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Résumeé

Ce travail présente une étude des raies de plasma obserVaateau radar a
diffusion incohérente ESCAT. Le travail est centré sur deux points. Tout d’abord,
la conception d’'une expérience raies de plasma pour le AGarAT, avec une
résolution spatiale améliorée. Puis, la comparaison deéksiraies de plasma
acquises avec le radar<tc AT avec une théorie améliorée sur l'intensité et le dé-
calage Doppler en fréquence des raies de plasma. Pour aendiaésolution
spatiale, nous avons concu la premiere expérience raiégasi®@ mettant en ceu-
vre la technique du code alternatif. Cette expérience aéatéée avec succes avec
une résolution spatiale dekm au lieu de40—50 km obtenu avec les techniques
conventionnelles. Parce qu'il est tres difficile de corniséruin modele cohérent
de la fonction de distribution des vitesses des électrotisf@iaant tous les inter-
valles d’énergies pertinents, nous avons construit uneseptation adéquate de
la distribution des vitesses des électrons en séparargtiddition en deux popu-
lations : la thermique et la suprathermique. La populati@mrhique est représen-
tée par la fonction de Spitzer qui tient compte de I'effetrdzhamp électrique
et/ou d’'un gradient de température. La population supratligie est déduite du
flux angulaire d’énergie calculé grace a un modéle numérdueansport des
électrons. Un code numérique a été développé pour calakenkttion diélec-
trique et la fonction réduite de distribution des vitessesrgoutes distributions
des vitesses a deux dimensions dont nous avons besoin pdeéfisen I'intensité
et le décalage Doppler en fréquence des raies de plasma. avons pu repro-
duire les caractéristiques de l'intensité et du décalagepl@v en fréquence des
raies de plasma avec des données mesurées avec le radar'S&#T EEn parti-
culier, nous avons identifié deux pics étroits dans la distion des vitesses des
suprathermiques comme la signature de la photo-ionisded¥, et O. Ces pics
ont été observés sur les données. Leffet d’un gradientdeédeature — qui pro-
duit une correction importante au décalage Doppler des déeplasma—a été
pris en compte plus précisement que précédemment en aalcwlmériquement
les intégrales singulieres, au lieu d'utiliser les premiarmes d’une expansion
en séries comme auparavant. C’est important car cela a p@oar la premiere
fois @ un modele de reproduire précisément I'intensité delmalage Doppler des
raies de plasma mesurés par une expérienseA.

Mots-clés: EISCAT - distributions des vitesses électroniqudispersion de rela-
tion - ondes Langmuir






Abstract

This work presents a study of the electron plasma lines gbddyy the incoherent
scatter radar BCAT. The work is focusing on two parts. On one hand, the design
of a plasma line experiment for tha¥€AT system with an improved spatial res-
olution. On the other hand, the comparison of the plasmadata collected with
the BSCAT radar with an improved model for the intensity and the Doppie-
guency shift of the plasma lines. In order to improve theigpagsolution of the
plasma line experiment we have designed the first experithahimplements the
recent technique of alternating code. The experiment has hen successfully
with an altitude resolution 03 km as opposed td0—50 km obtained with the
conventional techniques. Because it is very difficult tostaurct a self-consistent
model of the velocity distribution function encompassitigoé the relevant en-
ergy range, we have made ad hocmodel by separating the distribution into two
parts: the thermal and the supra-thermal population. Tharthl population is
represented by the Spitzer function that takes into acahengffect of an electric
field and/or a temperature gradient. The supra-thermallatipa is derived from
the angular energy flux of the supra-thermal electrons tatled by a numerical
electron transport model. A numerical code has been degdltp calculate the
dielectric function and the reduced one-dimensional vglatistribution for any
arbitrary two-dimensional velocity distribution whicheaneeded to model the in-
tensity and the Doppler frequency shift of the plasma liné& have been able
to reproduce peculiar features of the intensity as well asibppler shift of the
plasma lines with data collected with thesEAT VHF radar. Especially, two
sharp peaks in the supra-thermal distribution were ideatifis the signature of
photo-ionisation olN, andO and were observed in the measured data. The effect
of the temperature gradient—which produces a decisiveectian to the Doppler
shift of the plasma lines — was taken into account more atelyrthan previously
by numerical evaluation of the singular integrals rathantby the use of the first
terms of a series expansion as done in other studies. Thigoigrtant because it
has allowed a model for the first time to reproduce accurdbayntensity and the
Doppler shift of the plasma line as measured by actual enyss.

Keywords EISCAT - electron velocity distribution functiondispersion relation
Langmuir waves
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"Hver og en har sin mate & laere p&", sa han
til seg selv. "Hans méte er ikke min, og
min mate er ikke hans. Men ogsa han er pa
leting etter sin egen historie."

Paulo COELHOAIkymisten1988.

Introduction

Among the planets of our solar system, the Earth presentsatigularity to
have both an atmosphere and an intrinsic magnetic field. tthéeaction of the
photons created by the Sun, essentially EUV and UV, the itaests of the upper
part of the neutral atmosphere, the thermosphere (appedglynbetweerd0 km
and2000 km), are subject to ionisation processes. The ionised commari¢he
thermosphere is called the ionosphere. In the lower pati@idnosphere and for
normal conditions, the collision frequency between iond aautral particles is
important and the effect of the magnetic forces is weak sbttieneutral atmo-
sphere drives the behaviour of the ionosphere. In the upéopthe ionosphere,
the gyro-frequency of the ionised particles is getting éarthan the ion-neutral
collision frequency and the charged particles are beingpied along the lines of
the magnetic field. The region where the Earth’s magnetid gelerts dominant
control over the motions of charged particles is called tlagnetosphere.

In the ionosphere, the gas contains enough ionised partioleause mea-
surable effects on the travel of radio waves. The incoheseattering technique
is a radar technique to sound the ionospheric plasma fromtaiidkm to over
1500 km. Routinely, several such radar instruments around thedyonkeasure
the part of the spectrum called the ion line, a narrow doubleed spectrum
centred on the transmitted frequency. The ion line is thaltes the scattering
of the transmitted wave by ion acoustic waves travellingyaaad towards the
transmitter, if backscatter, and for bi-static measuressiealong the bisector be-
tween transmitted and received directions. Once the datzalected, mostly
autocorrelation functions, a sophisticated analysis petased on inversion the-
ory allows one to extract the plasma parameters such aseht&ai density, the
electron and ion temperatures, the ion drift velocity andavourable conditions,
the collision frequency and the ion composition.

The other main component of the incoherent scattering sjpaas called the
electron plasma line. Electron plasma lines are the restilfse scattering of the
transmitted radio wave by natural Langmuir waves of the spieric plasma. Un-
like the ion line, which is a narrow spectrum centred on thesmitted frequency,
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the plasma lines consist of a pair of sharp spectral linegplo shifted up and
down with respect to the transmitted frequency correspunth Langmuir waves
travelling towards and away from the transmitter respetyivf backscatter, and
for bi-static measurements, along the bisector betweersitnéted and received
directions. The Doppler shift is roughly of the order of thlegma frequency,
which is proportional to the square root of the electron dgnsTypically the
plasma frequency varies betwe2iMHz and8 MHz, depending on the altitude,
the geographic location, the time and the solar activity.

