximated at low frequencies as

o 71-EOLaTLt
In(Lp/aunt)

provided that Ly, > Lp. In the opposite case (Lg,; < Lp), the expression is more
complicated to evaluate, but a good approximation is the value which is also viable
at the high frequency limit, given as

Comt(w < wp) (2.11)

o WGOLant
B ln(Lant/aant) —1

As in the solar wind we have L,,; =5 —50m, agn: = 0.02 —2cm and Lp = 3 — 10m
the characteristic values of the capacitance are in the range C,; = 30 — 90pF),
causing the gain to be I' = 0.4 — 0.85.

For double spheres we have

Cont(w > wy) (2.12)

Cont = 2mac (2.13)

where a is radius of the sphere. These results are given in more detail by [Meyer-
Vernet and Perche, 1989|, while some aspects of the antenna capacitance near the
plasma frequency are given in Section 5.1.4.

2.3.3 Antenna current and response function

As demonstrated in Section 2.3.1, the response of an antenna to plasma waves is
strongly dependent on the antenna size and geometry through the current density
jZ(E) It can be expressed in terms of the so-called antenna response function. Here
we derive this function for wire and sphere dipole antennas, along with some remarks
for other geometries.

10
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Wire dipole

A dipole made of two wires (we assume that the gap between the two antenna
arms is very small) is a conductor that contains charges free to move along the
antenna. For the case of electromagnetic radiation in vacuum, the current distribu-
tion for both transmitting and receiving antenna was calculated by many authors
(see e.g. [Schelkunoff and Friis, 1952, Balanis, 1997, Zhong et al., 2008]) and the
result obtained is a standing wave pattern which is sinusoidal with nulls at the tips
and period A\ = ¢/f (where ¢ is the speed of light and f = w/27). This solution
can be simplified when we observe the frequency range up to ~ 100k H z since the
value of \ is of the order of several kilometers. In this case we have A >> L,,,; and
sin (kLgnt) = kLgpn so the sinusoidal form can be replaced with the triangular one
(this assumption is equivalent to consideration of the linear charge density to be
constant along the antenna arms).

On the other hand, if the receiving antenna is immersed in a plasma, it will
observe the waves with kL., ~ 1. When observing this range of wavenumbers,
the contribution of the surface waves needs to be taken into account [Meyer et al.,
1974] and the current distribution can, in general case, become very complicated.
However, the calculation valid for a wire dipole in the interplanetary medium (where
the antenna can be treated as a thin infinite cylinder of radius a.,s << Lp) was
performed by [Couturier et al., 1981] who showed that the correction due to surface
waves is negligible and the hypothesis of the triangular current is justified. Therefore,
we will use the triangular approximation in the following of this thesis. For a dipole
along the 2z axis we have

/JQ(f)df: (1= |2|/Lan)é (2.14)

where € is the unity vector. The Fourier transform of the current given in Equation
2.14 along both of the antenna arms is, following Equation 2.5

—

7 Lant ; 4Ia k;zLan
Ja(k) = / Io(1 = |2|/ Lae )€™ dzé2. = L sin® [ =22 | e (2.15)

Lant 2

Defining the antenna response function as

1 [ |k ja(k)
FR) = o / CLIS (2.16)

putting Equation 2.15 into Equation 2.16 and integrating over the entire solid angle
(2, we obtain an integral of the form

U sin? (kLgneu/2)
F(kLgn) = =
( % /_1 k2Lg,u?

This integration has been performed by [Kuehl, 1966]|, giving the result

du (2.17)

Fz) = 2! [Si(:z:) _ %Si(Qx) _ gsin‘lg (2.18)

11
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which is the antenna response function for an infinitely thin wire dipole (Si(z) stands
for the sine integral). For small or large values of the argument x = kL, the wire
dipole response function given in Equation 2.18 can be approximated by

2

Flz —0) = 5—4 (2.19)
F(z — o0) = yp (2.20)

The function F(z) and its approximations given by Equations 2.19 and 2.20 are
shown on Figure 2.2.

Taking into account the finite antenna radius a.,; adds a factor of Jy(k,aan:)
[Schelkunoff and Friis, 1952, Balanis, 1997| where J; is the zero-order Bessel function
of the first kind and k, is the component of the wave vector perpendicular to z axis.
As will be explained below, for real antennas used in space missions (Lgnt/@ant ~
10% — 10%), this factor in the computation of the QTN makes negligible difference if
Lont >> Lp (long dipole) and can be neglected for simplicity. On the other hand,
for short dipole the Bessel factor needs to be incorporated into Equation 2.18 to
give

F(z)=27"|Si(z) — %Si(Qa:) — %sin4g I3 (kyagny) (2.21)
which is the general expression used to calculate the theoretical spectrum of the
aligned wire dipole antenna.

If the antenna arms are not aligned then we need to observe the current on each
arm separately. If we have antenna in the xy plane where one arm is along x axis
then, by analogy with the Equation 2.15, we have

N Z 1 _ eikﬂcLant Z 1 _ eik"r'Lant
WE)=|—F+———ez— | —+ —— |& 2.22
J ( ) (kx * kgszant >6 (kr * k'gLant >€ ( )

with €. = €,e™ and v being the angle between the antenna arms. Of course, for
1 = m we have the linear dipole, returning to Equation 2.15.

The integration of Equation 2.22 to obtain the antenna response function is not
easy to perform. However, [Meyer-Vernet and Perche, 1989| showed that, if the
dipole is long (L. >> Lp), it can be replaced by Equation 2.18 since the mean
distance between the antenna arms is large and they observe uncorrelated signals
(except for w ~ w,) effectively in the same way as if they were collinear. On the
other hand, for a short dipole ( Ly, << Lp), Lans can be, in the first approximation,
replaced by the antenna effective length

Leff = sin (w/Q)Lant (223)

making a considerable simplification, used in Chapter 4.

This work deals with the wire dipole antennas described here, while some remarks
about spherical dipoles, that are another commonly used antenna geometry, are
given for the sake of completeness.

12
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Double sphere

For a spherical monopole that consists of two spheres of radius a << Lp, sepa-
rated by L >> a along the 2z axis we consider an uniform current distribution over
its entire surface (see e.g. [Meyer-Vernet, 1983])

- 1
W (F)d7 = =2 8(|F — Léx| — a)é 2.24
[ = 56 1] - o (2.24)

and, performing the same procedure as for a wire antenna, we have [Meyer-Vernet
and Perche, 1989]

Ja(k) = —i ’ 5 Ta €, (2.25)

z

- 21, . (kzL> sin (ka)
sin
and, using the Equation 2.16 we obtain

F(z) = 1(1 - Smx) sin” () (2.26)

2
T xQ%

denoting the antenna response function of a dipole made of two small spheres. For
small or large arguments this function can be approximated (considering a — 0) as

2

Flz —0) = ;—4 (2.27)

which is the same value as the one for a wire dipole and

F(z — o0) = i (2.28)

The function given by Equation 2.26 and approximations given by Equations
2.27 and 2.28 are given on Figure 2.2.

04 T T TTTTT] 1\ T TTTIT T T T TTTTT
—— Wire dipole '
| |—— Double sphere | ]
\
0.3 |- - - x>0 wire It ]
- - -Xx->m sphere
x -
g 0.2
0.1 —
| 5|IIIII| | \IIIIII|
0'00.1 1.0 10.0 100.0

X

Figure 2.2: Antenna response function and its approximations for wire dipoles and
double spheres
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2.4 Thermal fluctuations of the electric field in a
plasma measured by the antenna

As explained above, the tensor in Equation 2.4 describes the influence of plasma
to the noise spectrum. Here, we explore the contributions from both electrons and
protons to the fluctuating electric field and, consequently, to the signal measured by
a ‘grid® antenna. The correction due to the finite antenna thickness, valid below the
plasma frequency, is calculated in Section 2.4.3.

2.4.1 Voltage fluctuations induced by the motion of electrons

When investigating the electrostatic noise produced by the electron motion, we
look at frequencies sufficiently high to neglect ion motion so that the ions act as an
uniform background of a positive charge. Under this assumption, the autocorrelation
tensor of the electric field in an isotropic, unmagnetized plasma is given as (see e.g.
[Fejer and Kan, 1969])

. 27, €2 .
< By(k,w)E(k,w) >= % /dﬁfo(v)é(w — k)
€o

kik}j 1 k/{? Wz
—_ ;i — k 2.29
[kﬂq(k:,w)r“z(] ) e G| 22

where we introduce longitudinal and transverse dielectric permittivity as

2 = _
er(k,w) = 1+%/k'waf0%){}a“) (2.30)
by =1 e [ h) (2.31)

k2c2 k22 ) L — k-4
From Equation 2.29 we conclude that the electric field tensor is completely de-

termined by characteristics of the VDF. Putting Equation 2.29 into Equation 2.4
gives

‘/02( 27.‘_212 /f(] (,d — ]f U)

L | Y AN S Lo 21 () S W L i
AL 2R - dkdi (2.32
[k4]eL(k,w)|2 3| Mal®l 2 e top | Hd (232

which, combined with Equation 2.7, gives the expression for electrostatic noise mea-
sured at the antenna terminals, dependent only of the electron VDF of particles and
antenna properties. This result is very general and can be considerably simplified
for usage in space plasmas.

First of all, since for v, << ¢ the term that originates from transverse waves
and scales with (w/kc)? is negligible, it can be omitted. This is the case for both
solar wind and planetary magneto and ionospheres. Considering only longitudinal
waves, Equation 2.32 gains the much simpler form
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2 TN 2
2 Nnee€ 7 ’k]a(k)‘ 7
_ B(EyFJalB) )
Volw) = 5 / =T TTE (2.33)
with
B(F) = / Fo(0)8(w — F - 0)d5 (2.34)

and we can rewrite Equation 2.33 as

0 v 16m.w /°° B(k)F(kL) ik (2.35)

Vi(w) =
0 Pleu(kw)P
The antenna response function F(kL) is defined by Equation 2.16. For two most
common antenna geometries, wire dipole and double sphere, it is given, to a good
approximation, by Equations 2.21 and 2.26, respectively. Using the VDF isotropy
we can rewrite Equation 2.34 as

TEQ

B(k) = 2% / Z o fol0)d (2.36)

The noise expression in the form given in Equation 2.35 is very convenient for
practical usage since it contains only one-dimensional numerical integration with
k=2 factor and function F'(kL) that has a power-law decrease (wires, Equation 2.20)
or tends to the constant value (spheres, Equation 2.28), while from Equation 2.30
we see that |ef(k,w)[*> — 1 for high values of k. This is the expression used for
calculation of the antenna signal induced by electrons further on.

Maxwellian electrons - thermal noise

For exploring the noise spectra in space plasmas it is first needed to understand
the properties of a single Maxwellian noise. From definition of the normalized VDF

02

6_ U?he
folv) = g (2.37)
where vy = /2k,T./m., we can calculate the function B(k) using Equation 2.36
as

2

6_ kQ:?he
B(k) = (2.38)

T 2kvhe
The longitudinal dielectric permittivity of a Maxwellian plasma can be found from
Equation 2.30, giving the well known result (see e.g. [Fitzpatrick, 2014])

[1+ - ZO< ~ )} (2.39)

=1
6L(k7 W) kUthe kvthe

N 1
kL3,

where Lp = v/ 21/ pr and Z, is the plasma dispersion function [Fried and Conte,

1961]. From here we can calculate the thermal noise spectrum using Equation 2.35.
At this point, an important relation between the antenna resistance and PSD

can be made for Maxwellian plasma. Using the method similar to the one presented
in Section 2.3.1 [Schiff, 1970] calculated the antenna impedance to be
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2i [k - ja (k)2
(2m)312¢qw J K2er(k,w)

T (w) = dk (2.40)

This expression can be rewritten using Equation 2.16 as

Zant (W) = b /0 " EkLant) ) (2.41)

T2eow er(k,w)

and expression for the antenna resistance Rynt(w) = Re[Zyni(w)] is directly

> F<kLzmt)
/0 —EL(k:,w) dk] (2.42)

4

T2ew

Ropi(w) = — Im

where the term I'm[e; ' (k,w)] appears. Knowing that, for real arguments z, Im[Zy(z)] =
7/2e=%"  we obtain from Equation 2.39

27 1/22 e
_ P Y TR (2.43)
k3 ep(k, w)? v

Imle; ' (k,w)] =

Using I'm[e; ' (k,w)] = —Imler(k,w)]/|er(k,w)|* and combining Equations 2.35 and
2.42 gives

Vi (w) = 4k Ty Ropt (W) (2.44)

which is actually the Nyquist theorem [Nyquist, 1928], satisfied in the thermal equi-
librium. An important characteristic of the power spectrum given by Equation 2.35
is the existence of the so-called ‘plasma peak‘ near the plasma frequency where the
real part of €, (k,w) has a minimum. Several examples of thermal noise spectra are
given on Figure 2.3, clearly showing that the peak is more noticeable if dipoles are
longer.

Rough estimation of the peak intensity can be given in a following way. As the
antenna response has the highest value for k ~ L, (so waves with the wavelength
~ Lant are highly preferred) then for L,,; >> Lp we can develop the permittivity
expression given in Equation 2.39 for w >> kv, (see Chapter 5 for details) as

w2

kLp << 1l,w> =1- b 2.45
ee(klp w2 wp) w? — 3k2vE /2 (2.45)

This approximation is not valid below the plasma frequency while for w ~ w, it can
be reliably used only for very long dipoles (Lgu/Lp > 10) [Kuehl, 1967]. Using
Equation 2.45, the integral in Equation 2.42 can be calculated analytically, giving

2P (kL)
- 3rewlbk,

Ro(w) (2.46)

with

(2.47)
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From here we can estimate the peak intensity for L., >> Lp by examining the
maximum of F'(k)/k. The calculation was done by [Meyer-Vernet and Perche, 1989
giving

Lant

D
Therefore we can see from Equation 2.48 that the peak amplitude increases linearly
with L,/ Lp. In a similar fashion, we can find

V2(Wpear)[V?/H2] = 2 - 107 T2 P K] (2.48)

Wpeak LQD
~1+8 2.49
wp * L?mt ( )

Equation 2.49 gives quick estimation of the plasma density from position of the
peak. The changes in the plasma peak with L,/Lp (and approximations given by
Equations 2.48 and 2.49) are illustrated on Figure 2.3. The error made by these
approximative expressions is less than 30% for L,,:/Lp > 7 [Meyer-Vernet and
Perche, 1989).
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Figure 2.3: Normalized electron thermal noise spectrum received by a wire dipole
antenna for different values of L,/ Lp

Enhancement of the noise by the non-thermal electrons - quasi-thermal
noise

Since non-thermal VDFs are ubiquitous in the solar wind, in this paragraph we
examine the effect of fast electrons to the measured power spectrum. In order to
illustrate the quasi-thermal contribution to the noise we will use example of the
two-Maxwellian VDF.

If we have two Maxwellian electron populations - thermal ‘core’ and supra-
thermal ‘halo‘, then we have

1
er(k,w)=1+ Z 127

s=c.h Ds kvthes kvthes

1+ — ZO( ~ )] (2.50)
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and

w2

T k202

e thes
h €s

s=c,

By analogy with the procedure from the previous paragraph we can write

2 1/2 w29 W
Im[6L<k7 w)] = Im[ELc(ka W)] + [m[ELh(kv QJ)] = Wk3 a vgpt € k%?hes (252)
s=c,h thes

and, putting Equations 2.51 and 2.52 into Equation 2.35 we obtain, after few simple
transformations

4 dz. F(k) T,
2(w) =4 Tc—/—c— Imiere 7! >
Vi (w) ks e ] 22 \EL(kJ,w)P( mler, (/{,w)H—TC m[eLh(k,w)]> (2.53)

where z. = w/kvipe.. On the other hand, [Couturier et al., 1981] calculated the
resistance of the antenna in a double Maxwellian plasma to be

4 dz
Ran = SF(k)Imle (k, 2.54
() = =g [ R Il () (254

In order to distinguish the double Maxwellian plasma behavior from the thermal
plasma given by Equation 2.44 we can compare the integrands from Equations 2.53
and 2.54. After replacing Equation 2.52, we have

Im[ELc(kaw)] + %Im[eLh(kaw)] t—1
- =1+ — - (2.55)
[m[ELc(kf, W)] -+ Im[eLh(k, UJ)} 1 4 tg/gem—m

n
where t =T}, /T, >> 1 and n = nj,/n. << 1. We assume that ratio of the integrals
is similar to the ratio of the integrands. This is a very rough approximation but
can be used here for a quick estimation since both integrands are similarly shaped,
positive on the entire domain and their derivatives are not different for more then a
factor Ty, /T..