The measurement of the plasma line using incoherent sicaftexdar tech-
nique is not as simple as the measurement of the ion line. tndoe to the
very low amount of scattered power in the lines — without anlga@cement pro-
cess, the intensity of the plasma line is expected to be hessdne tenth of the
intensity of the ion line—but also because of the time anctspariations of
the frequency of the plasma line itself due to variationshaf €lectron density.
But the measurement of these two narrow spectra provideglesmentary and
complementary informations to the one contained in the i@ [Particularly, at
long term, the electron drift velocity would be an esseri@iameter to measure
through the observation of plasma lines. Combined with trameters provided
by the ion line measurement, that would providgraund-basedechnique to es-
timate the field-aligned electric currents independentlgnagnetic observations
(Baueret al,, 1976), which is by far the principal meansinfitufield-aligned cur-
rents measurement, through satellite observations (ZrandaArmstrong, 1974;
lijima and Potemra, 1976), or sounding rocket observat{badley and Farthing,
1974). But both the measurement technique and the thealratiderstanding of
the plasma lines are not yet properly developed for a comstimation of the
field-aligned currents.

The work presented in this thesis is focusing on the studphefilasma line
and can be divided into two complementary parts: the desigrniraplementation
of a plasma line experiment as well as the reduction of tha,datd the compar-
ison and interpretation of the reduced data to a theoreticalel of plasma line,
especially arad hocrepresentation of the electron distribution function.

The aim of the first part has been to design an experiment &EthCAT (Eu-
ropean Incoherent SCATter) radar systems, located in aont&candinavia, to
collect both plasma line and ion line data, and to developtalsle analysis tool
to reduce the plasma lines data to parameters workableddhtoretical investi-
gations, i.e. the frequency, the intensity and the widttheflines. Thdong pulse
technigue (Showen, 1979) and a similar technique, the ¢aaipnique (Hagfors,
1982; Birkmayer and Hagfors, 1986) have been successfabiyl earlier to ob-
serve plasma lines at particular points of the ionosphene.ldng pulse technique
allows the measurement of the critical frequency at the pealalley of the E-
or F-region, while the chirp techniqgue measures the plasngadt the altitude
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where the electron density gradient matches the chirp fateedransmitted pulse.
These techniques do not provide many measurement point®dhe mismatch
between the scale height of the electron density and thévexdeandwidth/size
of the probed volume by the pulse. Our objective when desgthie experiment
was to provide both high-frequency resolution measuremehthe plasma lines
and to improve the spatial resolution in order to increagentlimber of measure-
ment points. The quality of the acquired data is essentrahfe further analysis
of the spectra and the extraction of accurate parametelrsagithe difference in
Doppler shift between the up- and down-shifted plasma lamekthe intensity of
the plasma lines. We have designed the first plasma line iex@et at ESCAT
that implements a recent incoherent scatter techniquequgly used for low al-
titude high resolution measurement of the ion line,alernating codgLehtinen
and Haggstrém, 1987) which igphase codingechnique available atiECAT. We
performed successfully the first plasma line experimemgaisi32 bauds strong
condition alternating code on thea€€AT VHF radar system near Tromsg, Nor-
way. To extract the frequency and intensity of both the upgd down-shifted
plasma lines, a fitting routine built on a least-square misation method has
been developed and implemented using the kernelwisGapr (Grand Unified
Incoherent Scatter Data Analysis Program) of Lehtinen andskonen (1996).
This analysis program enables one to reduce data, eithiexcted with the long
pulse technique, or with the alternating code techniquieetefits from the com-
modity of GUISDAP, especially when it comes to the flexibility of handling new
experiments.

In a second part, the data are compared with a theoreticatmdtie model
consists in calculating both the plasma dielectric respdosction and the re-
duced one-dimensional distribution function. We have tged a numerical
code to calculate these functions that lets us estimatedheally the Doppler
shift and the intensity of the plasma lines for any arbitravg-dimensional ve-
locity distribution function in spherical coordinates. fikmn et al. (1993) have
shown, with UHF plasma lines data, that the thermal heat flmluced by a tem-
perature gradient modifies the dispersion relation of theginauir waves and in-
troduces a correction term in the estimate of the resonaageéncy of the plasma
lines. We have further investigated theoretically for thigedent EISCAT radars,
the effect of a deviation of the distribution function frofmetMaxwellian on the
frequency and intensity of the plasma lines. The effect effthe structures in
the energy rang2) —30 eV of the supra-thermal population has been observed on
data collected with the VHF radar and compared with our modée model is
based on the assumption that the the electron velocityilalisiton function can
be represented to a good approximation by two parts: thentgropulation and
the supra-thermal population. The assumption is sensiiblevves with phase
energy far enough from the energy corresponding to theitrandetween ther-
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mal and supra-thermal distributiof.(5—0.3 eV). For the VHF radar, the phase
energy is in the rang&2 —25 eV and for the UHF radar it is in the range-6 eV.
The supra-thermal two-dimensional velocity distributfanction is derived from
the angular energy flux spectrum of the supra-thermal @lastcalculated by a
numerical model that solves a stationary electron trarispguation along the
magnetic field line, taking into account the collisions begw a hot population of
electrons (photoelectrons and/or precipitation) and ##nal atmosphere (Lum-
merzheim and Lilensten, 1994). This model has been widstgtkeagainst exper-
iments and other models and has proved to have a very goodibaehto the data.
The thermal part of the distribution function has been miedeeby the classical
two-dimensional velocity distribution of Spitzer and Ha(®53) which models
the departure from the Maxwellian state as a consequenciheir @n electric
field or a temperature gradient.

This thesis is built in the following way.

In Chapter 1, we introduce the theory of incoherent scatterfacus on the
electron plasma line. We give a description of the numegode we have devel-
oped to model the plasma line.

In Chapter 2, we describe the incoherent scatter measutéremique and
focus on the experiments we designed.

In Chapter 3, we present the data reduction part.

In Chapters 4 and 5, we give a description of the theory whahbehind the
model of the electron distribution that we used.

Following this introductory part, four articles are inckdl two of which are
published and the other two are submitted for publicatioefeRences to these
articles are found throughout the different introductoaytp.



"A chacun sa maniére d’apprendre, se répétaitril
petta Sa maniére a lui n’est pas la mienne, et ma
maniére n’est pas la sienne. Mais nous sommes I'un
et l'autre a la recherche de notre Légende Personnelle,
et c’est pourquoi je le respecte."

Paulo COELHO/L alchimiste 1988.

Introduction (francais)

Parmi les planétes de notre systeme solaire, la Terre pgeésemparticular-
ité de posséder a la fois une atmosphere et un champ magné8gus I'action
des photons crées par le Soleil, essentiellement EUV et éd/constituants de
la haute couche de I'atmosphére neutre, la thermosphéugesentre environ
90 km et 2000 km, sont ionisés. La composante ionisée de la thermosphére est
appelée l'ionosphére. Dans la partie inférieure de l'ipi@se, la fréquence
de collisions entre les ions et les particules neutres gsbitante et I'effet des
forces magnétiques est faible tel que I'atmosphére neatoe le comportement
de l'ionosphere. Dans la partie supérieure de I'ionospHarféquence de gira-
tion des particules ionisées devient plus grande que laééece de collisions entre
ions et neutres et les particules chargées sont forcées di&ptacer le long des
lignes du champ magnétique. La région ou le champ magnéigrestre exerce
le contr6le du mouvement des particules chargées s’appati@gnétosphere.

Dans l'ionosphere, le gaz contient suffisamment de padscidnisées pour
modifier de facon mesurable le trajet des ondes radio. Lantgubk de diffusion
incohérente est une technique radar pour sonder le plasmapbérique a par-
tir d’environ 60 km jusqu’a plus del500 km. Ainsi, plusieurs radars a travers le
monde, mesurent la partie du spectre a diffusion incohérappelé la raie ion-
ique, un spectre étroit et doublement épaulé centré sugédménce transmise. La
raie ionique résulte de la diffusion de I'onde transmise gwx ondes accous-
tiques se déplacant parallélement et anti-parallelem&nti&ection de transmis-
sion dans le cas d'un systeme simultané d’émission-rérepti sinon le long
de la bissectrice entre les directions de transmission eéception. Une fois
les données acquises, essentiellement des fonctionodaatelation, une méth-
ode sophistiquée d’'analyse basée sur la théorie de limrepermet d’extraire
les parameétres du plasma tels que la densité électroniggiéeinpératures élec-
tronique et ionique et dans certaines conditions la fréqeiete collision et la
composition ionique.

La deuxiéme composante essentielle du spectre a diffusommérente est ap-
pelée la raie de plasma ou raie électronique. La raie de pl@stnle résultat de
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la diffusion de I'onde transmise par une onde Langmuir dsmplaionosphérique.
Contrairement & la raie ionique centrée sur la fréquenceatsihnission, les raies
de plasma consistent en une paire de raies, dite basse et br@st étroites, et
décalées de part et d’autre de la fréquence transmise daleancorrespondant
a deux ondes Langmuir se déplacant parallelement et arstilglament a la di-
rection de transmission dans le cas d’'un systeme simulténgssion-réception
et sinon le long de la bissectrice entre les directions destrassion et de récep-
tion. Le décalage Doppler est de I'ordre de la fréquencenpdaette fréquence
varie typiquement entreMHz et8 MHz, en fonction de I'altitude, de la situation
géographique, de I'heure et de l'activité solaire.

La mesure de laraie de plasma a I'aide de la technique destiffincohérente
n'est pas une tache aussi aisée que la mesure de la raieeorijune part, du
fait de la trés faible quantité de puissance rétro-diffusdes les raies plasma—
sans mécanisme d’accroissement, l'intensité de la raidafema ne représente
pas plus que le dixieme de l'intensité de la raie ionique —dtt@apart, a cause
des variations temporelles et spatiales de la fréquensengl@lle-méme due aux
variations de la densité électronique. En contrepartimdaure de ces deux raies
étroites apportent des informations complémentaires ghlémentaires aux in-
formations contenues dans la raie ionique. En particidiéong terme, la vitesse
de dérive des électrons serait un parametre essentielraniiéee a I'aide de la dif-
fusion incohérente. Combiné avec les parametres déduita paie ionique, cela
permettrait de mesurer les courants alignés a l'aide d’atrumentsol, indépen-
damment de mesures magnétiques (Bated., 1976), qui représente de loin le
principal moyen de mesuia situ des courants alignés, soit par satellites (Zmuda
and Armstrong, 1974; lijima and Potemra, 1976) ou bien pades embarquées
dans des fusées (Ledley and Farthing, 1974). Mais ni la teabrd’observation,
ni la compréhension théorique des raies de plasma ne soettament dévelop-
pées pour une estimation précise des courants alignés.

Le travail présenté dans cette thése est centré sur I'étesleaibs de plasma
et se divise en deux parties complémentaires. La conceptitanmise en ceu-
vre d’'une expérience raies de plasma ainsi que la réducésnddnnées et la
comparaison et l'interprétation des données avec un mociglgui impliqgue une
représentation adéquate de la fonction de distributiorvilesse des électrons.

Le but de la premiére partie a été de concevoir une expéripogele radar
EiscAT (European Incoherent SCATter), situé au Nord de la Scanginpour
collecter des données raies de plasma et ionique, et df@exlap outil d’analyse
adéquate pour réduire les données raies de plasma a despasexploitables.
Ces parametres étant la fréquence, l'intensité et la lardes raies. La tech-
nique de I'impulsion longue oliong pulse”(Showen, 1979) et de la rampe de
fréquence ouchirp" (Hagfors, 1982; Birkmayer and Hagfors, 1986) ont déja été
utilisées avec succés pour observer la raie de plasma a @gs particuliers de
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ionospheére. La technique de I'impulsion longue permetrassurer la fréquence
critique aux pics et aux vallées des régions E et F de I'iohespet la technique
de la rampe de fréquence permet la mesure a une altitude aadegt de la
densité électronique correspond au taux de rampe de frégueansmise. Ces
techniques ne fournissent pas énormément de points de@sesoause du désac-
cord entre la hauteur d’échelle de la densité électroniqureedpart, et la largeur
de bande par rapport au volume sondé par I'impulsion d’apare. Notre ob-
jectif a été de concevoir une expérience qui fournit a la fmie haute résolution
fréquentielle de la raie de plasma et améliore la résolgpatiale afin d’accroitre
le nombre de points de mesure. La qualité des données asastessentielle
pour I'analyse des spectres et I'extraction précise derpaties tels que la dif-
férence Doppler entre la raie haute et basse ainsi quensittedes raies. Nous
avons mis au point une expérience utilisant une technicqeenté de modulation
déja utilisée pour la mesure de la raie ioniquecdele alternatif(Lehtinen and
Haggstrom, 1987) qui est une techniquecddage de phasgisponible a ESCAT.
Nous avons ainsi tourné la premiére expérience raie de plasec un code alter-
natif & condition forte d&2 bauds sur le radar VHF de BBCAT prés de Tromsg
en Norvege. Pour extraire la fréquence et l'intensité desrde plasma, un pro-
gramme d’ajustement de parametres basé sur la minimigagiomoindres carrés
a été développé en utilisant le noyau dei€AP (Grand Unified Incoherent Scat-
ter Data Analysis Program) de Lehtinen and Huuskonen (1996)programme
permet de réduire les données acquises avec la techniqtiengalsion longue
ou bien la technique du code alternatif. Il bénéficie de larooaité de @ISDAP,
en particulier dans sa flexibilité a traiter de nouvellesezignces.

Dans la seconde partie, les données réduites sont compandesnodele
théorique. Le modele est basé sur la connaissance de lasepa@iectrique du
plasma ainsi que sur la fonction de distribution des viteséduite a une dimen-
sion. Nous avons développé un code numérique pour caloedefonctions. Ce
qui nous permet d’estimer de maniére théorique le décalagper et I'intensité
des raies de plasma pour n'importe quelle fonction de distion de vitesses a
deux dimensions décrites en coordonnées sphériques. Kadtral. (1993) ont
montré avec des données du radar UHF d&cET, que le chauffage thermique
induit par le gradient de température des électrons madifiaielation de dis-
persion des ondes Langmuir et introduisait une correctamsd’estimation de la
fréquence de résonance des raies de plasma. Nous avoréspudies différents
radars ESCAT, I'effet de la déviation de la distribution des vitessesna@port a la
Maxwellienne sur la fréquence et l'intensité des raies dsiphl. L'effet des struc-
tures détaillées dans l'intervalle d’énerg@i@—30eV de la population suprather-
mique a été observé a I'aide du radar VHF et comparé avec madele. Celui-ci
est basé sur I'hypothése que la fonction de distributionitisses des électrons
peut étre représentée avec une bonne approximation en dpulagions : la ther-
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mique et la suprathermique. Cette approximation est ragole pour des ondes
ayant une énergie de phase suffisamment éloignée de I'énmgiespondant a
la transition distribution thermique/suprathermiqae § —0.3 eV). Pour le radar
VHF, I'énergie de phase des ondes est2le 25 eV et pour le radar UHF, elle est
de3—-6eV. La fonction de distribution des vitesses des électronsi@éstiite du
flux angulaire d’énergie des suprathermiques. Ce flux esulgahvec un code
numeérique qui résout I'équation de transport des électeonggime stationnaire
et le long du champ magnétique, en tenant compte des coligntre la popu-
lation chaude des électrons (photo-électrons et/ou pgtatigns électroniques) et
I'atmosphere neutre (Lummerzheim and Lilensten, 1994)m@Gdele, largement
testé et comparé avec des données et d’autres modeles @y @emontré de bon
résultats. La partie thermique de la distribution a été risélé par la distribution
classique de Spitzer and Harm (1953) qui décrit le départeiMaxwellienne du
fait d’'un champ électrique ou bien d’un gradient de tempéeat

Cette these est construite de la maniere suivante.