For low frequencies, the exponential part in the denominator tends to unity,
making the denominator on the right-hand side of Equation 2.55 to be approximately
equal to t¥2/n >> t — 1. This implies that the integrands have the same value
in this approximation, bringing us back to the Nyquist theorem. From here we
make an important conclusion that, at low frequencies, the noise signal scales as
Vi (w — 0) ~ T2, This is clearly visible on Figure 2.4, where the low frequency
part remains unchanged even though the supra-thermal population parameters are
varied.

If frequency is close to the plasma frequency, we can make use of the fact that,
in the solar wind, n << 1 so we have wg ~ wgc. Knowing this, for w — w, we can
approximate the exponential term in Equation 2.55 to be

w? _ w? o t—1
2,2 2,2 272
ek Vtheh k Ythee RS (& 2tk LDc
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In the QTN spectroscopy we are mostly interested in the long dipole antennas. As
was noted above, the antenna highly favors wavelengths for which k& ~ L_1. This
implies that, for L,, >> Lp the factor kL% _ can be considered small, making
the denominator of the Equation 2.55 very close to unity. Consequently, ratio of
the integrands for w ~ w, is approximately equal to the temperature ratio, not
dependent on the integration variable z., so we have

Vi (w ~ wp) Ty
4kacRcmt (w ~ wp) Tc

showing that the enhancement of the PSD close to the plasma frequency is pro-
portional to Ty, /T.. We conclude that the increase in the noise signal for non-
thermal VDFs around the plasma frequency is not matched by the increase in the
antenna resistance, justifying the name ‘quasi-thermal noise‘ (we will use the nota-
tion Vqu = Vg further on). The more exact analysis give the same enhancement
factor (see e.g. |[Perkins and Salpeter, 1965, Fejer and Kan, 1969|). The effect of
the supra-thermal electrons on the QTN spectrum, calculated using Equation 2.35,
can be observed on Figure 2.4 by comparing the peak noise intensity with the one
at low frequencies.

(2.56)
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Figure 2.4: QTN spectra at the wire dipole antenna in a double Maxwellian plasma
with different characteristics of core and halo populations. Plots are normalized to
the same core temperature and Ly, /Lp. = 8

Basic properties of the QTN spectrum

It is noticeable from both Figures 2.3 and 2.4 that, if the antenna length is
larger then the Debye length, three spectral regions exist - the flat spectrum below
the plasma frequency, the ‘plasma peak® at w ~ w, and the high frequency part with
clear power-law decrease.

As discussed above, the way plasma affects the electric field is described by the
dielectric permittivity function €(k,w), and for a frequency range around the plasma
frequency, it is enough to observe only its longitudinal component ey (k,w).
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For w < w,, it can be easily shown that e;, — 1+/€_2L52 as the plasma behavior is
determined by the Debye shielding, making the spectrum flat in this frequency range.
This result is somewhat expected since the Debye shielding causes the antenna to
observe only fluctuations within the distance proportional to Lp. Another important
characteristic shown above is that the spectrum is dominantly determined by the

1/2
thermal component, so we have V3 ~ T2,

On the other hand, for w ~ w, the permittivity has a sharp minimum, giving an
increase to the signal and characteristic plasma peak arises in the QTN spectrum.
The peak location can be used for quick estimation of the total electron density
(Equation 2.49). Visibility of the peak is determined by two factors: participation
of the supra-thermal particles and the L,,;/Lp ratio. Both of these features are
discussed above. For n;, = 0 the peak is visible for Ly,,/Lp > 2 (Figure 2.3).

At high frequencies, the plasma permittivity scales as e, — 1 — w?/w?, inde-
pendently of the VDF (see Chapter 5 for details). This causes rapid decrease in
the power spectrum and the slope of the signal is determined by the shape of the
antenna response function, yielding w=2 for wire dipoles and w=2 for double spheres
[Meyer-Vernet and Perche, 1989].

However, if the dipole is short L,,; < Lp then the antenna will sense only up
to the distance comparable to the antenna length, giving nearly white spectrum not
just below plasma frequency but also for w ~ w,. In this case the plasma peak
disappears and it will not be possible to obtain electron density and temperature
from the spectrum as independent parameters. A brief illustration for the case of
STEREO spacecraft that has L, ~ Lp at 1AU is given in Section 2.5.2 (Figure
2.11) while detailed description is given in Chapter 4.

2.4.2 Voltage fluctuations induced by the motion of protons

The fluctuations at the antenna terminals induced by protons in the solar wind
were at first expected to be observed around the ion plasma frequency w; = w,+/me/m,.
However, since the solar wind speed is larger than the proton thermal speed vy, >>
Uthep, the noise signal is strongly Doppler-shifted towards higher frequencies and is
significant up to w/w, ~ 0.4 — 0.8, overlapping with the low frequency part of the
electron QTN spectrum. This component can’t be neglected in a fast drifting plasma
as the solar wind and we need to calculate the proton induced noise and include it
into the theory.

The presence of a directional factor of the solar wind speed causes necessity of
introducing several characteristic angles. If we set up a cylindrical coordinate system
of axis parallel to vy, and call 6 the angle between k and Vsw, O the angle between
Vs and the antenna and define angle v as

cosy = cosf cos 3+ |sinf|sin § cos ¢

with ¢ being the azimuthal angle of kin a plane perpendicular to vg,. The charac-
teristic angles are shown on Figure 2.5. The proton contribution for a wire dipole
antenna with triangular current distribution (Equation 2.14) can be calculated to
be [Issautier et al., 1999]
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Figure 2.5: The angles used for calculation of the proton noise

2 1/2 o
V2 8nye me / dk
e 22\ 27k, T o K3

_ (W*kvswu)2

/1 e ! e du /2“d¢81n4(kLantcosv/2) (2.57)
1 lep(kyw — kvgu)|? Jy (kLgnt cosy)?

where u = cos and j1 = Vgpe /Uppep being the ratio between electron and proton ther-
mal speed. Inside the dielectric permittivity factor the Doppler shift is introduced
by replacing w with w — k - vg,. 17 is generalized electron temperature given as

Me

Tr o Me
]ﬂ]b<U_2>

e

(2.58)

The generalized temperature is related to the total Debye length by the expression
Lp = /eokyT)/e*n.. For thermal equilibrium, 7 is equal to 7, while for two
Maxwellian VDF, it is very close to the core temperature 7.. The result given
in Equation 2.57 is not appropriate for usage in data processing since it contains
demandfull numerical integrations, but it can be considerably simplified for special
cases of the antenna perpendicular or parallel to the solar wind flow.

If the antenna is perpendicular to the solar wind speed we have § = 7/2 so
cosy = |sinf|cosy and integrals over different variables u, ¢ and k given in
Equation 2.57 can be approximated by simpler expressions. This derivation is
performed by [Issautier et al., 1999| for dipole antennas and is valid whenever
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Lont/Lp < Vs /Vthep =~ 15 — 20 which is always the case for antennas on space
missions (Section 2.5), giving the result

meky TF)V2 [T L (YLant/Lp
Vo ):M/O e YEL(Lan/Lp) dy (2.59)

n dmeg M 2414+ (2 + 1+ Q241

with F'| (x) being the antenna response function to a wave field having cylindrical
symmetry around one preferred direction (in this case direction of vy, ), derived by
[Meyer-Vernet et al., 1993]

Fl(a) =2 {2 /0 " o(t)dt — /0 " ()i - (22) — 2() (2.60)

T

In Equation 2.59 substitutions Q = wLp /vy, , t =T, /T, and M = vg, /v are
made. This result is a good approximation whenever 8 > 15° |Tong et al., 2015|,
and is used further on in this work. The dependence of the noise level to the solar
wind speed is given on Figure 2.6, clearly illustrating the effect of Doppler shift
as the drift velocity increases. Since the purpose of the Figure is to illustrate the
Doppler shift effect, the T. /T, ratio used is kept constant, not taking into account
the well known correlation between 7, and v, in the solar wind.
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Figure 2.6: Normalized proton noise measured by a wire dipole antenna perpendic-
ular to the solar wind speed for L,,./Lp = 1 and T)/T, = 2. The Doppler shift
towards higher frequencies is evident as vy, increases

If the antenna is parallel to the solar wind speed, then the deduction is quite
simplified as § = 0 and cosy = u, yielding

1+4+t+ Q2
1+02

V2 () = 8k T, sin* (QLan:/2Lp)

= 2.61
pn TEYVsw (QLant/LD>2 ( )

an analytical expression easy to compute. The result given in Equation 2.61 is shown
on Figure 2.7, again demonstrating the strong Doppler shift as v, increases. The
sinusoidal term that originates from integration over the azimuthal angle ¢ causes
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the frequency ‘harmonics‘ to appear in the spectrum. This approximation is suitable
only for very small angles between the antenna and the solar wind speed (less than
5%) [Tong et al., 2015].

We can also note that the decrease of the signal towards high frequencies is
mostly determined by the term (Q2L,,;/Lp)~2, making the proton noise for the
antenna parallel to the v, less important for longer dipoles.
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Figure 2.7: Normalized proton noise measured by a wire dipole antenna parallel to
the solar wind speed for L,/Lp = 1 and 7./, = 2. The Doppler shift is even
more noticeable than for the case of the antenna perpendicular to the solar wind
speed, shown on Figure 2.6

2.4.3 Shot noise

The discussion in this Section has been so far investigating only the electrostatic
fluctuations of the electric field - assuming that the antenna is ‘transparent‘ so that
no particles impact its surface. In reality the antenna has a finite volume and both
absorbs and emits charged particles, causing an additional ‘shot noise‘ component
to appear in the power spectrum.

The voltage on the monopole antenna due to electron impacts will decrease by
an amount

V(w) = Zmon(w) I (w) (2.62)

We consider the current produced by a single impact to be an infinitely thin pulse
I,(t) = ed(t — to), with a simple Fourier transform I;(w)/e = e, If during a long
time interval 7 we have N(7) events then

Iw)=re) e~ (2.63)

and the power spectral density is

23



2.4. Thermal fluctuations of the electric field in a plasma measured by the antenna

N(r

)
2 )
is?z(mon) (“) 62|Zm0”(<'°>|2_| § :€1Wt0j|2 (264)
T
j=1

Since the ‘arrival® times ty; of the electrons are not dependent of each other we
assume that they are regulated by the Poisson process, determined by a flux of the
electrons per unit surface @, investigated in detail in Chapter 3. The calculation of
the sum that appears in Equation 2.64 was performed by e.g. |Petit, 1975| through
determination of ensemble average of the exponential factor to be

N(r)
: wwtoi |2
Y |3 e = N
j=1
which gives

V2 mom) (@) = 2€% 81100 ®| Zion (w) (2.65)

where S, 18 the surface of the monopole and & is the flux per unit of the antenna
surface defined as

= lim N(r)

T—00 T mon

(2.66)

For a dipole antenna, since the signals are uncorrelated, the result is twice of
the result for a monopole [Meyer-Vernet, 1983|. Including Sy = 25,0, and Z,, =
27 mon, We obtain

1
an(w) = 562(I)Sant’Zant(w)|2 (267)

As explained in Section 2.3.2, we can write the square modulus of the antenna

impedance simply as |Zgn(w)|? = w™2C,2 so
2
2 o e Santq)
Vi) = 5 age (2.68)

ant

Beside the impact noise given by Equation 2.68 the contribution to the PSD
measured is also given by the electrons that are emitted from the antenna surface.
Since secondary electrons can be neglected most of the time in the solar wind at
1AU |Escoubet et al., 1997] and the ion flux is negligible compared to the electron
flux, then the signal is determined by the electrons emitted due to photoelectric
effect. Since the flux of photoelectrons is usually larger then the flux of incoming
plasma electrons the antenna charges positively in order to establish an equilibrium
between these two components (see Chapter 3 for details). Therefore the current
equilibrium condition is I = I, or, written in terms of the flux, ®S,,, = ®,,51,
with S| being the illuminated antenna surface. This finally gives

. €2Samgq)
B Wgcgnt
which is the expression for the shot noise used further on. However, the Equation

2.69 has certain limitations. First, the electron signal is given as the step function
while in reality it has some finite decay time. Second, we completely neglect the noise

(2.69)
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that particle induces on its trajectory to the antenna as well as the collective plasma
effects. These approximations have been widely used by many authors (see e.g.
[Kellogg, 1981, Aubier et al., 1983, Issautier et al., 1999]) as a good approximation
below the plasma frequency. On the other hand, the exact theoretical treatment of
the shot noise that takes into account both particle trajectories and the collective
effects has been performed by [Meyer-Vernet, 1983|. However, the results obtained
require very complicated and time consuming numerical integrations which makes
them unpractical for processing large data sets. This is the reason why, in this work,
we only investigate the shot noise spectra for w < w, (Chapter 4), preserving the
validity of Equation 2.69.

Additional component of the spectrum that was not taken into account is the
noise caused by the photoelectrons that leave the antenna, increasing its voltage,
but do not have enough energy to escape the antenna potential well, so then ‘fall‘
back to the surface, decreasing the voltage to the initial value. [Petit, 1975| proved
that the ‘returning’ photoelectrons induce nearly white power spectrum that is at
least an order of magnitude below the one given by Equation 2.69. Approximations
used in this calculation are valid up to ~ 300kHz so the QTN frequency range in
the solar wind is well covered.

2.5 QTN spectroscopy in space missions

2.5.1 Pioneer work

The first attempts to send objects to the space were performed right after the Sec-
ond World War. The V2 rockets, developed in the Nazi Germany as the first guided
ballistic missiles, were captured in spring of 1945 and the technology was transfered
to the United States, Soviet Union and Great Britain. This was the very start of
the era of rockets that are further developed and used (among other purposes) for
space research. Successful flights in the ionosphere were performed already in 1947
[Katzin and Katzin, 1961|, followed by building more and more powerful rockets
and instrumentation for in situ measurements. The pioneer experiments have mea-
sured ionosphere parameters up to 200km [Seddon, 1953, Seddon et al., 1954| by
examining indices of refraction of the medium around the rocket. The refraction
measurements had multiple difficulties and provided only integral properties along
the ray paths through the ionosphere instead of a ‘point‘ measurements. In order to
measure local plasma properties more accurately, the interest for the radio antenna
impedance measurements arose in 1960s leading to first rocket experiments [Jackson
and Kane, 1959] and multiple theoretical models (|[Katzin and Katzin, 1961, Kaiser,
1962, Balmain, 1964]).

The most acknowledged impedance model of a dipole antenna in magnetized
collisional plasma that showed decent agreement with laboratory measurements was
given by [Balmain, 1969]. This model gives hydrodynamic plasma description and is
used as base for the impedance data interpretation on multiple rocket experiments
during 1970s |Bishop, 1972, Hoang, 1972, Meyer and Vernet, 1975| and even up to
this day [Spencer and Patra, 2015].

On the other hand, application of the kinetic theory to the antenna in a mag-
netized collisional plasma which is applicable to the ionosphere is a very difficult
task which has not been done yet. The calculations have been performed only
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for simple spherical geometry, but even in that case they remain very complicated
[Buckley, 1966]. On the other hand, collisionless models of the antenna impedance
and noise with neglected magnetic field [Kuehl, 1966, Fejer and Kan, 1969, Schiff,
1970], presented in details in Section 2.4, are not applicable to the ionosphere or
magnetosphere, but only to the solar wind plasma and have been waiting for the
spacecraft capable to collect data from the interplanetary medium. This was finally
possible in late 1970s, opening the path to investigation of the Solar system.

2.5.2 Extraterrestrial missions

Here we will give a short overview of the past and ongoing missions in terms
of the contribution to the QTN spectroscopy. The radio wave receivers on most of
these missions were not specifically made to detect the quasi-thermal noise. This
is why the antenna and/or instrument characteristics in some cases do not meet
the demands for the ‘clean‘ usage of the noise spectrum (given in Section 2.4) in
measuring the plasma parameters. However, even on the missions where QTN was
not planed to be a primary diagnostic tool, it has shown up as a convenient bi-
product, providing some useful results.

International Sun-Earth Explorer(s) - ISEE

The International Cometary Explorer (ICE) spacecraft, originally named Inter-
national Sun-Earth Explorer-3 (ISEE-3) [Ogilvie et al., 1978|, was launched August
12, 1978, into a heliocentric orbit. It was one of three spacecraft, along with the
mother/daughter pair of ISEE-1 and ISEE-2, built by a joined effort of NASA and
ESA to study the interaction between the Earth’s magnetic field and the solar wind
[Ogilvie et al., 1977|. While ISEE-1 and ISEE-2 were used to study magnetic fields
near the Earth, ISEE-3 was the first spacecraft to be placed at the L1 Earth-Sun
Lagrangian point.

The ISEE-3 3-dimensional Radio Mapping Experiment (SBH) [Knoll et al., 1978§]
was supplied with a very long dipole made of two 45m antennas with 0.4mm in
diameter. These long and thin antennas were very convenient for detection of the
plasma peak. On the other hand, the SBH receiver had only 24 frequency channels
in the range 30 — 200k H z, which is not a resolution sufficient to perform detailed
analysis of the spectra around the peak.