Dans le Chapitre 1, nous introduisons la théorie de la dofugncohérente,
en particulier sur la raie de plasma. Nous donnons une ¢éscridu code
numeérique que nous avons développé pour modéliser la rgpadma.

Dans le Chapitre 2, nous décrivons le principe de la mesuspdctre a diffu-
sion incohérente a I'aide d’un radar, en particulier leségignces que nous avons
écrites.

Dans le Chapitre 3, nous présentons la réduction des données

Dans les Chapitres 4 et 5, nous donnons une description tédae qui sert
au modele de la fonction de distribution des vitesses que agons utilisé.

A la suite de cette partie, quatre articles sont inclus. Défextre eux sont
publiés et les deux autres sont soumis pour publication.r&fésences aux arti-
cles sont fournis tout au long de la premiere patrtie.



"She looked at the steps; they were empty; she looked at
her canvas; it was blurred. With a sudden intensity, as if
she saw it clear for a second, she drew a line there, in the
centre. It was done; it was finished. Yes, she thought,
laying down her brush in extreme fatigue, | have had my
vision.”

Virginia WOOLF, To the Lighthousel927.

Chapter 1

Incoherent scatter theory

1.1 Introduction

As mentioned in the introduction, several parameters ofidthespheric plasma
such as the electron density, the electron and ion temperaturEsand7;, the
ion drift velocity u; and in some favourable cases the ion composition and the
ion-neutral collision frequency;,,, can be derived from the scattering of radiation
involving randomly distributed charges. Since the scattqpower is inversely
proportional to the square of the mass of the charge, théesicef from electrons
dominates. Purely incoherent scattering occurs for radarelength)\, much
smaller than the Debye lengiy, of the medium. In this limit, the incident wave
does not interact with the Debye-shielded charges and tiitesing depends on
the individual behaviour of charges. The scattering is theportional to the
electron velocity distribution function. Wheky, is larger than\, the shielding
effects become important; as the electrons surround theimonlouds such that
the plasma remains neutral, the ion movement also contrelslouds of electrons
and influences the property of the scattering. This is thelitimm of scattering
we are interested in. A parameter commonly used in the titezgBauer, 1975)
to describe the type of scattering, which relates the sdateecmbservation to the
characteristic scale of the plasma), is the dimensionless parametedefined
as

1
EAp
wherek is the magnitude of the scattering wave vector determinethéygeom-

etry of the experiment and the magnitude of the radar wavéovég which is
defined in Eq. (1.4).

(1.1)

«
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Assuming the plasma to heniformandstationary the differential scattering
cross section of the plasma is defined by (Hagfors, 1977)

d?o(w+wy)

10d, ~ remx(nxp)[*(IAN. (k,w)["), (1.2)

wherer? = ¢?/(4megm.c?) is the classical electron radius, is the unit vector
pointing from the scattering volume towards the receipas the unit polarisation
vector of the incident radiationy is the frequency shift between the transmitted
radio wavew, and the received frequency, k is the wave vector shift defined as
the difference between the returned wave vector and thertrated wave vector
ko. w andk are defined by

W = W, — Wy, (1.3)
k=""n— k. (1.4)
&

The quantityAN,(r,t) represents théuctuationsof the microscopic electron
densityN,(r, t) relatively to itsaveragen. = (N,(r, t)). The differential scatter-
ing cross section then corresponds to a particular spatiai& component of the
fluctuationAN,(r,t). This fluctuation is a purely real random process. Its time
Fourier transform might not be defined, it is therefore neagsto calculate its
autocorrelation function which has Fourier transform ($em and Bjgrnd, 1977)

: d
(AN, (k,w)?) = //{ANE(T, )AN, (r 1, t—l—T))ez(m’k'T,)d?‘r’Q—T. (1.5)
s
This expression is a version of tNé&ener-Khinchin theorenm the theory of ran-
dom noise. The problem is to estimate the power spectrumecélgrtron density
fluctuations in the frequency and wave vector spdceV, (k, w)[?).

1.2 Incoherent scattering differential cross section

Several approaches have been used to calculate the tharatabtion of Eq. (1.5).
The first approach, the dressed test particle principle éRblsith and Rostoker,
1962; Rostoker, 1964), does not make any other assumptiomst ghe state
of the plasma than uniformity and stationarity. The secoppr@ach uses the
fluctuation-dissipation theorem or Nyquist theorem and lbarfound in numer-
ous articles in the literature (Dougherty and Farley, 196éxley et al, 1961;

Dougherty and Farley, 1963; Farley, 1966) and the third @g@gh uses a pertur-
bation method of a linearised Vlasov equation (Salpete80i®agfors, 1961).
In addition to the uniformity and stationarity assumptioiiney require that each
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species of the plasma should be in the Maxwellian state. Adery of thermal
fluctuation for a non-uniform and non-stationary plasmalieen developed (We-
instock, 1965, 1967) and is based on a separation of theegogtinto coherent
and incoherent parts. This theory might be of interest fetudbed conditions but
is out of the scope in this study.

Finally, the differential scattering cross sectidtv/dQdw per angular fre-
guencyw and per solid angl€ for a multi-component, uniform, stationary, non-
magnetised and non-relativistic plasma with the colligfiacts included through
a BGK model (Bhatnagaat al., 1954) is then given by (Hagfors, 1961; Sheffield,
1975; Bjgrna and Trulsen, 1986)

d*c

dQddw

— nor?inx (nxp) Sk, w), (16)

where the spectral density function or dynamic structuceoiaS (Ichimaru, 1992)
is calculated using plasma theory.

2

B Ce(k,w)|” Im P.(k,w) — v, |P.(k,w)|?
Stk,w) = 1+ 5 o) X (R, )2
n; 5 |Cu(k.w) [ Im Pj(k,w) — v; | P;(k,w)|?
—L, : R (1.7)
;ne 71 D(k,w) 7\ X;(k,w)|?
with
D(k,w)=1-3 Cu(k,w), (1.8)
Colk,w) =Zy(k,w)/ Xo(k,w), (1.9
Xo(k,w) =1+ iv, Py (k,w), (1.10)
Zolk,w) =" Zos(k,w), (1.112)
k
1
P.(k,w)=— ankpa,k(k./w), (1.12)
Na X
2
o w(},k k 'vaa,k(v) 3
Zor(k,w) = 12 Lk-v—w—iuad v, (1.13)
Pk, w) = Jor(®) (1.14)

Lk-v—w-—iy,

fa.x denotes the velocity probability distribution functiorr fine ™ component
of the particle species (e for the electrons and for the ions). D and Z,, are
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Imy v=w/k+iv,/k Imv

Re ; Re ;

©
v=w/k+iv,/k

Figure 1.1: Landau contour of integration used to evaluadritegrals” and P
of Eq. (1.13) and (1.14). In the left panel, > 0 while in the right panel, < 0

respectively the dispersion function and the suscepitilinction for the parti-
cle speciesy andv, is the collision frequency of species w,  is the plasma
frequency of the:'™* component of the speciesdefined as

ANy pe2
Wak = M, [rads '] (1.15)

Mq

wheren, . is the density of thé'™™ component of the speciesin ¢cm 3. Note
that whenever not specified, the Gaussian CGS unit systesed u

The contour. of the integralsP and 7 is the Landau contour of integration.
These integrals are defined only on the half-plane whegre- 0 (left panel in
Figure 1.1). The analytical continuation of these funcsitnmom the upper to the
lower half-plane is given by the Landau prescription. Whgn< 0, the contour
is deformed to leave the poleatsuch thatk - v — w — iv, = 0 over the contour
of integration (right panel in Figure 1.1).