Second problem with this receiver is that the plasma frequency f, = w,/27
is usually below 30kHz in the solar wind. This is why the noise that was first
recognized and analyzed was actually the f~3 slope above the plasma frequency
[Meyer-Vernet, 1979]. The first comparison of the theory with the observation of the
QTN both around and above the plasma frequency was performed by [Hoang et al.,
1980] for special events with sufficiently high electron density. Since assumed VDF
was Maxwellian and the spectrum was calculated using the Nyquist theorem given by
Equation 2.44, the theory for w ~ w, was not fitting well to the observations. Later
on, [Couturier et al., 1981] accommodated the theory for two Maxwellian distribution
as observed by ISEE-3. This work provided good insight into the influence of the
supra-thermal electrons to the QTN spectrum and showed decent agreement with
observations (Figure 2.8), even though precise measurements of the non-thermal
characteristics weren’t possible due to the poor instrument resolution.
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On ISEE-3, the proton noise was first observed as ‘f~! component below the
plasma frequency‘ [Hoang et al., 1982|, which could not be explained by the QTN
theory. This raised motivation to develop the theory of the noise induced by protons
[Meyer-Vernet et al., 1986], presented in Section 2.4.2.

L L] I
| Noise spectral density [\I2 HE '« 10'"] _
b

l—+—
ISEE-3 SBH
10| Oct 6 1979 -
i 10 27.0 UT 4 10578 UT

Lgal

LI S |

L 1 ] i 1 .ﬁ‘ 1 | 1 ||||4‘
50 50 100

Frequency [k Hz ]

Figure 2.8: Quasi-thermal noise spectra at the receiver input as theoretically com-
puted (solid line) and measured by ISEE-3/SBH (dots). Figure reproduced from
[Couturier et al., 1981]|. Note: content of this Figure, as well as of other ones in
this Section and Figure 4.1, are reproduced as they appear in original publications,
so their formatting could be different than for the ones used in the rest of the thesis

Although on the ISEE-3 systematic analysis of the QTN measurements has never
been performed, the great importance of this mission was in motivating the theo-
retical work in order to explain the SBH spectra. NASA suspended routine contact
with ISEE-3 in 1997, and made brief status checks in 1999 and 2008.

Ulysses - solar wind at high latitudes

Launched on October 6, 1990, Ulysses was intended to explore the solar wind
at high heliographic latitudes (up to ~ 80°) at distances 1.5 — 4.2AU. The Unified
Radio and Plasma Wave (URAP) [Stone et al., 1992] receiver enabled observa-
tions of the QTN with the low frequency Radio Astronomy Receiver (RAR) sub-
instrument. The receiver was providing 64 equally spaced frequency channels in the
range 1.25 — 48.5kH z, which was quite decent frequency resolution that measured
a ‘good looking‘ spectra when connected to a dipole made of two 35m antennas
(2.2mm in diameter).

The Ulysses QTN measurements were suitable for deeper analysis and compar-
ison with results from other instruments. First insights into the problematic and
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results from nearly simultaneous measurements of plasma parameters from the radio
receiver and particle analyzers were given by [Maksimovi¢ et al., 1992] while in-depth
study was performed by [Issautier et al., 1999| with two Maxwellian model, giving
very good agreement between theory and observations (Figure 2.9) and also with the
SWOOPS analyzer [Bame et al., 1992 about the core temperature and total density
values. The main issue with URAP measurements was the low measurement rate
as one spectrum was provided only every 128s. With such a long integration time
the plasma peak expands due to density fluctuations and, since the peak size and
shape are determined mostly by non-thermal electrons, disables precise measure-
ments of the halo density and temperature. In order to overcome this difficulty,
another statistical study with a single K VDF model was done by [Le Chat et al.,
2011], deriving a single, total electron temperature along with the s index that
denotes the participation of the supra-thermals in the VDF (Chapter 3). Apart
from the temperature and solar wind speed profiles that were in agreement with
some previous models and measurements [Ogilvie and Scudder, 1978, Scime et al.,
1994, Maksimovi¢ et al., 2000], the obtained values of the x index also confirmed
increased presence of the supra-thermals in the fast wind at high latitudes. This
result has demonstrated the possibility to measure the VDF properties using the
QTN spectroscopy on Ulysses, even with two-minute sampling period.
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Figure 2.9: Thermal noise spectra as theoretically computed (solid line) and mea-
sured by Ulysses/URAP (dots). Figure reproduced from |Issautier et al., 1999

After the July 1, 2008, which was scheduled as the end of the extended mission,
the operations continued in a reduced capacity until the June 30, 2009, when the
communication with the spacecraft was cut off entirely.

Wind

With multiple scientific objectives related to both magnetosphere and the solar
wind, the mission was divided in two phases. From the launch on November 1,
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1994, Wind has spent almost ten years orbiting around the Earth, making numerous
crossings through the Earth’s bow shock. The goal of this part of the mission was
to determine the magnetospheric output to interplanetary space in the up-stream
region. Afterwards, in May 2004, the spacecraft was stationed into the Lagrangian
L1 point with fuel for around 60 years in order to investigate basic plasma processes
occurring in the near-Earth solar wind, and has been collecting the data for over a
decade now.

Wind was the first mission equipped with a device made specially for the QTN
measurements. The Thermal Noise Receiver (TNR) as part of the Waves instru-
ment [Bougeret et al., 1995] collects a QTN spectrum every 4.4s on 96 logarithmi-
cally spaced frequency channels in the range 4 — 256k H z. This makes the frequency
resolution to be df/f ~ 4.4% which is an order of magnitude of the density mea-
surements accuracy. Very long and thin dipole (one antenna arm 50m long, 0.38mm
in diameter) gives quite clear QTN spectrum while shot noise is negligible.

The studies with the two Maxwellian models were done a decade ago [Salem et al.,
2003], providing histograms that illustrate the variation of the electron density and
core temperature throughout the solar cycle, while the comprehensive analysis of the
Wind data using x model is currently being performed at the Paris Observatory. The
TNR measurements are very precise and can be used for comparison with data from
other instruments. Since the integration time is short, the results are more accurate
than the ones from similar procedures on Ulysses. Shortly after the launch, the
plasma density data from the TNR and Wind/SWE Faraday Cup [Ogilvie et al.,
1995] was compared on a representative data set, showing a very good agreement
between measured values [Maksimovic et al., 1998]. The cross calibration of the
TNR and Wind/3DP particle analyzer |Lin et al., 1995] is currently in progress at
the University of California, Berkeley and insight into this work is given on Figure
2.10.

Solar TErrestrial RElations Observatory - STEREO

STEREOQO, launched on October 26, 2006, consists of two space-based spacecraft -
one ahead of Earth in its orbit (STEREO A), and another trailing behind (STEREO
B). The mission intends to understand the causes and mechanisms that initiate coro-
nal mass ejections and accelerate the energetic particles in the low corona, though
it is not primarily made to investigate the QTN. The antennas that are attached to
the STEREO/Waves radio receiver [Bale et al., 2008] are 6m long - shorter then the
Debye length of the surrounding plasma, and 2.86¢m in diameter - making the shot
noise dominant. These antenna characteristics make the plasma peak invisible in
the quiet solar wind and it can only be observed during the events with low temper-
ature and high density, usually CMEs (Figure 2.11). Beside the antenna issues, the
STEREO/Waves Low Frequency Receiver (LFR) has 48 frequency channels in the
2.61 — 153.2kH z range, yielding 6 f/f ~ 8.2%, so even in rare occasions when the
plasma peak is visible, the density can be determined with just mediocre accuracy.

The QTN on STEREO is examined in detail in this work, with accommodation
of the method, application and results explained in Chapter 4.
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Chapter 3

Orbit limited theory in the solar
wind

It was demonstrated in Section 2.4.3 that the shot noise contribution is linearly
dependent of the antenna surface S,,,; as well as of the flux ® of solar wind electrons
impacting the antenna. If antenna has a large surface area, then the shot noise will
be dominant compared to the electron and proton noise. An example of spectrum
overwhelmed by the shot noise is shown on Figure 2.11. As will be shown below, the
incoming flux ® and, consequently, the shot noise roughly scales with n./T,. This
simple relation implies that any kind of systematic errors in calculating the flux will
disable precise measurements of the electron temperature and shows importance of
its estimation to be as correct as possible.

Accurate determination of this factor for plane, cylindrical and spherical geome-
tries in the solar wind plasma, described by « VDF, is the topic of this chapter.
These calculations are performed in the work [Martinovi¢, 2016] and presented in
Section 3.3. Previously, we give some basic remarks on nature of the body charg-
ing in a plasma (Section 3.1) and give strict definition of the s distribution and its
parameters (Section 3.2). Generalization to non-ideal geometrical shapes is briefly
discussed in Section 3.4 and some applications in the solar wind are described in
Section 3.5. Application to the shot noise on STEREO antennas is given in Chapter
4.

3.1 Phenomena of charge collection in a plasma

When an object is immersed into the plasma it causes electrostatic disturbances
in the surrounding area. The reason for these disturbances that do not exist in
neutral gases lies in the collection of charged particles from the plasma by the
object (afterwards also called collector) surface. Since the light plasma electrons
are faster than the ions, they will more frequently collide with the surface of the
collector. This way the surface gets charged and a ‘plasma sheath® is formed around
the object |Langmuir, 1923|. The sheath size is of the order of the plasma Debye
length and it contains a net amount of charge in order to balance the potential of
the collector surface [Laframboise, 1966, Franklin, 2003, Allen, 2008|. If there are no
additional processes responsible for electron emission (photoelectric effect, secondary
emission, sputtering...) then the potential is expected to be negative. On the other
hand, photoelectrons ejected from the illuminated surface are approximately for an



3.2. Definition and characteristics of x distributions

order of magnitude more numerous than the electrons collected from the plasma in
the solar wind [Pedersen, 1995], so the potential becomes positive in order to prevent
loss of too many electrons.

In the pioneer work on this topic [Mott-Smith and Langmuir, 1926 established
the theory of orbit limited motion of particles, calculating the incoming particle flux
on the collector surface for multiple geometries and plasma VDFs. This work has
been extended by many authors. For laboratory plasmas the theory has a lot of
limitations, mostly due to very short Debye lengths [Allen, 1992, Annaratone et al.,
1992]. On the other hand, in electrostatic probe design |Laframboise and Parker,
1973] and space plasmas it has found a great number of applications, especially in
determining spacecraft floating potentials (see e.g. [Scudder et al., 2000, Kellogg
et al., 2009, Henri et al., 2011]).

None of the VDFs which have been considered by previous authors allowed to
take accurately into account the effect of supra-thermal particles on the surface
charging process, even though it was already proven to be important for charging
of dust particles on the solar wind [Meyer-Vernet, 1982, Rosenberg and Mendis,
1992, Mishra et al., 2013]. Namely, non-Maxwellian distributions exhibiting large
non-thermal tails are ubiquitous in several non-collisional plasma environments, and
in particular in the solar wind. The measured non-thermal VDFs are well described
by the  distribution model [Maksimovié et al., 2005, Stverak et al., 2009]. Presence
of these fast particles modifies both the value of the surface potential and amount
of particles collected by the charged surface of a certain potential. The orbit limited
theory quantitatively describes both of these effects, and is given here for the case of
k distributions. It will be shown below that the supra-thermals considerably increase
the charge collection. The work presented in this Chapter can be observed as a
generalization of method given by [Laframboise and Parker, 1973] to non-thermal
plasma.

3.2 Definition and characteristics of x distributions

The k VDF is actually a generalized Lorentzian [Scudder, 1992a|, power law
distribution with higher percentage of supra-thermal particles compared to a classic
Maxwellian, and is defined as

flv) = Lx+1) <1+ v )_(m) (3.1)

(ﬂ-"i>3/2v§henr(’i - 1/2) /{Utzhen

where I'(z) denotes the gamma function. The physical quantities are derived from
the VDI moments calculated as

<" >=A4r /OO V"2 f (v)dv (3.2)
0

Further on, it is convenient to define the average velocity as the first moment of the

distribution
B K F(Ii — 1)
<V >p= 2\/;mvth% (3'3)
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Chapter 3. Orbit limited theory in the solar wind

Here, < v > is expressed over the thermal speed v, which is calculated from the
second moment (traditionally defining the kinetic temperature T'=m < v* > /3k;,
with m being the particle mass) to be

% — 3kT\
Uther = ( r b—> (3.4)

K m

The average speed < v >, converges to the Maxwellian value of < v >= /8K, T /7mm
for very large values of the x index, while vy, converges to vie = \/2kyT/m.

The VDF is defined for x > 1.5 and for kK — oo it reduces to the Maxwellian
distribution. This property is important for the solar wind since value of the &
index can be understood as a measure of ‘nonthermality‘ of the plasma (low values
of k assume significant portion of supra-thermal particles while for x > 10 the VDF
is so close to Maxwellian that it can be considered thermal). The shape of the x
distributions is given on Figure 3.1.
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Figure 3.1: Generalized Lorentzian VDFs for different values of the s index, nor-
malized to f(0) =1 and T' = 10eV/

3.3 Flux corrections

Now we deal with the corrections to the flux of incoming particles per unit of
surface area of the charged collector. If the collector which is immersed into the
plasma is not charged (has zero potential) then the flux of incoming particles will
be

By = L=V~ (3.5)
4
which is a well known result of classical thermodynamics, for any kind of an isotropic
VDEF. On the other hand, this result will be modified for a finite value of the poten-
tial. As it will be seen below, this change depends on both collector geometry and
VDF of particles.
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3.3. Flux corrections

3.3.1 Basics of the model

Since the solar wind plasma we observe here has extremely long mean free paths
(~ 1AU) it means that collisions can be neglected. We will assume that radius of the
collector r. is much smaller than particles’” mean free path and that every particle
has its own trajectory that comes from ‘infinity‘ towards the collector. Also, for
cylindrical and spherical collectors, the plasma local Debye length (and size of the
plasma sheath) is required to be very large compared to radius of the collector. Since
Lp ~ 5 — 10m at distances 0.3 — 1AU from the Sun, both of these conditions are
satisfied in the solar wind.

We observe a particle which is moving with velocity ¢ in the electrostatic po-
tential ¢(7). A particle coming from infinity ¢(co) = 0 carries the kinetic energy
E, = mv? /2. As in a collisionless plasma the particle at any distance r can be
traced back to its position at r — oo (the constants of motion are preserved, see e.g.
[Watson, 1956, Bernstein and Rabinowitz, 1959|), then at the distance r its energy
is given as

2

Ei(r) = 75— +qo(r) > 0 (3.6)

So, the condition for a particle to reach the collector surface is simply

v > (— M) " (3.7)

m

It has been proven by |[Laframboise and Parker, 1973| that this statement stays
valid as long as the VDF at infinity is isotropic. This important conclusion enables
the results already known for equilibrium plasma to be expanded to any isotropic
distribution, in this case the generalized Lorentzian.

Consequence of Equation 3.6 is that we can find density of the particles n(r) by
integrating f(v) over the entire velocity space except the region defined by Equation
3.7.

1
mm:-/ F(#)dv (3.8)
2 Jos(~2q6(r)/m)1/2

The factor 1/2 arises since only the part of the VDF that moves towards the collector
contributes. By analogy, the flux through a collector surface element defined by the
unity vector eg perpendicular to it is given as

Mm:/’ 7 euf()dv (3.9)
v>(~26(r) fm)1/2

In this study we are interested only in calculating the impact rate of the particles
on the collector surface so the only the flux calculations will be presented.

Using this method, the exact correction of particle flux ®/®, for Maxwellian
distribution was calculated by |Laframboise and Parker, 1973| for three different
cases - plane, cylindrical and spherical geometry and for both attracting and re-
pelling potential. The results obtained for attracting potential (¢¢ < 0) give linear
dependence of the correction from the factor n = —q¢/kyT for spherical collectors,
while for cylindrical ones the solution turns out to be more complicated but tends
to ®/®, ~ n'/? for high values of the surface potential. If we have q¢ < 0, then the
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Chapter 3. Orbit limited theory in the solar wind

surface is repelling particles, decreasing the flux by the Boltzmann factor e”. Here,
we review these results and extend them for the case of s distributions.

3.3.2 Attracting potential

Plane geometry

A flat infinite collector produces one-dimensional potential well. We will assume
that the object surface is infinite in yz frame and potential ¢ is dispersed over x
axis. For Maxwellian distribution we have

_ -3/2,,—3 _n
O =nr Vo€

o0 & & 2 2 2 2 2 2
dv, dv, dv,v e Ve Vine e~ Vy/Vine ¢~ VE Vine = oy (3.10)
\/ =2a¢ —0o .
m

Analogously, the expression for x distributions is

I'(k+1)
['(k —1/2)m3/2k3/203,

(oo} oo (o) /UI
/ ﬂdvx /_OO dv, /_Oo dv, (1 . vg+u§+vg+2ﬁ)"+l (3.11)

d.=n

2
KUher

1/2,,—1 _ -1/2,,—1 _
Uthem Yy = /Uyli Uthe/{ and z =

Putting these into Equation 3.11 we obtain

From here we make substitutions z = vk~
v, /4_1/21);}

ex”’

I(k+1) KV 2000k

b, =
nF(ﬁ—1/2) 73/2
/ d:L‘/ dy/ dz ’ =1 (3.12)
\/TTH —00 —00 <1+x2+y2+22_77n>
where
2 q¢
e = — - 3.13
K % — 3 kT (3.13)

Result of the integral in Equation 3.12 is 7/(2k(k — 1)) and is not dependent on ¢.
Replacing Equation 3.3 into this solution we obtain

<V >,
O, = By, = L0 7" (3.14)
4
concluding that the particle flux does not depend on the surface potential in the

plane geometry for s distributions as well as for the Maxwellian one.
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3.3. Flux corrections

Cylindrical geometry

In this geometry it is convenient to use cylindrical coordinate system with z axis
parallel to the central axis of the collector and 6 as the angle between the particle
velocity projection to the zy plane and x axis. We choose the surface element to be
perpendicular to x direction so eg = €, and U - €5 = v, cosf. The integration over ¢
is only for positive values of v, which brings us to the Equation 6 in [Laframboise
and Parker, 1973] for flux per unit of surface

0 /2 00
o = mr_?’/%t_hie"/ dvr/ d9/ dv,e~ " Vinee =% Vine? cos 0 (3.15)
N/ =228 —7/2 —00

for Maxwellian distribution, which gives the well-known result

d = o201 22 4 e exfe (nt/?))] (3.16)

where erfc (z) is the complementary error function. Now we use the same approach
for k distribution, rewriting Equation 3.15

I'k+1)
n
['(k — 1/2)73/2k3/20 3h on

" a6 dvz vy 06 (3.17)
—2q¢ —7/2 < 1}2+ 2q¢ +02 ) rt

o, =

7rL
2

KUiher

From here we make substitutions x = v,x~20;! and y = v,k Y?v;,! and, after
performing a trivial integration over y, obtain

4T (K +1/2) zidx
O, =bpy—7% 3.18
U rl20(k — 1) /ﬁ (1+ 22 =, )rti/2 (319

For zero value of the potential we have

S 2 1/21’\ -1
/ xidx 7 (k—1) (3.19)
o (I+x2)st1/2 AT(k +1/2)

and the result is simply ®,(¢ = 0) = Pg,. In general case (non-zero potential),
Equation 3.18 can be represented in terms of regularized hypergeometric function
F as

21

@, = 200, 7 2D(k + 1/2)[D(k)] 't "2 Py (k — Lk +1/2,k, 1 —n.")  (3.20)

For different integer values of x the general solution can be obtained by perform-
ing recursive integrations by parts. The results for k < 5 are given in Table 3.1, and
Figure 3.2 illustrates larger number of solutions (since, for example, the expression
for k = 50 is the 49-order polynomial it is inconvenient to tabulate all the results).

The Equation 3.20 quantifies the increase in the incoming particle flux received
by a cylindrical collector at a given potential in non-thermal plasma. It is clearly
visible that the correction is not negligible if the Maxwellian is replaced by x VDF.
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Figure 3.2: Particle flux correction factor in cylindrical geometry due to attracting
potential for different values of x index. Black line is the result given by [Mott-Smith
and Langmuir, 1926] and [Laframboise and Parker, 1973] for Maxwellian electrons

Since for wire dipole antennas in the solar wind we have a,,; << Lp then we can
observe them as infinite cylinders and this result can be used for precise estimation
of the shot noise level given by Equation 2.69.

¢n/¢05
1—(2n)°/?
1-2n
9+6'/293/2 (2n-5)

(3—2n)?
—500+101/273/2(1754+12n(n—7))
4(2n—>5)3
19208+141/213/2(—5145+27(1323+10n(2n—27)))
8(7—2n)*

Tl = | W N |

Table 3.1: Expressions for correction of the particle flux due to attracting potential
of a cylindrical collector for multiple values of x index.

Spherical geometry

In this case we use spherical coordinates with polar axis along z direction, and
angle 0 that satisfies v, = vcos 6. If we choose the surface element to be perpendic-
ular to the z axis, we obtain for Maxwellian distribution

) ) o0 /2 2w
o = nﬂd/zv;ie”/ dv/ d9/ dipe=""¥ihey cos Bv? sin 0 (3.21)
=299 0 0

resulting with ® = ®,(1+n). On the other hand, the same method for x distribution
gives
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Figure 3.3: Particle flux correction factor in spherical geometry due to attracting
potential for different values of x index. Black line is the result given by [Mott-Smith
and Langmuir, 1926] and [Laframboise and Parker, 1973] for Maxwellian electrons

2

KU%ther

I'(k+1) > o v sin 0 cos 6
o, = d do d 3.22
nr(m — 1/2)7T3/2H3/2Ufhm/ —m U/ / ?/f( v2+2‘1¢>ﬁ+1 ( )

Substituting » = vk~1/?v;,]  we obtain
> r3dx
b= tu2nlo 1) | (3.23)
which is solved to give
2Kk — 2
o, = By <1 5= 3”) (3.24)

These linear solutions are given on Figure 3.3, clearly showing that spherical
collectors are more sensitive to the variation of the VDF than cylindrical ones.
However, this result is, in most cases, usable only as a first approximation since
there are almost no real objects in the solar wind that have precisely spherical
shape, as spacecraft body is usually not spherical and the double sphere antennas
need to be placed on a boom that affects the particle collection. Limitations of the
theory are discussed in more detail in Section 3.4.

3.3.3 Repelling potential

All the calculations above assume positive 17 and 7,,, which means that the poten-
tial is attractive. If it is not the case then we deal with the repelling potential which
will effectively reduce the incoming particle flux. In order to calculate this flux, we
make use of the same condition given in Equation 3.7, taking care that modulus

38



Chapter 3. Orbit limited theory in the solar wind

10 T TT T 1T | T T TT T T T T T T
B — k=2 i
- — k=3 /|
08 N —«k=4 4
§ : K=6 :
& 06— —
= L i
S - s
° r k=50 7
£ 04~ |— Maxwellian ]
o B i
0.2 / ]
0.0 1 | | L 111 | 1 | I L 111 l L 111 ‘ L1 11 1

3.0 25 2.0 15 -1.0 0.5 0.0
-9/ k,T

Figure 3.4: Particle flux correction factor due to repelling potential for different
values of k index. Black line is the result given by [Mott-Smith and Langmuir,
1926| and |Laframboise and Parker, 1973] for Maxwellian electrons

of the velocity vector v can’t be negative. This effectively means that, when 7, is
negative, the integration in Equations 3.12, 3.18 and 3.23 can’t go below zero. All
three of these Equations give the same result

P, = Pg(1 — )" (3.25)

and we conclude that the repelling potential provides the same correction to the
incoming flux regardless of the collector geometry. Also, for very large values of k,
Equation 3.25 converges to the well-known Maxwellian limit ® = ®ye”. The result
is given on Figure 3.4, clearly showing that high values of the repelling potential can
decrease the particle collection for more than an order of magnitude.

3.4 Validity of the theory for non-ideal collector
shapes

If the collector is not an ideal cylinder or sphere then it is necessary to acknowl-
edge limits of usage of the theory given above. As it was noted in Section 3.3.1, the
‘orbit limited criterion‘ is that all particles arrive to the collector from ‘infinity‘, so
none of the particles can originate from the collector surface, for the results above to
be valid. If we assume the opposite - that a particle does originate from the surface
of the collector and then returns to it, then that particle needs to reach a point
where it will have zero kinetic energy Ej (and maximum distance from the surface)
before it starts to ‘descend‘ back. Consequently, the criterion is £y, = 0 for spherical
surfaces and Ej; = 0 for cylindrical ones. The important implicit condition is that
the radius of the ‘returning‘ orbit, when the theory breaks down, needs to be smaller
than the equipotential surface radius at point of tangency.

Since these analyses are observing only a single particle without any collective
effects, then the results given by [Laframboise and Parker, 1973] are valid for
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distributions as well as for the Maxwellian one. This is why the full derivation of the
criteria will not be repeated here, but only the results for the sake of completeness.

If we have cylindrical collector then, d¢/0r > 0 for all values of r, and it will
not be possible for any of the particles that satisfy conditions from Equation 3.7
to pass the surface twice, so we conclude that ‘orbit limited criterion‘ is valid for
cylinders for any kind of VDF. The same authors showed that we can apply the
theory not just for circular cylinders, but for any kind of a convex cylinder. On the
other hand, for spheroids there are limitations for the ratio of major to minor axis.
For a prolate spheroid, maximum ‘allowed* ratio is 1.653 and for oblate ‘Earth-like*
one, the maximum ratio is 2.537.

For more complicated collector shapes the problem is, in general, very difficult to
calculate, but some general remarks can be given. If the collector is not completely
convex (there are flat surfaces on it), then the theory will not be applicable. The
same can be claimed for surfaces that contain ‘cusps since at these particular points
we have infinitely small radius of equipotential surface. The complicated shapes of
spacecraft bodies are the reason why the theory of particle collection can be used
only with very rough assumptions and up to a very small confidence level. This
statement has been confirmed for geometries of several spacecraft (see e.g. [Kellogg
et al., 2009]). On the other hand, antennas can be considered to be close to infinite
cylinders and the theory given here has turned out to be very useful (Chapter 4).
The accuracy of the results for the antennas depends mostly on the confidence level
of determining the photoelectron parameters (see next Section for details).

In general, the geometries that appear in both space missions and laboratory
experiments are never perfectly shaped as in the theory presented in Section 3.3 and
we will always have some smaller or larger deviations from the orbit limited criteria.
One of the efficient ways to estimate the influence of these geometrical irregularities
is usage of different simulations. However, performing a reliable simulation is a
difficult task, even for the simplest realistic conditions, and demands developing of
very efficient and optimized softwares (see e.g. [Roussel et al., 2005]) as well as
powerfull supercomputers.

3.5 Applications in the solar wind

Velocity distribution of both protons and electrons has been measured with par-
ticle analyzers during various missions and analyzed in detail by many authors.
These results show that the x index is varying with heliographic distance and solar
wind speed. The closest distance covered with spacecraft that give reliable VDF
measurements is up to ~ 0.3AU. By analyzing the data, it has been proven (see
e.g. [Stverak et al., 2009]) that, beside the Maxwellian core that carries ~ 90% of
all particles, the x index is decreasing with distance from the Sun for both halo and
strahl components. Moreover, it is also evident that x is lower for the fast solar
wind.

Measured values give x ~ 10 at 0.3AU decreasing with ~ 7065015 for the slow
wind (for both halo and the strahl), x ~ 7 at 0.3AU decreasing with ~ 704501
(halo) and x =~ 14 at 0.3AU decreasing with ~ 70901 (strahl) for the fast wind
[Maksimovié¢ et al., 2005, Stverak et al., 2009]. Approximate values (with ~ 20%
measurement errors) are given on Figure 3.5. These values, along with changes in
temperature and density of the solar wind, determine the incoming particle flux @,
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Figure 3.5: Evolution of k index for non-thermal parts of VDFs measured by Helios
between 0.3 and 1 AU. Results are given in details in the work by [Stverak et al.,
2009]. Uncertainties of the results are less than 25%

as well as the corrections given in Section 3.3 as a function of distance from the Sun.

On the other hand, as already described in Section 2.4.3, the electron kinetics
on the collector surface is determined by the photoelectric effect. Flux of the pho-
toelectrons ®,;, depends only on the sunlight intensity (decreasing as square of the
distance from the Sun) and properties of the surface material. For a given cover
material and frequency of incident radiation, the rate at which photoelectrons are
ejected from the surface is directly proportional to the intensity of the incident
light. Some order of magnitude estimates of both the flux of plasma electrons and
the photoelectron flux at zero potential are given on Figure 3.6. On the Figure we
use parameters ®,, = 1 — 5 - 10"(r[AU]) 2 (m 257, n = (5 £ 1)(r[AU]) " 2[em ™3]
and T = 10(r[AU])"%8[eV]. The way these factors affect the shot noise spectrum as
we move towards the Sun is briefly discussed below and illustrated in Section 6.1.

The equilibrium condition which determines the surface potential is that current
produced by the photoelectrons escaping from the collector potential well and by
electrons being collected from the surrounding plasma ®,, are balanced. If distribu-
tion of the emitted photoelectrons is Maxwellian, then the current balance equation
at the collector surface is

__<$
SLCIDPhe Folph = SP,. (326)

where S| and S are sunlight and total surface of the collector, charge ¢ is replaced
by —e and ®, is given by Equations 3.14, 3.20 and 3.24, depending on the geometry.
With T}, we mark the photoelectron temperature. The value of this parameter has
been measured by many authors and is found to be ~ 3eV (Henri et al. 2011) for
spacecraft covers and ~ 2 —2.7eV for standard Beryllium—Copper (BeCu) antennas
(Scudder et al. 2000, Pedersen et al. 2008, Kellogg et al. 2009). With assumption
of these parameters, the potential ¢ of the collector can be found as the solution of
Equation 3.26. Since values of @, are for an order of magnitude below values of @,
in the solar wind, it is clear that potential of the antenna and spacecraft surface will
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Figure 3.6: Approximate values for photoelectron flux at zero potential of standardly
used BeCu antennas ®,, (red) and flux of plasma electrons @, (green). Values of
the xk parameter used are given on Figure 3.5, assuming the slow solar wind. Width
of each line represents range of parameters measured by various authors

be positive - attracting for electrons and characteristic values at 1AU, calculated
using the standard parameters given above, are ¢ =~ 3 — 9V for both spacecraft and
antenna surface (see Section 4.2.1 for details). Negative potential can appear only
in shadowed areas.

It is important to note that Equation 3.26 neglects secondary electrons. As fast
electrons have higher probability to induce the secondary emission, this approxi-
mation can become problematic for small values of the s index (usually in the fast
solar wind and at very large distances from the Sun where even xk ~ 2 was measured
[Maksimovi¢ et al., 1997b, Le Chat et al., 2011]). This problem was discussed by
[Meyer-Vernet, 1982] while investigating potential of dust grains and also noticed
during examination of the spacecraft floating potential in the fast solar wind using
particle analyzers data from Wind mission [Salem, personal communication|. At
this point, we can just conclude that results based on the current balance derived
in this Section should be taken with some reserve when dealing with large fractions
of supra-thermals and that influence of the secondary electron emission on charging
processes needs to be detailedly investigated in the future.

Comparison of floating potential values in the x and Maxwellian cases

The method of determination of the collector potential (antenna or spacecraft)
needs to be used to perform or upgrade various in situ measurements in the solar
wind. In this work we estimate the potential in order to find the flux of the plasma
electrons arriving at the surface of the antenna (which we assume to be equal to the
photoelectron flux leaving the antenna in equilibrium). The factor ® from Equation
2.69 is determined self-consistently by solving Equation 3.26 for given parameters
®,, and T,,. It turns out that the photoelectron parameters strongly affect the
calculated value of ®,, significantly decreasing the accuracy of determined plasma
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VDF moments if the shot noise is dominant in the spectrum. This is the case
for the study presented in Chapter 4 where the problem of postulating adequate
photoelectron parameters is discussed in more detail.

Even though the correction of incoming particle flux has to be taken into account
when calculating the shot noise (Section 3.3), the value of surface potential is not
considerably changed. We can prove this statement by comparing the potential
calculated by Equation 3.26 for cases of Maxwellian and x distributions. If we mark
these two potentials as ¢ and ¢, and calculate them using flux expressions ® and
®,. then we can subtract two versions of Equation 3.26 to obtain

d e
In [CE] = W (0s — @) (3.27)

The fluxes given of the left hand side of Equation 3.27 are equal to the flux of
electrons impacting the antenna at zero potential given by Equation 3.5 times cor-
rections given in Section 3.3. As for the ‘worst case‘, that is, the largest flux ratio
and potential difference is for a spherical collector, we can write

1+ 5
J— . (3.28)
/@—3/21+%kb—;

At 1AU, value of the potential is 4.5 — 5.5V for standard solar wind parameters
if S;/S = 0.5. We can illustrate its variation with s using Equation 3.26 to self-
consistently calculate the potential with « as the only varied parameter. The result
is shown on Figure 3.7. It is noticeable that the potential ratio is around 1% for k &~
4—5, standardly measured at 1AU, while it can increase up to ~ 5% for k = 2. From
here we can conclude that the difference induced by the supra-thermal electrons
affects the accuracy of the QTN spectroscopy less than standard uncertainties of
the instruments (see Chapter 4 for details) and much less than uncertainties of the
photoelectron parameters.