Figures 1.2 and 1.3 show the theoretical incoherent saaftspectra for a
Maxwellian plasma for positive frequencies calculatedtfe BEscAT VHF and
UHF radars respectively. Both abscissae and ordinate lo@aithmic scale to
accommodate the large range of intensity and frequencynidie spectral shape
from O to a fewkHz is the ion line while the sharp line abové&1Hz is the plasma
line. Note the value of the parameter= 1/(k\p) for the two different radars —
for the VHF radar: = 10.9 and for the UHF radan. = 2.6 —. As expected the
collective effect is more important with the VHF radar thaithathe UHF radar.
The plasma line observed with the VHF radar is sharper becthesassociated
Langmuir wave has a phase velocity situated far on the taile€lectron velocity
distribution which causes little Landau damping.
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Figure 1.2: Theoretical incoherent scatter spectrum fer\WHF EISCAT radar
(224 MHz) for a Maxwellian plasma withh, = 10°cm 3, T, = 2000K, T; =
1500K, v; = 107?s~ " andv, = 10?s~' and using the differential cross section
model of Egs. (1.7)—(1.14)

1.3 The electron plasma line

When studying plasma lines, the expression of the scafterivss section can, to
a good approximation, be simplified. The second term of ET) [ small com-
pared to the first term in the frequency range of the plasneadimd can therefore
be neglected. Assuming moreover that collisions can bescegl, the expression
of the spectral density function can be approximated to

f; (f)
_ k
S(k,w) = k|1 — Ze(k;,w)|2’ (1.16)

wheref! is the one-dimensional reduced probability distributiondtion parallel
to the wave vectok and it is defined by

1 (%) =k [ fu(0)s(k v~ w)d', (1.17)
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10 . . .

—10

—15

10 ¢

10° 10* 102 10

Frequency [MHz]

Figure 1.3: Theoretical incoherent scatter spectrum ferhF ESCAT radar
(931 MHz) for a Maxwellian plasma with the same ionospheric paramseis in
Figure 1.2 and using the differential cross section modé&ag¥. (1.7)—(1.14)

wheres represents the one-dimensional Dirac delta function.

In Eq. (1.16), the denominator represents dmeectric response functioof
the medium. Langmuir waves are high-frequency solutiorthetlispersion re-
lation. The dispersion relation is just the dielectric responsefion set equal to
zero. The frequency of the wave with wave vedtas given by the real part of the
complex frequency while the imaginary part gives the damping rate of the wave.
For a given radar, two Langmuir waves will interact with thericles, one trav-
elling away from and the other one travelling toward the raddhe backscatter
geometry and otherwise along the bisector between thetinscof transmission
and reception. At such high phase veloaity= w/k, the electron distribution
function is flattening out and there are nearly as many pgagtiimoving faster than
the wave as there are particles moving slower, the wave islitde damped. The
so-called Landau damping, which is proportional to the@give of the reduced
distribution at the phase velocity for an isotropic plasmamall and the up- and
down-shifted plasma lines at frequengy = w,; — wp andw_ = w,  — wy are
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respectively the signature of the Langmuir waves travglifongk_, andk_ with
magnitude, in a backscatter geometry

1
ky = E(wo + wp + wy). (1.18)

1.3.1 Intensity

The derivation of the intensity of the plasma line does nquie the measure-
ment of the spectrum. It is given by the value of the autodatien function at
time delayr = 0 (Parseval’s theorei which can be estimated by power profile
measurement with an incoherent scatter radar. It has bessmadd at different
incoherent scatter radar facilities and is discussed inynpapers, for instance
Perkins and Salpeter (1965); Kofmanal. (1982); Fredrikseet al. (1989, 1992);
Kirkwood et al. (1995).

In a collisionless plasma without a magnetic field and withaesumption that
the electron velocity distribution function isotropic but not necessarily Max-
wellian, the incoherent scattering spectrum can be appratad in the neighbour-
hood of the up- and down-shifted plasma lines frequenciedy the following
expression (Perkins and Salpeter, 1965)

Si(k./ w) >~

w:QEff] (v¢i) (119)

w2 [ Wwdf) 2\
4k ((wwi)%—Ii (Wﬁ d]:j (7)¢i)> )

wherek is the magnitude of the wave vector shift defined in Eq. (Iod)f = wy
andv,: = w4 /k is the phase velocity of the corresponding Langmuir wavecéi

the isotropic Landau damping term%w‘g—é%(wﬁ) of the wave is small, all the
power lies in a small frequency interval (smaller than tlegjtrency bandwidth of
our observations) and the integrated power in one plasrad,jioan be calculated

analytically

1 f! (vg)
I, = © ; .
P 902 B vf dfe1 (v) ’ (1.20)
vy dv ¢

wherev, = /kyT./m, is the electron thermal velocity.

The term in the numerator of Eq. (1.20) represents the dimitaf the Lang-
muir wave by the fast electrons, while the denominator regmés the Landau
damping from the particles at the phase velocity of the wavais, the presence
of a high-energy tail in the velocity distribution functiean lead to a substantial
enhancement in the integrated power, as well as a broadesfittie plasma line.
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Without any enhancement mechanism of the plasma line, tegrated power of
the plasma line is smaller the larger is the parametérhis is seen in Figures 1.2
and 1.3.

Including the effect of collisions through a Fokker-Plaragerator (Perkins
et al, 1965; Yngvesson and Perkins, 1968) leads to a similar egfme

202 02df! ’
——=—<(Vg) + Xei

(1.21)

vy dv

wherey,; is the electron-ion collision term that describes the etwnh and damp-
ing of plasma waves due to electron-ion collisions withisah frequency,;

2 1)3 Vi

Xei = ——77- (1.22)

U, k
It can be shown (Newman and Oran, 1981; Oetral, 1981; Kirkwoodet al,
1995) that the electron-neutral collision frequengy can be included and,; re-
placed by, = v,, +v.;, the sum of the electron-neutral and electron-ion coltisio
frequencies which are defined as

Ven = 5.4x107 "0, T2, [s7'] (1.23)

e

T3 3
Vej = <34.0 +4.18log —P> neTe 2, [s71] (1.24)
n

wheren,, is the neutral density.

The term in the numerator of Eq. (1.21) represents the exmitaf the Lang-
muir wave, while the denominator represents the Landau dapgnd the colli-
sion damping. Note that when the collisional dampjngs large compared to
the Landau damping and the excitation term, the plasmanitemsity also tends
towards the thermal intensitly 2o, but the spectrum is broadened due to the col-
lisions. Enhancement of the plasma line is expected to tiEae pecause of the
increase of the number of electrons in the velocity distrdiuat the phase veloc-
ity of the Langmuir wave due to the supra-thermal populatidme supra-thermal
population which excite the Langmuir wave consists eitlfgolmtoelectrons or
secondary electrons in the case of precipitation. At theesame, The Landau
damping of the supra-thermal electrons dominates and kibepglasma line in
a steady-state with the supra-thermal population and ermsadhe plasma line
(Bauer, 1975).