% 14 Tph[BV]

s o) "

Since the ratio between the photoelectron and plasma flux remains of the same
order of magnitude as we move towards the Sun (Figure 3.6), the expected values of
the potential will also remain of the same order of magnitude (~ 3—9V), so e¢/k,T
fractions on the right hand side of Equation 3.28 should not exceed 0.5. This implies
¢ — @ < 1V even for k = 2 and the potential difference tends to zero as x increases,
as expected. Also, as the logarithmic slope of the plasma flux given on Figure 3.6
is larger than the slope of the photoelectron flux (which is exactly equal to 2), the
potential should slightly increase with distance.

In order to confirm these conclusions, we can calculate, again using Equation
3.26, the potential for both Maxwellian and  distributions with solar wind and
photoelectron parameters given on Figures 3.5 and 3.6 for wide range of distances
from the Sun. The result is given on Figure 3.8, showing that indeed the difference
between two potentials is less than 1V even if we assume a VDF with significant
portion of supra-thermals. However, it must be noted that this result is only a
decent approximation since effects of both secondary electrons and strahl, that might
become important close to the Sun, are neglected.
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Figure 3.7: The cylindrical (left) and spherical (right) collector potential variation
with k index for different values of the electron temperature. The photoelectron
parameters and electron density are assumed to be constant and equal to ®,, =
10¥m=2s71 T,, = 2eV and n = 5em ™3, respectively, which are standard values
at 1AU, and S, /S = 0.5. The potential value (not shown here) varies between
¢ = 4.7 — 5.7V, and decreases with the temperature. Influence of the x index is
small and causes changes that are less than 5%, even for very low temperatures and
low values of k
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Figure 3.8: Approximate collector potential values calculated using Equation 3.26
with Maxwellian and x models for the quiet solar wind conditions described above
and shown on Figures 3.5 and 3.6. For purposes of illustration, we assume 7}, and
S1/S to be the same as on Figure 3.7. Value of the x index used has a power-law
decrease from 12.8 to 2.2 throughout the plot range

Effect of the strahl

The strahl is well described by the « distribution that is shifted by mean velocity
Uneamnand exhibits larger temperature anisotropies compared to the halo. Conse-
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quently, in the reference frame moving with velocity vpeqm, it can be described by a
standard x VDF with mean velocity < v >4 given by Equation 3.3. The flux cor-
rections calculated in Section 3.3 still apply, but the value of flux at zero potential

need to be calculated as

by = ns/ﬁ- €s fs(0)dv (3.29)

where fs(¥) is the normalized anisotropic distribution described above. Contribution
of this component is additive to the isotropic part.
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Chapter 4

Electron temperature deduction on
STEREO/WAVES using the QTN
spectroscopy

In this Chapter, we apply QTN spectroscopy to the STEREO A and B spacecraft
in order to obtain electron moments. These measurements are of importance as
STEREO/SWEA (acronyms and brief descriptions of the instruments are given
in Section 4.1) electron analyzers malfunction in detecting the low energy (below
45eV’) electrons since beginning of the mission and, at present time, no reliable
measurements on thermal electrons exist on board these spacecraft [Fedorov et al.,
2011]. In general, it is possible to obtain electron local density n. and kinetic
temperature T, as independent parameters from the analysis of a QTN spectrum
due to the existence of the plasma peak, as described in Section 2.4.1. However, since
STEREOQ is equipped with 6m monopoles and orbits at 1AU from the Sun, where
local Debye length is of the order of 10m, the peak is expected to be observed only
under special circumstances, e.g. in structures of high density and low temperature
where the Debye length is small [Bougeret et al., 2008|.

Beside VDF, the QTN spectrum is highly affected by size and shape of the an-
tennas which, on STEREO/Waves, have a large surface area [Bale et al., 2008], and
shot noise dominates the power spectrum at frequencies lower than w,. Therefore,
measurement of the product n./7, can be derived from the shot noise spectra. Such
kind of analysis has been previously performed by [Zouganelis et al., 2010| to derive
the stray capacitance of the STEREO/Waves dipole. It is important to note that the
method described here is impossible to perform when nanodust impact bursts are
detected by the dipole, because the signal caused by dust is very high due to large
antenna radii [Meyer-Vernet et al., 2009, Pantellini et al., 2012] and overwhelms the
thermal noise.

Before describing the details of the QTN spectroscopy technique accommodated
for STEREO instrumentation (Section 4.2), we will introduce some basic aspects
of the mission (Section 4.1). Further on, we use STEREO/LFR measurements of
the QTN, coupled with proton density measurements by PLASTIC instrument to
provide electron temperature data for both STEREO A and B spacecraft (Section
4.3).

Due to lack of electron analyzers data to use for calibration, we compare the
results of our analysis with the electron temperature provided by Wind using data
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from the period when Wind and STEREO B were positioned close to each other
(Section 4.4) in a similar way as it was done by |Zouganelis et al., 2010]. This
comparison shows that our technique is reliable when integrated on a timescale of
the order of 50 to 60 minutes. In addition to this real-time test, electron temperature
histograms accumulated over ten months by Wind particle analyzers and the QTN
spectroscopy technique on board STEREO A are finally compared, showing a good
agreement between Wind and STEREO results.

Finally, since the ultimate goal of the study described above (which can be also
found in [Martinovi¢ et al., 2016b]) is to provide, for the first time, a continuous
survey of the electron temperature on STEREQO, we will analyze possibilities and
issues related to making such database in Section 4.5.

4.1 The STEREQO mission

STEREO is the third mission in NASA’s Solar Terrestrial Probes (STP) program
that has a primary goal to understand the physical processes between the Sun and
Earth. Beside STEREO, Thermosphere, Ionosphere, Mesosphere Energetics and
Dynamics (TIMED) mission, exploring Earth’s mesosphere and lower thermosphere,
operates since 2001, Hinode (Solar-B) mission that aims to observe magnetic field
structure of the Sun operates since 2006 and Magnetospheric Multiscale (MMS)
mission that examines the Earth’s magnetosphere operating since 2015 are also part
of the program.

Primary science objective of the mission is to explore in detail the physical back-
ground of origin and propagation of CMEs. Energetic particle acceleration in the
low corona and the interplanetary medium as well as the ambient solar wind are
partially explored.

Two nearly identical spacecraft - one ahead of Earth in its orbit (STEREO A)
and the other trailing behind (STEREO B) make both in situ and remote sensing
observations simultaneously. The payload of each spacecraft contains four sets of
instruments.

Sun Earth Connection Coronal and Heliospheric Investigation (SECCHI) [Howard
et al., 2008] contains set of chronographs along with visible light and UV imagers
in order to primarily observe propagation of CMEs. The SECCHI observations are
not used in this work.

In-situ Measurements of Particles and CME Transients (IMPACT) [Luhmann
et al., 2008| is a suite of seven instruments for various particle and magnetic field
measurements. The IMPACT Solar Wind Electron Analyzer (SWEA) [Sauvaud
et al., 2008| is particularly important for this work. Namely, the instrument was
designed to make precise measurements of the electron distribution at 1AU but it
experienced a serious malfunction, giving compromised low energy measurements
(up to 45eV’). Consequently, the electron VDF moments are not possible to accu-
rately determine from the SWEA data even though some approximative modeling
is still possible [Fedorov et al., 2011]. This problem motivated the work presented in
this Chapter - processing the radio instrument data to obtain the electron moments.

The Plasma and Supra-thermal Ton Composition (PLASTIC) [Galvin et al., 2008]
provides measurements of kinetic properties and composition of ions and high en-
ergy particles. In this work, the data from PLASTIC was used for both obtaining
proton parameters and electron density estimate, so the electron temperature could
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be measured independently (see Section 4.3 for details). The data itself has been
updated several times by the instrument team during the mission, each time improv-
ing the accuracy of the results, but detailed analysis of the data show that further
improvements are necessary.

The radio measurements are performed by STEREO/Waves |Bougeret et al.,
2008] with primary intention to study the solar Type IT and Type III radio bursts.
These measurements are collected by the High Frequency Receiver (HFR). The Low
Frequency Receiver (LFR) gives measurements of the low frequency part (2.6 —
153kHz) of the spectrum, which is of interest for the QTN spectroscopy, and is
described in more detail in Section 4.2.2. A Fixed Frequency Receiver (FFR) mea-
sures radio emissions at around 30M Hz, at high time resolution, for purposes of
comparison with ground-based radioheliograph measurements. Time Domain Sam-
plers (TDS) makes in situ analysis of the waveform on electric antennas, giving the
data very important for the radio bursts. The instrument hardware contains three
mutually orthogonal L,,; = 6m monopole antennas; each antenna is having an av-
erage radius of a.,; = 1.15¢m [Bale et al., 2008]. The three monopoles are deployed
away from the Sun so that they remain out of the fields of view of sunward looking
instruments. The antennas are placed on the anti-sun side of the spacecraft in such a
way that X and Y monopoles are inclined by § ~ 125° and Z monopole by 3 ~ 145°
to the Sun-spacecraft direction (this is the angle defined in Section 2.4.2 and shown
on Figure 2.5), which gives approximate relations for the ratio of total to illuminated
antenna surface Sy,on,/S1, ~ 4.41, Spon/S1, =~ 3.84 and Sy, /51, = 6.19 [Kellogg
et al., 2009]. All three antennas are mounted at the same location on the spacecraft
body. The position and layout of the antennas are shown on Figure 4.1.

Figure 4.1: A plot of the antennas position with respect to the spacecraft payload.
This Figure is reproduced from [Bale et al., 2008]
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4.2 QTN spectroscopy on STEREO/Waves

The goal of this Section is to provide the generic spectrum as it is supposed to
be measured by the LFR in quiet solar wind conditions. We use the theory given
in Chapters 2 and 3 with parameters of the spacecraft given in Section 4.1. After
calculating the theoretical spectrum we will be able to compare it with the data.

4.2.1 Accommodation of the theory to STEREO antennas

The QTN method can be applied to measurements in the frequency range above
the ion plasma frequency up to the region of significant galactic radiation (~ few
hundred kHz |Zaslavsky et al., 2011|). In this range, the voltage spectral density
measured at the terminals of an electric antenna in the solar wind consists of three
different contributing noises described in details in Section 2.4: the electron quasi-
thermal noise V7, due to the ambient electrons thermal motion, the proton noise
Vp2 due to the protons thermal motion which is Doppler-shifted by the solar wind
bulk speed and the electron shot noise V2 due to electron impacts on the antenna.
All three of these components are highly affected by antenna size and shape. The

spectrum obhserved by the receiver is, following Equation 2.7

V2, =T (vq%nwfw;) VP (4.1)

Here V755 is the receiver internal noise, given by [Bougeret et al., 2008] and T is the
antenna gain (see Section 2.3.2). Stray capacitance for STEREO/Waves has been
measured to be Cy,qy ~ 32pF [Bale et al., 2008, Zouganelis et al., 2010]. The value of
the antenna capacitance is a function of frequency, but it can be approximated by a
constant factor at any frequency except at w ~ w, (see Chapter 5 for details). Actual
value of the STEREO/Waves antenna capacitance is measured by [Bale et al., 2008
to be =~ 63pF for a monopole which should be equivalent to twice the capacitance of
a dipole. The given value is in good agreement with approximation for L., < Lp
(which is not always the case on STEREO) given by Equation 2.12 that, after
replacement of the antenna parameters given in Section 4.1, yields C,,; =~ 31.7pF
for a wire dipole. From here the antenna gain is given by Equation 2.10 to be
I' = 0.49.

Electron quasi-thermal noise

The signal measured due to quasi-thermal noise is given by Equation 2.35. The
argument of the antenna response function defined by Equation 2.21 is kL.ss. Since
on STEREO we have 90° angle between the monopoles (Figure 4.1) then, following
Equation 2.23, Le.sy ~ 4.25m in the limit Lo, << Lp. This value of L.y is a
rough approximation, but it can work well for STEREO since qum is only a small
contribution to the power spectrum.

The function B(k) is calculated for x distribution (defined in Equation 3.1) using
Equation 2.36 to be

F(/{%—l)

B(k) =
(%) 7T1/2/f3/2k:vtheﬁf(/f — 1/2)

(1+ 2" (4.2)
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with z, = w/k'"?kvspe, while the longitudinal dielectric permittivity, has been cal-
culated by |Le Chat et al., 2009] to be

2nw? (K —1/2
er(k,w) =1+ W”<K 2/ +znln> (4.3)

2
k TRV o

The factor I, is given by

F(/@ + 1)
m2kv2,, (k= 1/2)

S| 1 1 i
- dr, + ——————| (4.4
[/—oofﬂ—%<<xz+1>ﬁ+l <zz+1>ﬂ+1> ) +<zz+1>ﬁ+1] 44)

where z, = v/k"?vy.,.. For general values of x, this expression requires a numerical
integration over z, inside the another numerical integration in Equation 2.35. How-
ever, for integer values of x an analytical solution can be obtained using integration
by residues. The calculation was performed by [Chateau and Meyer-Vernet, 1991],
producing the result

P

zzwg
ep(kb,w)=1+—~ 2

<2m -1+ ZZ,.i — 3 T Z Pl (202, + ),@Hp) (4.5)

which is a much more convenient expression numerics-wise and will be used through-
out this Chapter whenever the QTN spectrum is calculated for integer values of the
k index.

The Equation 4.5 has a low frequency limit

w2 2 —1
eL(k’,w—>O):1—|—k2 :

Vihex
from where one can read the Debye length in terms of s distributions as

1/2
L o /Utheli R / (4 7)
b wp \ 2k —1 '

that, of course, converges to the Maxwellian limit Lp = vy, /22w, for large values
of the k index.

R

Proton quasi thermal noise

The theoretical expressions for the proton noise are given in Section 2.4.2. Since
the STEREO antennas are not far from being perpendicular to the solar wind bulk
velocity, the Equation 2.59 is used to calculate the proton contribution. The gener-
alized temperature used is given from Equations 2.58 and 4.7 to be

2k — 3

T = T, 4.8
e =51 (4.8)
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Electron shot noise

For w < wy, the shot noise on a wire dipole is approximated by Equation 2.69.
The antenna potential is calculated for a given density and temperature using the
electron current balance Equation 3.26 where we treat the antenna as an infinite
cylinder and use Equation 3.20 to describe relation between the antenna potential
and the incoming flux. The S,,;/S, ratio is given in Section 4.1.

Here, we use values @,;, = 10"m?s~! and T,;, = 2¢V, which are in the low range
of the results given by previous authors and are also lower then the ones obtained
in laboratory measurements for BeCu antennas (see e.g. [Spencer, 1975]). Namely,
in the space, these parameters are modified by changes in the work function of the
surface due to impurities of the material. Also, the secondary emission of electrons
(which has been neglected in our calculations) can affect the electron current balance.
This makes that the exact values of the photoelectron parameters are unknown and
need to be chosen empirically. If these parameters are not correctly chosen, then
the systematic error in measurements of T, will appear. For these purposes we
processed a large data set and made histograms of the electron moments, which are
then compared with the data from Wind (see Section 4.4 for details). We chose
these values as they do not imply any systematic error in our test.

The antenna potential ¢ has been calculated for wide range of electron densities
and temperatures and is given on Figure 4.2. For conditions of quiet solar wind
(ne &~ 2 —10ecm™3, T, ~ 10 — 15eV) value of the potential is ¢ ~ 3 — 8V. This
produces the correction to the electron impact rate and, consequently, the shot
noise for a factor of 1.3 — 1.6 but for lower temperatures, usually observed in some
CMEs, the correction can increase up to 50% of its initial value and highly affect
measured results.

Antenna Potential [V]

a o N o

EN
T

Temperature [eV]

- n w

1 IIIlIIl |

10

Density [cm”]

Figure 4.2: Dependence on plasma parameters for the potential of the STEREO
antenna. For this example, x = 4 is assumed
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4.2.2 The LFR instrument

LFR [Bougeret et al., 2008]| is a digital spectral analyzer that produces voltage
power in three 2-octave bands (Table 4.1), covering frequency range from 2.6 to
153.2k H =z with spectral resolution 0 f/f ~ 8.7%. Each one of the bands includes 16
logarithmically spaced frequency channels. Frequency range of LFR is actually the
range of dominating electrostatic noise in the solar wind (see Section 4.2.1). Time
resolution of measurements is ~ 38.5s, and the spectral analysis is performed on
board in order to obtain the voltage PSD.

Band A B C
Frequency range |kHz| | 2.61-9.58 | 10.44-38.30 | 41.77-153.22

Table 4.1: Frequency bands of the STEREO/LFR

Internal noise of the receiver [Bougeret et al., 2008| is at least an order of mag-
nitude below the measured power spectrum. The spectrum expected to be observed
by LFR instrument for typical plasma parameters in free solar wind at 1AU is shown
on Figure 4.3. Shot noise is dominant at low frequencies and gives the shape of the
spectrum which is almost linear at logarithmic scale. However, other contributions
cannot be neglected in the analysis since sum of the QTN and the proton noise
becomes equal to the shot noise at f ~ 0.6f,. It is worth noting that the spectrum
shown is valid only at frequency range where shot noise can be approximated by
Equation 2.69 (for f < f,).
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Figure 4.3: Theoretical spectrum of noise observed by STEREO. Shot noise is dom-
inant (black line). Proton contribution is displayed by dashed line and QTN by dot-
ted line. LFR instrument noise is given by red dots. The thick solid line is the total
of the noise components. Assumed conditions in the solar wind are: n = 5em =3,
T, = 10eV, k = 4, vy, = 340km/s, T, = 4.3eV, f, = 21kHz. Receiver gain is

assumed to be I' = 0.5
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4.3 Data analysis

4.3.1 The fitting procedure

The QTN spectrum is a function of 6 independent parameters: electron and
proton densities n. and n,, electron and proton kinetic temperatures 7, and 7, solar
wind bulk velocity vy, and s index. In general, these parameters can be obtained
separately by fitting the spectrum given in Equation 4.1 [Le Chat et al., 2011].
Unfortunately, on STEREO this is not possible, since short and thick antennas cause
the shot noise to overwhelm all other contributions. Also, the condition L.sy < Lp,
valid for STEREO in the free solar wind, makes the plasma peak that is normally
used for accurate estimation of electron density, invisible. The almost linear shape
of the spectrum (Figure 4.3) allows us to derive only one independent parameter.
Consequently, we fit the data with a single free parameter - the electron temperature,
while other parameters were taken from PLASTIC instrument. Electron density, not
measured by PLASTIC, was approximated to be equal to the proton density plus
an additional 8% due to presence of around 4% of « particles in free solar wind
[Matthias et al., 2001], which are also not detected by the proton analyzer.

On the other hand, the effective temperature obtained by application of the
model to the data is slightly dependent of the value of ‘x‘ index. This value needs to
be assumed before data processing. The ‘true‘ value of x in the solar wind may vary
significantly depending on distance from the Sun [Maksimovié et al., 2005, Stverak
et al., 2009] and solar wind speed [Maksimovi¢ et al., 1997b|, and has been measured
by various authors (see e.g. [Zouganelis, 2008, Le Chat et al., 2011]). Some details
and illustrations on the x index are given in Section 3.5. Most of the authors evaluate
k ~4=£1 in the slow wind at 1AU, which is the position of STEREO (Figure 3.5).
This parameter affects all three components of the spectrum (electron, proton and
shot noise) but, combined, x value changes the power spectrum by less than 2% for
k > 3 in the case of STEREQO. Figure 4.4 represents the level of the power spectrum
at 6.2k H z calculated using our model. Variation between the signal expected to be
observed for k > 2 (the range of commonly observed x index at 1AU, see Section
3.5 for details) is smaller than 10%. In order to avoid multiple parameter fitting of
the data set which is almost linear in logarithmic scale, we use the constant value of
k = 4 further on, as done by some previous authors. This approximation is justified
since the error in measurement of 7T, that is produced by assuming the constant
value of the s index is less than 3% for x > 3 due to approximate n.\/7T, scaling of
the measured signal. This error is much less than uncertainties that originate from
the instrument (Section 4.3.2).

Since the Equation 2.69 only holds for f < f, [Meyer-Vernet, 1983, all the
frequencies above 9.58k Hz have been excluded from the fitting process (only Band
A of the LFR is used). This way we consider only the part of a spectrum below the
plasma frequency and each spectrum is fitted using 16 frequency channels.

The main issue of the fitting procedure was filtering of measured spectra by
quality and establishing criteria for their usability. Indeed, measured spectra are
very sensitive to any kind of ‘pollution‘ by dust impacts, which can appear and
cover the thermal noise. This kind of spectra are not taken into account since their
usage is propensed to give some unrealistic and incorrect results during the massive
fitting procedure applied to the entire STEREO database (10 years, until now, of
data with ~ 40s time resolution).
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Figure 4.4: Level of the theoretical spectrum at 6.2kHz for different values of &
index. Plasma parameters are n, = 7.39cm™3, T, = 11eV, vy, = 349.1km/s,
n, = 7.32em™3, T,, = 6.5¢V. Receiver gain is assumed to be T & 0.5. The spectrum
level is nearly flat for k > 3

Spectra with dust impacts are completely excluded as unusable. They are fairly
easy to recognize due to characteristic f~* spectrum characteristic and very high
intensities of signal [Meyer-Vernet et al., 2009|. The reason for such high sensitivity
of STEREO antennas to dust impacts occurrence close to a monopole, compared
to other spacecraft, is the large antenna radius ag,, [Pantellini et al., 2012], which
causes the signal to be 4-5 orders of magnitude above the usual shot noise signal.
These features were used by [Meyer-Vernet et al., 2009] and |[Le Chat et al., 2013] to
discover and study nanodust impacts on STEREQ. Linear fitting of every spectrum
is performed. If the slope obtained from linear fit lg f,1g V? is less than —1.8 for
entire spectrum or less than —3 for first five data points (2.6 —3.7k H z), the spectrum
is not taken into account. The reason for this treatment is the fact that signals
caused by dust can manifest, in certain occasions, only at very low frequencies. The
application of the criteria is illustrated on Figure 4.5 for a randomly picked day on
STEREO B. The daily summary plot is given on the same graph clearly denoting
dust impacts with high intensities, especially in Band A. The spectra with dust show
a good match with the spectra below the red line.

4.3.2 Necessity of averaging of the results

The electron kinetic temperature measured by the model described above is very
sensitive to the level of power spectrum measured by the receiver in the case of
STEREOQO. Namely, for all three components (QTN, proton and shot noise) the noise
level is roughly scaled with 75, This means that the value of measured T, can vary
significantly with any kind of fluctuations in measurements. Figure 4.6 illustrates
this effect. It is noticeable that measurement errors of the LFR instrument [Bougeret
et al., 2008| are of the order of ~ 20% and theoretical curves for wide range of
temperatures are ‘passing through® the instrument uncertainties. This inevitably
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Figure 4.5: The linear fit criteria applied to 2233 spectra during 2.7.2008. on
STEREO B. The slopes from lg f,1g V? linear fitting are shown in black. Red line
represents the slope equal to —1.8 and all the spectra below the line are excluded.
The time shown on the z axis is also valid for the summary plot

leads to a very big dispersion of the results, even for periods when ‘true‘ value of
the electron temperature remains approximately constant.

9.1.2007. 14:05 UT
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Figure 4.6: Example of LFR spectrum. Measured values are given by asterisk
symbols with marked error bars. Plasma parameters measured by Wind (Section
4.4) for given time have the same values as on Figure 4.4, with k = 4. Spectra
calculated using the model for multiple values of T, are given in different colors

In order to overcome this effect, averaging of results over certain time interval
needs to be performed. This way, the result of the measured electron temperature
is given as an average value for the chosen period. To choose the time interval most
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suitable for averaging, we compared temperature measurements using the technique
described above to measurements performed by Wind. For this we use the same
period which was used for the measurement of base capacitance by [Zouganelis
et al., 2010|. Figure 4 of that paper shows a histogram of measured Cj,,, values
that also confirms the existence of the strong fluctuations described here. Details
of the comparison, as well as criteria used to determine the averaging time interval,
are given in Section 4.4.

Since, in the process of averaging, we assume that the ‘true‘ value of T, does
not change during the given time interval, value of the error bars are calculated
as standard deviations of the mean value of the results during the averaging period
A < T, >=0/V/N, where N is number of measurements and o is standard deviation
of the measured T, values during the time interval. This kind of treatment of the
averaged temperature error neglects changes of the value of T, during the given
time interval, as well as error of each particular measurement, so the values of the
A < T, > can be (sometimes highly) underestimated.

4.4 Comparison with Wind

4.4.1 Real-time test and averaging intervals

Electron analyzers on both STEREO spacecraft are not functioning properly
since launch [Fedorov et al., 2011] and, unfortunately, there is no data on thermal
electrons at all, so that validity of the results cannot be confirmed in real-time.
In order to validate our results we compared value of T, derived by the model
(Section 4.2.1) to the one measured by Wind when STEREO B was positioned just
behind it. Namely, during the observed day (9.1.2007), in the early phase of the
STEREQO mission, while STEREO B was performing its rotation around the Earth
in preparation to start rotating around the Sun, it formed a straight line with the
Sun and Wind, which was standardly located at L1 point at ~ 0.99AU.

Unfortunately, during the selected period, there was no PLASTIC data so all
particle data necessary for the analysis is taken from Wind. For providing electron
data on Wind, the Wind/Waves Thermal Noise Receiver (TNR) |Bougeret et al.,
1995] plasma peak (clearly visible because of long and thin antennas) was used for
a reference value of the electron density, since that is crucial for our obtaining of
accurate electron parameters. Using n. obtained this way, fits of the VDF, as it is
measured by Wind 3-Dimensional Plasma (3DP) analyzer [Lin et al., 1995], were
performed. Some details of this procedure are given in [Pulupa et al., 2014]. Finally,
we applied the fitting procedure described in Section 4.3.1 with parameters n, and
T, measured by Wind Solar Wind Experiment (SWE) Faraday Cup [Ogilvie et al.,
1995], n. and vy, measured by Wind /3DP (as described above) and x = 4. The only
fitted parameter was electron temperature which is compared with 7, measured by
Wind/3DP. Figure 4.7 presents the results of this comparison.

Electron temperatures from Wind and STEREO B are plotted, showing a good
agreement when spacecraft are close to each other (the relative position is shown by
the blue line). On this Figure it can be noted that T, is highly underestimated at
the first part of the day (until 8 A.M). The reason for this is a very strong change
of the electron density at Wind itself, as Wind/3DP measures n, ~ 25cm ™3 during
this period, and we conclude that the electron densities did not have the same value
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for the two spacecraft. Because of the conspicuous sensitivity of the model to the
assumed electron density, the difference of parameters on Wind and STEREO can
highly affect results of our test, giving unrealistic values. For this very reason, period
before 8 A.M. of this particular day was not used for base capacitance measurement
in the previous work of [Zouganelis et al., 2010].

Choice of the time duration on which to perform averaging is a compromise
between decrease of the statistical error (assuming that 7, does not change during
the time interval) and time resolution of the results, so it needed to be chosen
empirically. On Figure 4.7 are represented multiple averaging times. Time statistical
error decreases as number of averaged results (time interval) increases. On the
other hand, electron temperature is not constant over time, and for longer time
intervals results will have larger deviations, depending on how the ‘true‘ value of
T, varies. Consequently, the ‘optimal® time interval for averaging of results can be
found using these two premises. From the test period shown at Figure 4.7 the 60
minutes time interval has been selected and used further on, since the uncertainties
of the measured T, do not decrease for longer averaging periods.
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Figure 4.7: Electron temperature as measured by STEREO B/LFR on 9.1.2007
averaged over different time intervals (circles). T, from Wind/3DP data used for
comparison is given in red. Blue line stands for the angle between lines that connect
Wind and the Sun and Wind and STEREO B
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4.4. Comparison with Wind

4.4.2 Processing a large data set

For additional verification, all the STEREO A spectra from 10 months (March to
December) in year of 2007 have been processed and histogram plots were compared
with Wind measurements. It is worth noting that around 85% of this period is
covered by the nanodust bursts |Zaslavsky et al., 2012], so number of spectra used
from STEREO A is much smaller than number of those taken from Wind, but still
enough to perform the statistics. Results are given on Figure 4.8. Tt is noticeable
that PLASTIC gives more scattered values for proton density compared to well
calibrated Wind measurements. Although both histograms peak at the same value
(~ 2cm™?) values of n, are, in general, underestimated by PLASTIC but higher
densities (especially in the range n, = 5 — 8cm™?) are measured more often than
on Wind. Consequently, measured electron temperature is overestimated and also
existence of low-temperature ‘tail’ can be noticed. The source of this tail is due to
measurements where overestimation of density is evident on PLASTIC. To confirm
this statement, we made a ‘test‘ histogram (not shown here) where we exclude all
measurements with n, > 5em ™. On this histogram, the low-temperature tails do
not exist.
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Figure 4.8: Histograms of electron density and temperature measured by Wind/3DP
(red lines) and evaluated for STEREOQO (blue line) for ten months during the year of
2007. Here, as electron density is given the proton density measured by PLASTIC
increased by 8% (Section 4.3.1) and electron temperature is calculated by applying
our model to the STEREO A/LFR data
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In order to verify the method, we compare histograms of n.y/7.. Result is
shown on Figure 4.9 and there is relatively good agreement between measurements
from both spacecraft. Dispersion of results that originates from PLASTIC can also
be noticed on this Figure. Processing of PLASTIC data has been approached in
different ways several times during the STEREO mission and, as soon as values of
plasma density are updated, we will be able to provide reliable measurements of the
electron temperature.
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Figure 4.9: Histogram n./T, measured by Wind/3DP (red line) and STEREO (blue
line) for the same data set as on Figure 4.8

4.5 STEREO electron moments database

Based on the tools given in this Chapter, the continuous survey of the electron
moments can be made for 10 years of the STEREO data. At this point, it is
possible to make a database of n.\/7T,. The time interval for a single data point
can be chosen arbitrarily but taking shorter intervals will significantly increase the
uncertainties (Figure 4.7). The uncertainties themselves still need to be accurately
determined since they are strongly dependent on the PLASTIC measurements errors
(the PLASTIC has been considered errorless in the present study) and are expected
to be ~ 40%. The work on this preliminary data is currently in progress.
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4.5. STEREO electron moments database

In order to improve the procedures described in Section 4.3 several steps forward
can be made. First, the errors of each particular fit need to be taken into account.
This would imply that, if we note AT.; as one ¢ uncertainty of i-th measurement,
the average over the time interval would be calculated from

el 1 Tei
TZ BT > TN (4.9)

i

so the most probable value should be an average of measurements, using the squared
reciprocals of their uncertainties as weights.

The accuracy of the method would be significantly increased if the entire 48-point
spectrum would be fitted with an adequate model. The Equation 2.69 presently used
is correct only below the plasma frequency and we are forced to exclude two thirds
of measured points. The precise theory is done by [Meyer-Vernet, 1983]. However,
the numerics required to follow this theory is very robust, even for thermal plasma,
which makes it inconvenient for processing of large data sets. This model requires
additional work on precision and, especially, optimization.

The processing of the entire spectrum would be also helpful in resolving another
important issue of this work. Namely, the measured temperature values can vary
significantly due to photoelectron parameters ®,, and 7,,. As explained above,
these values need to be empirically chosen in order to reduce systematic errors, so
their affection to the results should be as low as possible. This is hard to accomplish
when only the low frequency part of the spectrum is used. It is also worth noting
that the ‘true‘ value of the photoelectron flux is changing over time due to changes
in the antenna surface work function, so a more comprehensive analysis is required
in this topic.

Beside the additional work described in this Section, some ‘fine tuning‘ can also
be done to the fitting procedure. First of all, it was shown that the value of the
k index is partially dependent on the solar wind speed [Maksimovié et al., 1997b]
where smaller x corresponds to the fast wind. Further on, the solar wind helium
abundance is considered constant in the present study. In reality, this value varies
with the solar wind speed and the solar cycle (Section 2.1.2). Several models on this
topic have been developed (see e.g. |Ogilvie and Hirshberg, 1974, Matthias et al.,
2001]) but even with usage of these models the percentage of the « particles used
in our analysis remains just a decent approximation.

After finalizing the work on all the improvements given above and their imple-
mentation into the method described throughout this Chapter, realization of the
final version of the electron temperature database will become possible. Including
of the entire LFR spectrum should, as explained above, significantly decrease the
measurement errors. The final values of the uncertainties are hard to predict at this
point since they will remain dependent on the uncertainties of PLASTIC but they
are expected to still be higher than standard values provided by particle analyzers
on other missions.
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Chapter 5

QTN spectroscopy in weakly ionized
collisional plasma

The technique shown in Chapters 2 and 3 has been widely used for in situ space
plasma diagnostics in both solar wind and planetary magnetospheres (see e.g. [Mon-
cuquet et al., 2005, Le Chat et al., 2011]), that is, in nearly perfectly collisionless
plasma. On the other hand, laboratory and ionospheric plasmas (especially at lower
ionospheric layers), dominantly consist of neutral atoms and molecules, which fre-
quently collide with electron population. The antenna impedance in a collisional
plasma has been theoretically treated in the hydrodynamic approximation (which
is reliable above the plasma frequency) by [Balmain, 1964] and measured in various
rocket (see e.g. [Hoang, 1972, Spencer and Patra, 2015]) and laboratory experiments
(see e.g. [Hall and Landauer, 1971, Blackwell et al., 2007a, Blackwell et al., 2007b]).