The integrated power of the plasma lifg without any enhancement, can be
compared to the integrated power of the ion lipgiven by (Bauer, 1975)

0/1

I, = .
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which reduces t°1+:r1—/:r for large values ofv. For the spectra shown in Fig-
ures 1.2 and 1.3, the ratify//; are equal ta 02 and2 - 10~ respectively. For a

Maxwellian plasma the plasma lines are more powerful withthdF radar than

with the VHF radar.

Using the formalism that we develop in the next section (Gatial., 1998)
about the numerical estimation of tikieand 7 functions with theP*and Z*func-
tions of Eqgs. (1.39) and (1.41), and together with the difféial cross section of
Eq. (1.7), we have derived an expression of the integratekpof the plasma
line for anyarbitrary anisotropic electron velocity distribution function. Weead
the same method of expansion around the plasma resonagoerfiey as Perkins
and Salpeter (1965) and the integrated power in one plasraasliwritten

2

1 e\ v ve k
I, = - < < . (1.26)
200 veIm 7 (U—¢> + i&Re P; (U—¢>
“\ U, o? k “\ v,
Introducing the plasma line temperatusd’, defined as

kT 2
=2a°1l,, 1.27
=207 (1.27)

2

the integrated powe, of the plasma line is expressed as a temperature. In a Max-
wellian plasma, the plasma line temperature reduces tol&otren temperature.
The ratiok, T,/ kT, then describes the enhancement of the plasma line over the
thermal level. The plasma line temperature for the expoessf the intensity of
EqQ. (1.26) is written (Guio and Lilensten, 1998)
vl Py (22) = 222 py (22)
kT, = kT, \ Ve T)er "\ Ve . (1.28)
ve Im 7 (7)—¢) + (U—e> e Re Py (7)—¢>
“\ VU, Vg k “\ U,
Therefore if one is able to calculate the functidtsand Z* for any arbitrary
anisotropic electron velocity distribution it is then pids to estimate the inten-
sity of the plasma lines. The intensity of the plasma lineghwain anisotropic
supra-thermal electron velocity distribution has beersgtigated earlier (Lejeune
and Kofman, 1977; Lejeune, 1979), but their formulationhedf intensity did not
take into account the pitch-angle dependence in the imagpsat of the dielec-
tric function evaluated at the phase velocity of the waveytheglected the second
term on the right hand side of Eq. (1.43) and made the follgwipproximation
~ i/ F(0)d(k-v —w)dv.  (1.29)
dv JuL

/Ln Vo f(0)d(k v — w)d*v
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We have used the formalism of thieéand 7 functions together with a model
of the supra-thermal distribution and have calculated titenisity of the plasma
lines given by Eqg. (1.28). Our model has been compared withoa gigreement
to plasma lines data that we observed at a high time resolwiith the HSCAT
VHF radar (Guio and Lilensten, 1998).

1.3.2 Doppler frequency shift

The Doppler frequency shift.. of the up- and the down-shifted plasma lines are
the real part of the roots of the dispersion relation

1= Zo(ks,ws +iv+) =0, (1.30)

wherev. is the decay rate which we assume is much smaller than thpaal .
of the complex frequency.

Then, we can expand in power series(&f- v)/w the denominator which
occurs in the integral of the plasma dielectric respafisef Eq. (1.13) assuming
that|(k - v)/w| < 1. Therefore the distribution functiofy must tend toward zero
for v such that(k - v)/w| > 1 in order to do the expansion (Tsytovich, 1995)

1<1+(k-v)+(k-v)2+(k-v)3+___+(k-v)”

w w w? w3 wn

> . (1.31)

After one integration by parts, the real part6f is rewritten as a series ex-
pansion

e ) we R (o) —ug)?) B () — uep)?)
Re Z.(k,w) (@ — kugy)? (1 +3 (w — kg )? +4 (w — kttg))?
o " kn<(’l)H — U,eH)n>
# oyt ) , (1.32)

where the angle brackets denote the average of the distribiuinction

(4) = [ Af(w)d, (1.33)

These bracketed terms correspond to moments of the distnibfunction. The

potential mean drift velocity,| = k - (v)/k parallel tok has been included into

the power expansion by replacifi - v) /w with (k-v)/(w — k- u.) in Eq. (1.31)

in order to eliminate the term relative to the mean drift witlp (k - v) /w.
Assuming|w — ku, | > kv, and that the distribution does not deviate dramati-

cally from a Maxwellian, the even-order moments are lumméa theW function

of Ichimaru (1992), our Eq. (1.54), and the odd-order mormarg truncated at the
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third-order, which gives thlaeat flow approximatiofirst introduced by Kofman
et al.(1993)

2 —k ‘e k3 J elte
Re 7, (k,w) = —— w (LDt} 4y 9/ (mene) g 34
(lm)(U)2 kol (w — kue)®

wherev! = (k,T!l /m.)!/2. T)! is the parallel temperature and' is the heat flow
for parallel energy. They are defined (Barakat and Schun82).9

1 1
5/@,7;” = 5me((y) = ue))?), (1.35)

q! = mene((v) — ueH)Q(?)H — Ug))- (1.36)

The heat flow for parallel energy is equal to6/5 the heat flow, in the Spitzer
theory (see Eq. (4.20) in Chapter 4). Comparing our te¥m= 6/5¢, with the
corresponding termMg. in the approximation of Kofmaat al.(1993), we see that
they have overestimated the heat flow contribution by a faufté/3.

In Guio (1998), we have investigated the validity of the Heatv approxima-
tion of Eq. (1.34). We have built a simple analytic model, i€ Maxwellian,
of a velocity distribution that mimics the situation in a ghaa with a temperature
gradient. This model consists of two half-Maxwellians witifferent tempera-
tures that are joined continuouslyat = 0. We have shown that it is possible
to adjust the two temperatures of the distribution so thattémperature and the
heat flow are equal to the ones given by the Spitzer theorydset®on 4.4). We
have used this model to investigate analytically the eftéch departure from
the Maxwellian due to a heat flow on the Doppler frequency effilasma lines.
This simple model has been compared with the heat flow apmiaon. A good
gualitative agreement was seen. However, for accuratelledicns such as the
calculation of the plasma line Doppler frequency, it washdbat the exact calcu-
lation of the dielectric function is important, togethertliva good representation
of the distribution function. This is especially true foghifrequency radars and
for low plasma frequency, i.e. when the ratig / kv, is smaller tharb —6.

We have not investigated the effect of the anisotropy of #1éMaxwellian
on the intensity of the plasma lines since this distributgamot meant to represent
correctly the effect of a supra-thermal population, bubheatthe departure from
the Maxwellian in the ambient electron population.

We have thus written a numerical code to calculateRtend 7 functions of
Egs. (1.14) and (1.13). The distribution functions that vge to represent the
electron population are known from numerical calculatiombe thermal part is
the Spitzer function described in Chapter 4. The supraathépart is derived
from the angular energy flux of electrons calculated by asjppant code described
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in Chapter 5. Therefore the code should handle the caloulati the functions
P andZ for such distribution functions that are defined numericah a discrete
grid.