In this Chapter, we will accommodate this technique to weakly ionized collisional
plasmas using kinetic approach [Martinovié et al., 2016a]. Therefore, we propose,
for the first time, a treatment valid below the plasma frequency, which was not
the case for the hydrodynamic models. It turns out that the QTN spectrum is
modified both at low frequencies, increasing level of the power spectrum, and around
the plasma frequency, where collisions damp the plasma oscillations and therefore
broaden and reduce amplitude of the plasma peak, while the spectrum at high
frequencies is nearly unmodified compared to the collisionless case. Based on these
results, we show that the QTN spectroscopy enables independent measurements of
the collision frequency, electron density and temperature if the ratio of collisional
to plasma frequency is v/w, > 0.1. The method presented here can be used for
precise estimation of plasma parameters in laboratory devices and unmagnetized
ionospheres. The opposite is also possible, as the method itself can be studied for
cases of different antenna geometries in controlled environment of a plasma facility.
On the other hand, application in the ionosphere of Earth is possible but limited to
small, low frequency range due to magnetic field influence.

In Section 5.1 we calculate QTN generic spectrum for collisional plasma and
explore some of its features for wire dipole antennas. Double sphere antennas are
not investigated in detail in this Chapter, for two reasons. First, these two commonly
used geometries show very similar behavior of the QTN spectra for w < w,,, with
only some quantitative differences [Meyer-Vernet and Perche, 1989| and it is also
the case for corrections due to collisions. Second, it was proven by |[Meyer-Vernet,
1983] that shot noise overwhelms the signal on sphere antennas at low frequencies.



5.1. Thermal noise in collisional plasmas

This is why spherical dipoles are usually avoided in the QTN measurements.

In Section 5.2 we investigate the applicability of our theory to ionospheric and
laboratory plasmas. Magnetic field in the ionosphere of Earth causes fundamental
modifications to the entire spectrum. Because of this, usage of the QTN kinetic
collisional theory for unmagnetized plasma is still possible, but is strictly limited
to very low frequencies and tiny frequency range around cyclotron harmonics. We
further on deal with problems in real laboratory plasmas, defining the conditions for
which the theory is valid and usable in experiments. It is concluded that absolute
value of the antenna potential should be as low as possible in order to avoid unwanted
effects of the plasma sheath, while, as already noted in Section 2.3.3, usage of tiny
dipoles is obligatory in order to preserve the simple form of the antenna current
distribution.

5.1 Thermal noise in collisional plasmas

For plasmas in thermal equilibrium, the thermal noise power spectrum is de-
scribed by Nyquist formula (Equation 2.44), where the wire dipole antenna resis-
tance is given by Equation 2.42.

Plasma dielectric function €y (w, I;) can be obtained for collisional, weakly ionized,
unmagnetized plasma using Boltzmann equation

U e =
O v sviw - <5200 _ 2 ) 6.1)
Here, Z[f(¥)] is a collisional operator that depends on the nature of collisions. In

this study, we consider electron-neutral collisions, in which case the it can be written
in the fairly simple following form |Bhatnagar et al., 1954].

Eo[f(0)] = —v[f (@) = fo(D)] (5.2)

where fy(¥) is an equilibrium electron VDF, assumed to be Maxwellian in a colli-
sional plasma. The longitudinal dielectric permittivity is possible to derive using
Equation 5.1 and set of Maxwell and charge continuity equations. This straight-
forward but lengthy calculation was performed by many authors (see e.g. [Alexan-
drov et al., 1984]) to obtain

L 1+ (z+w)%(C)

er(k,w)=1+ :
sk, ) K2L3  1+iv'Zy(()

(5.3)

Here we use substitutions

C=z+1i/
W
z =
kvthe
14
/
UV =
kvthe

Using Equations 2.42 and 2.44 the thermal noise can be calculated numerically
and is shown on Figure 5.1. It is noticeable that the plasma peak is damped and that
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Figure 5.1: QTN power spectra observed by a long wire dipole antenna (L, /Lp =
16) for different values of the collision frequency. Result for v = 0 is identical as the
one in Section 2.4.1

its location in the spectrum is slightly varying. Both features are important when
v/w, > 1072 and can be directly used to measure the electron density, temperature
and collision frequency if the spectral resolution is satisfactory. The low frequency
part of the spectrum is evidently increased for v/w, > 0.1 and this effect is important
to take into account in order to avoid overestimation of the electron temperature
when it is examined using the ‘thermal plateau‘ below w, (Section 2.4.1). On the
other hand, the high frequency part is almost completely unmodified by collisions.
It is important to note that the trend shown on Figure 5.1 is commonly present for
long dipoles and change in the L,,;/Lp parameter only changes the peak to plateau
signal ratio (see Section 5.1.3 for details). We give a closer insight below for each of
these spectral domains.

5.1.1 Low frequency limit

If we write the plasma dispersion function in the form of the imaginary error
function as

Zo() = e [—er fi(¢) + 1] (5-4)
it can be approximated by series for small values of z as

Zo(C) ~ im 2 er fe(V) — 22 — 20/ 2% + .. (5.5)

where er fc(z) stands for the complementary error function. Putting Equation 5.5
into 5.3 and then into Equation 2.42, after some tedious calculations we have

[8 Lp [~ kF(KL
Rant(w — 0,v) = 8 Lo k(kWLM@% (5.6)
3 €oWp Jo |:1+]€2L2D:|

with
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e’“erfe()

M(v) = 5.7
¥) [1— v'rl2eer fe(V')] (5.7)

This term can be simplified for small values of v/ as
My —=0)~1+7 (1 =20+ (r =30+ ... (5.8)

Comparison with numerical results is shown on Figure 5.2. It is worth noting that
using only the first term from Equation 5.8 gives error less than 0.15% for v/w, <
1072 and less then 2% for v/w, ~ 0.3 compared to the precise value calculated
using Equation 5.3, while the computation time differs for a factor of ~ 20. This
approximate expression is valid for the entire frequency range below w,.

In the collisionless limit, v = 0 implies M = 1 and we turn back to the well
known expression that can be derived using the usual Debye screening dielectric
function eg(w, k) = 1+ (kLp)~2.

The factor M can also be calculated for large values of v/ to be

M(v — o0) = 2 Y2/ + /") + .. (5.9)

and for frequent collisions we have

4 v [ F(kLgn)

Ront(w — 0,v — =
e T A
D

dk (5.10)

yielding clear linear increase of the power spectrum level with v, while the integrand
is not depending on the collision frequency. Using Equation 5.10 gives uncertainty
less than 5% for v/w, > 4 and less than 1% for v/w, > 8.5. These estimates
are correct for w/w, < 0.1. Above these frequencies, the approximation causes
errors above 20% and is not useful for quick estimation of temperature or collision
frequency.

5.1.2 High frequencies w > w,

High frequency part of the QTN spectrum is directly proportional to the plasma
pressure and can be used to determine the plasma temperature (see e.g. [Issautier
et al., 1999, Le Chat et al., 2011]). How is this modified by the collisions?

In the high frequency (hydrodynamic) limit, we can derive the expression for
dielectric permittivity by developing Equation 5.3 in series for z — oo [Fried and
Conte, 1961]. We keep only terms of the zeroth and first order in v/w and also
neglect terms proportional to (v/w)(k/w)? to obtain the result

w?

k,w > =1- L 0.11
(k> wp) w? — iwv — 3k?v3, /2 (5.11)

This expression is equivalent to the one obtained using the linearized hydrody-
namic equations with a pressure term p, = 3n.k,T,.. Also, by omitting the last term
in the denominator we converge to the well known result for a cold plasma [Bal-
main, 1964]. Using Equation 5.11, the integral in Equation 2.41 can be calculated
analytically (analogy with Equation 2.46 gives the same result), yielding
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Figure 5.2: Level of the QTN on a wire dipole antenna (Lg,:/Lp = 16) at w = 0.01w,
computed numerically using Equation 5.6 and first order approximations given by
Equations 5.8 and 5.9

2F (kyLant)
Lan =—" 5.12
(W) 3reow L k. (5.12)
with complex pole
L Y (5.13)
s =—alz|l=-1—-i— .
Lp\ 3 wg wg

From Equation 5.13 it is notable that if w—w, >> v then k. ~ (V3Lp) ! (w? /w?—
1)'/2 and the level of high frequency part of the spectrum is independent of v, bring-
ing us back to Equation 2.47. This means that the expressions given at |[Meyer-
Vernet and Perche, 1989 stay valid for high frequencies. This also implies that
expressions given by [Chateau and Meyer-Vernet, 1991| for long antennas can be
used to quickly estimate T, from high frequency part of the spectrum.

5.1.3 Resonance region w ~ w,

Around the plasma frequency, the hydrodynamic approach described by Equa-
tion 5.12 gives only approximate results and full QTN expression that includes
Equation 5.3 needs to be used.

Since location of the plasma peak, depending mostly of n. and very slightly of
T, (see Equation 2.49), is shifted due to collisions, this effect needs to be taken into
account for accurate estimation of the electron density. On the other hand, damping
of the plasma oscillations near the plasma frequency results in sharp decrease of the
signal at the peak if v/w, > 1072, Comparison of the peak and the low frequency
thermal plateau intensities is illustrating this effect. Both of these parameters are
numerically calculated for multiple values of v/w, in the L,,;/Lp range of interest
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Figure 5.3: Location (left) and intensity (right) of the plasma peak observed by a
wire dipole antenna in collisional plasma for some of Lg,;/Lp ratios. The uncertain-
ties are less than 0.3% for both plots

and given on Figure 5.3. For v/w, > 0.5, the plasma peak completely disappears
from the spectrum and is not practically useful for estimation of n..

5.1.4 Antenna capacitance

We define the antenna capacitance as Cypy = 1/wIm[Zg,(w)]. In order to exam-
ine the imaginary part of antenna impedance at low frequencies we perform a similar
calculation as in Section 5.1.1 to obtain a simple expression Re[(ez(k,w — 0))7!] =
(14 (kLp)~2)~!, identical to the collisionless case. Similarly, for the high frequency
part of the spectrum the hydrodynamic treatment described in Section 5.1.2 can be
used, again concluding that collisions do not affect the signal on high frequencies.
This implies that well known analytical expressions for both dipole and spherical
antennas given in Section 2.3.2 are still valid in both low and high frequency limit.

On the other hand, for w ~ w, the antenna capacitance increases and is strongly
peaked at the plasma frequency for Lg,;/Lp > 5 ([Schiff, 1970, Nakatani and Kuehl,
1976]). The effect of collisions is visible through ‘damping‘ of the plasma oscillations
in similar way as for the QTN spectra, with the peak disappearing for v/w, > 0.1.
An example of the dipole antenna capacitance in a collisional plasma is given on
Figure 5.4, showing that the collisional effects become important for v/w, > 1072

5.2 Practical consequences

As described in Chapter 2, the QTN spectroscopy is routinely used in the solar
wind, providing independent measurements of the electron density and temperature.
The solar wind plasma is practically collisionless, while ionospheric and laboratory
plasmas have considerable amount of neutral atoms and molecules that collide with
electrons and can affect the power spectrum in the way described in Section 5.1.
In order to measure the plasma density and temperature in the collisional plasmas
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Figure 5.4: Example of the antenna capacitance for different values of the collision
frequency for dipole antenna at L, /Lp = 16. Dotted points present the theoretical
limits for low and high frequencies. The results are shifted for a decade for clarity

as accurately as it is done in the solar wind by using the method presented here,
along with estimating the collision frequency as third independent parameter, one
needs to be aware of the limiting factors that appear in real environments. In this
Section, we give an overview of ‘terms and conditions‘ for applicability of the theory
presented above.

5.2.1 In the ionosphere of Earth

The main issue for applying the theory given in Section 5.1 is presence of the
magnetic field in the lower ionosphere, having value around several tens of p7" and
creating electron cyclotron resonance at (), =~ 5 — 7TM Hz. Full adaptation of the
QTN spectroscopy to magnetized collisional plasma would assume implementing the
solution of Equation 5.1 with both magnetic and collision terms included into the
theory presented in Chapter 2. This is a very complicated task and is far beyond
the scope of this work, although the necessity of adapting the QTN spectroscopy
for magnetized anisotropic plasma may appear in near future (see Section 6.1 for
details). On the other hand, as described below, there are some areas where we
actually can obtain a lot of information about the plasma parameters by measuring
the QTN. In this subsection, we limit our discussion only to low frequencies since
for w > w, the spectrum is well explained by the hydrodynamic approach [Balmain,
1964].

The effects of collisions (in the quiet ionosphere) start becoming notable for
0.01 < v/w, at ~ 120km altitude (dayside) [Bilitza et al., 2011] while at ~ 85—90km
(approximately the lowest altitude where electron density is still measurable), the
collisional effects are expected to be dominant in the QTN spectrum as v/w, ~ 0.5.
In this range of altitudes, the angular plasma frequency of w, ~ 0.1 — 5M Hz and
the electron temperature of T, ~ 0.02 — 0.2¢V are standardly measured.

From the numbers given above it is clear that in this region we have w, < €.. The
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dielectric permittivity function for the magnetized, collisionless, isotropic plasma is
given as [Stix, 1962]

k2 1
I
€L<k7waQe> = 1 + ki + kiLQDa(QJ )\7923) (514)

with

alg o) = D e L\
where z| = w/kjvme, X = (kivne/20)?, 1 = kjjvpne/Qe and I, is the modified
Bessel function. Further on, for a long dipole (kv << w)) at low frequencies we
can write a(q, A, @) as series for small arguments z and A, along with series of the
plasma dispersion function for large argument r~! to obtain

1+ 220 (7 - ;)] (5.15)

a(q, )\,gb) = 1+ZHZO(ZH)(1+)\) (5.16)

On the right-hand side of Equation 5.16 we recognize the solution analogous to
one for the unmagnetized plasma given by Equation 2.39 and its correction due to
collisions is given by Equation 5.3. Since we know that kv, << €., the additional
term which scales with A is negligible and we conclude that Equation 5.6 stays valid
at low frequencies. This is somewhat expected result since at low frequencies the
permittivity is determined by the Debye screening, which is not affected by the
magnetic field. For w ~ w, the Equation 5.16 is not viable and the QTN theory for
magnetized plasma needs to be done in order to interpret the measured spectra.

5.2.2 Laboratory plasmas and unmagnetized ionospheres

Laboratory plasma chambers can be vacuumed to very low pressures and mirror
the conditions of the lower ionosphere (see e.g. [Hall and Landauer, 1971, Gekelman
et al., 1991|). Primary purposes of experiments with ionospheric-like plasmas are
studying of spacecraft wakes [Pigache, 1973] and ion and neutral flows in ionospheric
or tokamak plasmas [Livesey and Pritchett, 1989, Wallace et al., 2004].

Beside the diagnostic studies, QTN spectroscopy can be used for precise calibra-
tion measurements of plasma parameters in a laboratory device, where the external
magnetic field can be completely annulled in the system [Harp, 1964, Graf and
Jassby, 1967|. In these unmagnetized plasmas, the entire QTN spectrum can be
used for precise plasma diagnostics - examining the electron temperature and the
collision frequency from the low frequency part of the spectrum, plasma density
(with collisional corrections given in Section 5.1.3) from the resonance region and
the electron temperature alone from the high frequency part. This provides inde-
pendent measurements of n., T, and v with assumption that the plasma VDF is
Maxwellian and is the only technique able to perform direct precise measurements
of the collision frequency in laboratory plasmas using the wide frequency range,
both below and above the plasma frequency. All these features noted for laboratory
experiments also stay valid for ionospheres with negligible magnetic field, ones of
Mars [Hanson and Mantas, 1988, Acuna et al., 1998| and Venus, where the QTN
signal around the plasma frequency was clearly observed during the CASSINI flyby
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[Gurnett et al., 2001] (unfortunately on too high altitudes for collisional effects to
be noticeable).

On the other hand, the laboratory devices can be used to improve the QTN
spectroscopy itself by exploring the antenna response functions. Namely, dipole can
be realized with an arbitrary angle and/or with finite gap between the antenna arms,
while for real double sphere antennas, each sphere needs to be placed on a boom. For
these irregular geometries, the antenna response function, defined by Equation 2.16,
becomes very complicated and in most cases not possible to calculate analytically,
so it could be derived from the QTN spectra observed in controlled conditions where
plasma parameters are known. This is the way to explore the effects of previously
not used antenna geometries.

5.2.3 Standard problems and limitations

If the antenna potential is high compared to the thermal energy of electrons
(which is unlikely in the solar wind but can be the case for both ionospheric and
laboratory plasmas) then the plasma sheath effects can become significant. This is
the problem that has been dealt with in many different ways in the past. The strict
kinetic treatment is possible only in the ideal spherical geometry and even then is
very complicated [Buckley, 1966]. This is the reason why many authors came up with
various models of the plasma sheath where the most popular one is the model of the
sheath as a cylindrical vacuum region around the dipole and the plasma is assumed
to be homogeneous up to the surface of the sheath, studied in detail by [Meyer
et al., 1974]. Another, simpler model where capacitance of the vacuum sheath is
in series with the antenna capacitance is also commonly used, producing satisfying
agreement with experimental results (see e.g. [Balmain, 1969, Hall and Landauer,
1971]). The main issue of all these models is dependence of the sheath thickness,
which is itself the unknown parameter that highly affects the results, making the
measurements less accurate.