1.4 Numerical code of theP and 7 functions

Our assumption when writing the code was that the veloc#jritution function
should be represented in spherical coordinates with arl ssaglametry. The dis-
tribution function is given at some discrete points both @togity spaces and in
the cosine of the pitch-angle spaecehereafter referred as the, )-grid.

When collisions tend to zero, the pole occurring in fA@and 7 integrals is
situated in the neighbourhood of the real axis and the iatedt and Z can be
separated into their real and imaginary parts using the rgeféemeljformula
(Balescu, 1963) which reads for a functigfx)

: 9(x) ,
a0 de —PV/OC% dz + img(E), (1.37)

lim

wherePV denotes a Cauchy principal value integral.
When the collisions are not negligible, the integral is adeparated into its
real and imaginary parts and the integral takes the follgvitmm

OB (LT W | I
/Lmdx—/ (@—6F 47 zdr + 77/ — e dz. (1.38)

We have expressefd as a function of the normalised functmﬁjﬁ

1 w
Plk,w) = P . 1.39
(k, ) kv, " <lm)e) ( )
wherew, is a normalisation velocity. We justify this choice to folldhe formula-
tion of P for a Maxwellian with theZ function of Fried and Conte (1961) defined
in Eq. (1.53).
In the non-collisional cas&?’ is then written using Eq. (1.37)

e

Tmax 2 3
o] 35, [ )

i=——n pj x =&/
J#0
2
erwjf:i 3 <§/Ze,uj>]./ (1.40)

where the(w;, ;1;) are respectively the weights and points of the pitch-angle
quadrature. We have used the double-Gauss quadraturen&tainal, 1988)
which gives the best results.
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The integrals of the real part df; are of two types depending on the sign
of &/u;. If &/u; is strictly positive then the integral has a singularityzat=
¢/p; and the integral is a Cauchy principal value integral. Weehased the
guadrature DO1AQF of NAG (1993) which calculates an appnation to the
Hilbert transform of its argument. As the velocity distritmn function is defined
on adiscrete grid of normalised velocity, we need an intiatpan strategy in order
to calculate the integral. In our code, we have the possilii interpolate the
distribution function using the different methods: splitieear or step function
interpolation. In the case whegg; is strictly negative then the integral has no
singularity and we use the routine DO1GAF of NAG (1993) whictegrates a
function specified numerically at four or more points, usathird-order finite
difference formula.

We have proceeded in the same way for thieinction. Z has been expressed
as a function of the normalised functicfy.

We \ 2 w
Zk,w) = — “\ 7z ; 1.41
() (lm)) Ve (lm)) / ( )

wherev, is a normalisation velocity. We justify this choice to folldhe formu-
lation of Z for a Maxwellian with theW function of Ichimaru (1992) defined in
Eq. (1.54).

In the non-collisional casé€?;; is written using Eq. (1.37)

Lmax '12 -V ey Hi
Zy (&) = QW[ Z 11)7/ g'n, [z M)dm—l-

7—777 Tmin ,LL] T - 5/“7
J#0

€1 €% 3 (Eve )]
s 0 — =% -V A 1.42
S v (S e
where
0 1—u?d
n -Vf(rve, u) = uaf(m)e,u) mu %(mwe,u). (1.43)

In the collisional case, similar expressions are foundlierfunctions?; and
Z, using Eq. (1.38)

wmax 12 o f(20e, pi) (2 — f/ﬂz + 777)
Ve (€+”7 =2m wj / : dx (144)
7_2;77 ! Tmin (T é‘/lj/?)

J#0

and

Z:(e+in) = —2n Z " /Imax.,2 4V (20, pj)(x— §/u7+m)dm (1.45)

j=—n Tmin M? e (T 5/“7)
J#0
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f(r)

2/h

0 a a+h r

Figure 1.4: The synthetic triangle function with parametes 2 andh = 3

We have used again the routine DO1GAF from NAG (1993) for micady
specified functions in order to calculate the integrals eskemormalised velocity
variablez.

We have first tested our numerical code against smooth fumtike the Max-
wellian and the Spitzer function using a cubic spline intdsion of these func-
tion for the integration over the velocity grid. The resudt® described in Guio
et al. (1998). A 32-points double-Gauss quadrature gives a velatiror better
than10~* for small values of¢, while at large values of, the accuracy is not
influenced and remains better th&in .

1.4.1 Teston a synthetic triangle function

As we shall see, the supra-thermal distribution is not asaimas the Maxwell-
ian or the Spitzer function. The supra-thermal distribatealculated on a dis-
crete energy grid derived from the angular energy flux oftetexs calculated by
an electron transport code can be seen as a superposititiftefistriangles of
different amplitude. We have run a simulation on a synthisttropic triangle
function and have compared the functidisand Z* calculated by our code with
their analytical expressions.

We define thesotropictriangle function centred at= a + h/2, with width i
and normalised such that its integral is equal to one by

4 h
ﬁ(r—a), GST§a+§
)= 4 h 1.46
fr, ) <——(r—a—h), a+— <r<a+h (1.46)
B2 2
L0, otherwise
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Figure 1.4 shows the isotropic triangle function for thegmeterss = 2 and
h = 3.

We have calculated analytically the real and the imaginaryspof theP*and
the Z* functions, for a real argumeni of the isotropic triangle function. Since
the triangle functiory is isotropic, the real part aP*is an even function while the
imaginary part is an odd function and the real parZ6is an odd function while
the imaginary part is an even function. They are written

( iyfz [16a* log(2a) —8h*a + 32a® log 2—
(16a® — h* —6ah?) log 24t —

16a®log((4a+h)h)— : p=+ta
4(a+h)(a®+2ah—3a?+h?) log 24 4

8a*log((2a+h)h)]

3h7
8(a+2%)*log((2a+14)4)— 8h2(a+2)+
32(a+2)%log2—4(2a+h)*log(4(a+4))— . p=+(at+l)
4(a+h)(a®+2ah — 3(a+2)?+1?)
log @4—8(0,4—%)310(%((2(1,4—%)%)}

47 [(12(a+2)%a— 40%) log 22+

RePi(p) =9 4= [(12(a+h)20 4a?) log 22t 4

8(a+h)*log((2a+h)h)—8h? (a+h)

32(a 4 h)*log2— (h+2a)(11h*+20ah+8a?) , p = +(a+h)
log 4431 —16(a+h)* log((4a+3h)h)+

16(a+h) log(2(a+h))]

(1.47)

3z [(12p a—4a?) log }’MH—Sp log |p* —a?|—
8h2p + 32p% log 2+
(8a®+h?—24p*a+6ah®—12h(p*—a?))