Thus the most efficient way to go around the complicated sheath problematic and
obtain best results from the QTN spectroscopy might be usage of biased antennas
with collapsed sheath. In general, perturbation of the surrounding plasma and
attracting/repelling of the particles depend of the ratio of antenna potential to
particles thermal energy, as explained in detail in Chapter 3, and the sufficient
condition for the plasma to be negligibly perturbed by the antenna is this parameter
to be close to zero. This condition is achievable in both ionospheric and laboratory
plasmas with biased antennas. Good example of this approach is given by [Balmain,
1964], where the experiment with collapsed sheath shows decent agreement with the
hydrodynamic theory. However, this approach, even though it can be very efficient
in laboratory, has a downside when probing the ionospheric plasma. Namely, biasing
the antenna abolishes the balance between the fluxes of photoelectrons and plasma
electrons given by Equation 3.26 as, instead of the antenna charging, the biasing
current makes up for the loss of photoelectrons. This can significantly increase the
photoelectron flux and, consequently, the shot noise at low frequencies as described
in Section 2.4.3, and the shot noise signal will mostly depend on @, (Section 3.5),
that is, on the properties of antenna surface material.

Another potential issue is the current distribution on a wire dipole antenna.
In this study the dipole antenna current is assumed to be triangular. As noted
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in Section 2.3.3 this is a valid approximation below the plasma frequency if two
conditions are satisfied. First, the antenna is short compared to the free space
wavelength L., << c¢/w [Balanis, 1997|. Even though plasma frequency in both
ionospheric and laboratory plasmas is several orders of magnitude above the one in
the solar wind, this condition is still easily achieved, even for a long dipole (L, >>
Lp) since vy, << c¢. Second, there are no contributions to the antenna current
from electromagnetic surface waves. If a,,; ~ Lp then contribution of these waves
is considerable and the current is not triangular [Meyer et al., 1974|. Consequently,
the necessary condition a,,,; << Lp |Couturier et al., 1981|, dictates usage of very
thin antennas (ideally a,,; should be at least an order of magnitude below Lp) in
all of the described environments.
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Chapter 6

Conclusions and perspectives

6.1 Quasi thermal noise spectroscopy on Solar Or-
biter and Solar Probe Plus

In Chapter 2 the theory of the QTN was presented for non-thermal plasmas
described by either two-Maxwellian or x distributions. However, the VDFs measured
by particle analyzers on space missions are also measuring the beam-like component
known as the strahl, which is briefly discussed in Chapter 3. Since the strahl is
being scattered into the halo while propagating through the heliosphere [Maksimovi¢
et al., 2005], neglecting this component is valid only if the spacecraft distance from
the Sun is comparable to 1AU and, as we move closer to the Sun, it becomes less and
less justified. As mentioned in Section 2.1.3, the different models that describe this
process exist, but they can only be verified with comprehensive in situ measurements.

This is the reason why the problematic related to the strahl will be important
for future missions that are planned to operate in 2020s and are aiming to explore
the Solar corona and origins of the solar wind, with the spacecraft traveling over the
trajectories that were never explored before. In this Section we will give brief notes
on the challenges and potential issues that might appear on the ESA Solar Orbiter
and NASA Solar Probe Plus (SPP), related to the QTN spectroscopy.

6.1.1 QTN on Solar Orbiter - predictions

Solar Orbiter is a mission planned to launch during 2018 and is dedicated to
bringing us closer to answering several very important questions related to the Sun
and inner heliosphere. The origins of the solar wind and its magnetic field will
be explored, describing the mechanism and precise locations of its creation in the
corona. Beside (and together with) this primary objective, the transition of both
particles and fields from the corona to the heliosphere will be studied in detail
through investigation of the CMEs, magnetic flux, energetic particles etc.

In order to obtain enough information on these complicated phenomena 4 in situ
and 6 remote sensing instruments will work in parallel. The radio measurements will
be performed by the Radio and Plasma Waves (RPW) instrument [Maksimovi¢ et al.,
2007] that will sample wide range of frequencies (4—1024kH z) through 128 channels,
providing § f / f ~ 4.5% resolution, in order to cover the plasma frequency occurrence
on its path from the Earth to ~ 0.28AU. The instrument will be equipped with 3
Lany = 6.5m monopoles with average radius of aq,; = 1.27cm. Tt is important to
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note that the Orbiter heliospheric latitude at the perihelion will gradually increase
up to ~ 30° (and even up to ~ 34° during the extended mission). This implies
that the perihelion in situ measurements will be performed mostly in the fast solar
wind while measurements at larger distances, during the ‘cruise phase‘, will happen
mostly in the slow wind close to the ecliptic.

Here we make rough predictions of the QTN spectra expected to be observed by
the RPW for the solar wind parameters given in Table 6.1. The spectra are given
on Figure 6.1. Contribution of the strahl is not taken into account in the shown
plots since no adequate theory exists at this point (even though some preliminary
calculations show that the effect of the strahl will be visible mostly in the region
just below the plasma frequency [Meyer-Vernet, personal communication|). The
issue that appears in previous Chapters related to the shot noise at high frequencies
still exists, so results for f > f, should be taken with some reserve. Considering
these two unresolved issues, all the spectra shown here should be observed only as
a preliminary insight into a model that needs to be carefully developed in the near
future.

Parameter 1AU | 0.6AU | 0.3AU | Extreme conditions
nelem ™ 5 15 55 200
T.[eV] 10 15 26 5
nplem ™ 5 15 55 200
T,leV] 5 8 17 2.5
K 5 7 10 15
Vsw[km/s] 350 350 350 1000
,n[10Mm =257 1 3 10 10
Peorr 1.36 | 1.22 | 1.12 1.39
Lp[m] 99 | 68 | 438 1.1
Ume[108m/s] | 1.25 | 1.53 | 2.01 0.89

Table 6.1: Assumed conditions in the solar wind for various distances from the Sun.
Georr 18 correction of the shot noise due to antenna potential (explained in detail in
Chapter 3)

The important question that still needs to be answered is the visibility of the
plasma peak on the RPW spectra in the quiet solar wind. Although the plots
shown on Figure 6.1 do not look very promising it is important to note that the
shot noise that covers the plasma peak is expected to drop close to the plasma
frequency [Meyer-Vernet, 1983] so we should develop the accurate generic spectrum
(see Section 2.4.3 for details) and wait for some real data in order to discuss this
topic in more details.

Nonetheless, even when the necessary model is developed determination of the
photoelectron parameters will still be a very important issue. The RPW will be rou-
tinely measuring the difference between the spacecraft and the antenna potential.
This set of data is difficult to analyze using Equation 3.26 since it introduces photo-
electron parameters of the spacecraft as new unknown variables, but the spacecraft
floating potential values are possible to estimate using various methods on different
instruments as it was done on some previous missions (see e.g. [Pedersen, 1995, Henri
et al., 2011]) and used as a useful constrain when determining the antenna potential.
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Figure 6.1: RPW generic spectra expected to be observed by the Solar Orbiter at
various distances from the Sun. The parameters are given in Table 6.1 and the
receiver gain is assumed to be I' = 0.5. The receiver internal noise is not taken into
account

6.1.2 QTN on Solar Probe Plus - unknowns and challenges

This mission (scheduled for launch at June 30, 2018) will be based mostly on
in situ measurements inside the solar corona. The spacecraft is designed primarily
for observations at perihelion (9.6 solar radii or ~ 0.04AU from the surface of the
Sun), using 4 instruments that will measure magnetic field, ion composition, particle
velocity distributions and plasma waves. The Fields instrument [Bale et al., 2016]
that will be synchronized with the Solar Wind Electrons Alphas and Protons Inves-
tigation (SWEAP) particle analyzer [Kasper et al., 2015] is designed to observe the
radio and plasma waves. It is equipped with 4 cross-positioned L,,; = 2m antennas
with aqn =~ 0.16cm radius and will provide measurements in the frequency range
10kHz — 19.2M H =z while Fields/LFR, primarily created to observe the QTN, will
be able to provide the 6 f/f ~ 4.5% resolution in the 10kHz — 2.4M H z range.

Two major issues arise while predicting the QTN for the SPP. First one is the
strahl which requires a comprehensive theoretical work, as already discussed above.
Second one is the shot noise. Namely, Fields antennas are positioned closely to the
heat shield that will be facing the Sun. Both the shield and the antennas will be
biased in order to prevent the surface potential to become too large, either positive
or negative. Several biasing algorithms are prepared by the instrument team in
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order to cover possible scenarios, depending on the physical processes that will turn
out to be dominant at the material surface, as discussed in detail by |Bale et al.,
2016]. This is why the particle collection of both spacecraft and the antenna is
very hard to predict, even with simulations. Further on, the noise caused by the
photoelectrons that leave the surface and then return to it will need to be studied in
more detail. This component, briefly discussed in Section 2.4.3, gives nearly white
noise for frequencies up to 300k H z |Petit, 1975|. For higher frequencies, interesting
for the SPP, the § function of induced antenna current due to an electron impact
is not a justified approximation and the antenna potential rise/decay times need to
be taken into account in order to obtain satisfying results. All these reasons make
predicting of the QTN spectrum that is supposed the be observed by Fields/LFR
a very ‘thankless’ job since too many variables are unknown and the real in-depth
analysis will probably need to wait for the real data, and all the theory needed for
its interpretation will be developed as the circumstances dictate.

6.2 Concluding remarks

The starting motivation of this work (or at least first part of it) was an attempt
to recover the missing electron temperature data from the STEREO/SWEA electron
analyzer. This was imagined, at first, as a straight forward task that will use the
QTN theory which is well known for decades and the PLASTIC data for the density
estimation.

This well known theory is summarized in Chapter 2, providing an overview
of the QTN phenomenology, antenna characteristics and the basic equations that
introduce connection between the plasma parameters and the power spectral density
observed at the antenna terminals. The antenna response to nearby plasma for the
frequency range of interest is given by the antenna response function. This function
includes dependency from the antenna geometry and current distribution. On the
other hand, plasma influence is completely determined by the VDF of particles.
From the VDF we derive the dielectric functions and, directly, the mean values of
the squared electric field tensor which determines the power spectral density. As
contributions from electrons and protons are additive we calculate them separately.
Further on, since the QTN theory assumes ‘grid* antennas that are transparent for
particles, we calculate the correction due to the antenna thickness. The noise signal
that originates from this effect is known as the shot noise. This component was
usually negligible at most of the antenna configurations used in previous missions
and no demands for its strict modeling appeared before. On the other hand, the
shot noise is dominant for the case of STEREO and it was necessary to make a
closer insight into this problematic. This is the reason why we needed to deal with
several problems that were not rigorously treated by previous authors.

These issues are related to the particle impacts/emission to/from the antenna and
are described in detail in Chapter 3. The equilibrium state at the antenna surface
assumes the current (flux) balance between particles that arrive to the antenna
surface from the surrounding plasma and ones that are emitted from the surface
due to photoelectric effect. As the flux of photoelectrons is usually for an order of
magnitude larger then the flux of electrons impacting the antenna at zero potential
then the antenna surface charges in order to equalize these two components. Using
the orbit limited theory, we calculated the equilibrium particle flux (that determines
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the shot noise) as a function of the surface potential for a plasma described by &
distributions, proving that the particle collection is considerably increased, for both
cylindrical and spherical collectors, due to presence of the supra-thermal particles
which are ubiquitous in the solar wind. As the surface potential is playing a key role
in determination of the particle flux, we also implement the results obtained into
the current balance equation in order to calculate the potential as a function of the
plasma density and temperature. These results give a total ‘correction‘ factor for the
shot noise compared to the case where the potential is considered to be very small
(this approximation was used by most of the previous authors when dealing with the
shot noise). It turns out that the corrections obtained are not negligible and change
the value of the electron temperature measured for a factor of 2 or more whenever
the shot noise is dominant. This is why these results are absolutely necessary to be
taken into account for both STEREO and future missions described in Section 6.1,
for which we also expect to observe mostly the shot noise at low frequencies (Figure
6.1).

Even though the theory of the shot noise at high frequencies was developed in
the past, we still do not have an adequate, precise and fast numerical model that can
be used for large data sets. This is why application of the QTN spectroscopy to the
STEREO data, described in Chapter 4, was limited only to the low frequency part
of the spectrum. The tools needed for creating an electron temperature database
of the entire mission are developed in this Chapter. During this work, several addi-
tional issues appeared. Namely, the LFR instrument uncertainties cause very large
measurement errors and it was necessary to perform averaging of the results during
an empirically chosen time interval. The one hour interval was chosen using com-
parison with the Wind data for a short period where two spacecraft were positioned
close to each other. This period was also used to verify the results from the method
applied on STEREO by comparing the electron density and temperature with ones
measured by reliable particle analyzers on Wind. At this point, developing of a
‘version 0 database is in the initial phase, containing n.\/7, data, even though ad-
ditional work needs to be done on estimation of the uncertainties. The total error
of each one-hour averaged value is dependent from errors of the PLASTIC data,
uncertainties obtained from fitting of each particular spectrum, deviations of the
results during the averaging interval etc. Value of the error for the first version of
the database is expected to be around 40%. This number does not look very im-
pressive but, since at this point there is no data for thermal electrons on STEREO
at all, it will present a useful order of magnitude estimate. More precise ‘version
1¢ electron temperature data requires two crucial improvements. First, an efficient
shot noise model above the plasma frequency needs to be developed, as already
discussed above. This will enable us to include three times more frequency chan-
nels and decrease the measurement uncertainties and/or averaging time intervals.
Second, the PLASTIC data update is essential in order to give more reliable elec-
tron density estimates. The uncertainties of the obtained electron temperature are
expected to be larger than the ones that would be provided by the malfunctioning
particle analyzers, but the results will still be reliable and useful to the community.

The second part of the theoretical work that still awaits its application is pre-
sented in Chapter 5. Although impedance of the antennas in collisional plasmas
was studied by many previous authors, both in the ionosphere and in laboratory,
the QTN spectroscopy was not used before in these particular environments. In
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this work, we presented the theory of the antenna impedance and, directly from
the Nyquist theorem, the thermal noise for plasmas where collisions occur mostly
between electrons and neutrals. The main advantage of the model presented here
is usage of the kinetic approach that relies on the Boltzmann equation instead of
the hydrodynamic treatment that was usually used in this problematics and is valid
only above the plasma frequency. This enabled us to introduce the method able to
measure the electron density, temperature and electron-neutral collisional frequency
as independent parameters while relying on the wide frequency range. However,
despite the liability and accuracy of the theory, it must be noted that several limita-
tions exist in realistic plasmas. The main issue is that our approach (and, in general,
the QTN theory developed to this day) does not include magnetic field effects. This
is a major difficulty for plasmas where the cyclotron frequency is comparable to the
plasma frequency, for example at the ionosphere of Earth, and we can only use very
low frequencies to estimate electron moments. This method still needs to be tested
in Earth’s ionosphere but it is expected to be more useful in studying unmagne-
tized planetary ionospheres. On the other hand, the magnetic field is not an issue
in laboratory plasmas where it can be completely annulled. The QTN laboratory
measurements are important both as a diagnostic tool and as a way to enable deeper
investigation of the method itself in a controlled environment. Nonetheless, even in
a highly stable facility with known plasma parameters, the important problem of
the plasma sheath presence around the antenna will still persist. Namely, since the
Debye length in these cold and dense plasmas can be very small and comparable
to the antenna diameter, affection of the sheath to the measured power spectrum
can become significant. We propose usage of very tiny antennas and/or the antenna
biasing in order to avoid this problem and keep the antenna current distribution
simple and similar to the one in the solar wind. The first laboratory thermal noise
measurements are expected to be realized in the near future through the ongoing
collaboration between Paris Observatory and University of Belgrade. These exper-
iments might turn out to be very important for ground testing the responses of
antennas with complicated geometries and, consequently, of the QTN spectroscopy
as a piggyback technique used on the cubesats, which will usually be made with the
body size comparable to the antenna length, or on other devices with complicated
shapes.

Finally, we can conclude that this thesis gives answers to several questions in the
field of the QTN spectroscopy, especially related to the shot noise, but it also (like
any other scientific work) points out to a series of still unresolved topics that will be
the subject of some future research. The impression in the space science community
is that this field will become more and more interesting as time goes on, since the
radio measurements can be performed even in the extreme conditions in proximity
of the Sun - the next milestone for in situ measurements on space missions.
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