Eﬁ;ﬂ} —16p°log [4p* — (2a+h)?|— ’
4(a+h)(a* + 2ah — 3p*+h?) log ‘%‘ +

[ 8p"log|p”—(a + h)*]

otherwise

log

7 (20 4 1), ol <a
7rT( 4a®+6ah*+3h* —8|p[*+12ap?), a<|p|<a+ L

Im P*(p) = (1.48)
s (a+h+2p]) (a+h—]p]) a+1<|p|<a+h

otherwise

=
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Re P (p) Im P (p)
200 200
0 W\f\,\\’/ 100
-20 0
100 200
0 Z\M\/ 100
-10 0
100 100
-10 0
100 100
0 L\/ 50
-10 0
100 100
-10 0
0 100
-50 B 50
-10 0
0 100
-50 ~ 50
-10 0
0 2 4 6 0 2 4 6
Y P

Figure 1.5: Test of thé&*function, forp > 0, with the triangle function of param-
eterse = 2 andh = 3. From top to bottom the number of points in the quadrature
are 16, 32, 64, 128, 256, 512 and 1024. Hashedines are for the analytic
expressions of Egs. (1.47) and (1.48). Bodid lines are for the numerical calcu-
lations with our code
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22 [~ h?+8a%log 2+4a®log(2a) —
(2a—i—h)alog4’ - —4a” log((4a+h)h)+ | Ipl=a
2(a+h)alog 22 + 24 log((?a—i—h)h)]

—2z {—h2+8(a+ )2 log 2+

2a(a+ L) log 24 +2(a+1)? log((2a+h) )—
8(a+g) log(4a+2h)+2(a+h)(a—|— )log defsh >
2(a+4)? log((2a+3)4)]

lpl=a+3

Re Z%(p) = (1.49)

— 2% [-h?+8(a+h)?log 2+
2a(a+h)log 2% +2(a+h)? log((2a+h)h)—
2(2(14—/7)(04—h)log@—él(aﬂ—h)2 ’
log((4a+3h)h)+4(a+h)?log(2(a+h))]

lp|=a+h

— 35 [-h?+8p”log 2+
2aplog }’Ha}—i-Qp log |p*—a?|—

(2a—|—h)plog E;’ﬁﬁ} 4p? log |4p* — (2a+h)?|+

L 2(a+h)plog Fe h}+2p log | p? (a+h)2\]

otherwise

(2 p(|p| —a), a<|p|<a+t

ImZ%(p) = § ~22p(lp| ~a—h), a+i<[p|<a+h (1.50)

0, otherwise

We have compared the behaviour of our numerical code as aidanaf the
number of points in the double-Gauss quadrature. When iesamthe velocity
integration, we had to use a linear interpolation for suctoa-smooth function
as the triangle. The spline interpolation was introducirgystematic bias in the
estimation of the”*andZ*functions for the triangle function defined by just three
points.

Figures 1.5 and 1.6 show the results of the calculationsiftardnt values of
the double-Gauss quadratures. Since the triangle funistioot a smooth function
as the Maxwellian, a 512 or even better a 1024-points doGlless quadrature
was needed in order to get rid of the oscillations.

The signature of the triangle function is clearly identifiadhe shape of the
P*andZ*functions. The imaginary part of thg* function presents a maximum
damping forp = a + h/2 which corresponds to the value ofat the maximum
of the triangle function. Similarly the real part of th&* function presents an
abrupt variation forp = a + h/2 which corresponds again to the valueroét
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Figure 1.6: Test of the&* function, forp > 0, with the triangle function of pa-
rametersa = 2 andh = 3. From top to bottom the number of points in the
double-Gauss quadrature are 16, 32, 64, 128, 256, 512 ard & dashed
lines are for the analytic expressions of Eqgs. (1.49) artsDj1.Thesolidlines are
for the numerical calculations of our code
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x 10 % Altitude 259 km

28 30 32
Energy [eV]

Figure 1.7: The angular supra-thermal distribution, gdtin the energy range
20—-32¢eV, used to perform the tests shown in Figures 1.8 and 1.9. Tée di
tribution was calculated with an eight-stream run over Tsanin July 1996 at
12:00UT with a F10.7 index of 80 and anA, index of 15. The eight curves
correspond to the eight angles of the double-Gauss quaeratu

the maximum of the triangle function again. It can also befieer analytically
that the imaginary part oP* will tend toward a rectangular window of widthu
whenh tends toward zero as expected if the distribution funcfiomere a Dirac
function.

1.4.2 Test on a real supra-thermal distribution function

We have run a test on a real supra-thermal distribution fanciThe angular dis-
tribution function has been calculated by the transporeatekcribed in Chapter 5
with an eight-stream run. A detailed view of the angularriisition function in
the energy range we have calculated fhieand Z* functions is shown in Fig-
ure 1.7. Note the anisotropy of the distribution function émergies lower than
the energy corresponding to the two peak&Z5 eV and26.25 eV) while the dis-
tribution is rather isotropic otherwise.
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Note also the similarity of the supra-thermal distributionthis energy range,
to a superposition of shifted triangle functions centred4a5 eV and26.25eV.
The two main peaks a@.25eV and26.25 eV are the signature of the increase in
the number of electrons produced by photoionisatioNgfand O respectively.
The photons causing the ionisation are from the intense flumanochromatic
Hell radiation of wavelengtR0.378 nm (40.812 eV) created in the chromospheric
network and coronal holes These two peaks have been obsamnaata collected
with the BESCAT VHF radar and the effect on the plasma line intensity and Depp
frequency is discussed in Guio and Lilensten (1998).

Figures 1.8 and 1.9 show the results of the calculationseoPtiand Z* func-
tions for different values of the double-Gauss quadratanesfor both downward
and upward energies. Note again the oscillations at enexggrlthan26.25eV
when the number of points in the double-Gauss quadratumaadl.sThe results
are converging when the number of points in the double-Ggquasdrature is in-
creasing and a number of points in the quadrature of 1024;er better 2048, is
needed to get satisfying results.

It is worth noting also the effect of the anisotropy of thesufhermal angular
distribution on theP*andZ*functions. The real part aP*and the imaginary part
of Z*are not odd function any longer. The imaginary paritfand the real part
of Z*are not even function any longer.

1.5 The electron velocity distribution model

The usual description of electron behaviour in the Eartbresphere is based on
the assumption that the electron gas consists of two conmp@rteeambientelec-
trons and thesupra-thermaklectrons (Takayanagi and Itikawa, 1970), although
the ambient electrons and the arising supra-thermal elestire physically indis-
tinguishable.

We will assume that we can represent the electron plasmaolsg tlwo compo-
nents with velocity probability distribution functiofy and density,, for the am-
bient electrons, and, andn, for the supra-thermal electrons. The total electron
density is them, = n, + n, and we define the dimensionless numbet n,/n,
which represents the percentage of supra-thermal elextrdhe ion population
will always be considered Maxwellian.

The ambient component is represented either by a Maxwaeltlisimibution
function with thermal velocity, = \/k,T./m., or by the Spitzer function that we
describe in Chapter 4.

The supra-thermal distribution is derived from the angelactron flux calcu-
lated by the transport code described in Chapter 5.

We now have a representation for both the ambient and theagbprmal
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Figure 1.8: Test of theé®* function with the supra-thermal velocity distribution
calculated on a 8-streams run2ab km (see Figure 1.7). From top to bottom the
number of points in the quadrature are 32, 64, 128, 256, 3124 and 2048. The
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Figure 1.9: Test of theZ* function with the supra-thermal velocity distribution
calculated on a 8-streams run2ab km (see Figure 1.7). From top to bottom the
number of points in the quadrature are 32, 64, 128, 256, 5124 And 2048. The
thickline is for downward energy while thigin line is for upward energy
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Ambient part: Maxwellian (259 km)
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Figure 1.10: The upper plate shows both a Maxwellian and tipgasthermal
distribution as a function of the dimensionless parameter v/v.. The supra-
thermal is truncated at the intersection with the MaxwalliaThe lower plate
presents the situation where the ambient distribution @ésSpitzer function de-
scribed in Chapter 4. The distributions are plotted as atfanoof the energy

v = 1/2m.v% The two plates are for the same altitude and same ionospheri
parameters
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electrons, the next operation consists in the treatmertefransition region be-
tween the supra-thermal and the ambient electrons. Sagisi methods such
as the numerical resolution of the nonlinear Boltzmann &gongAshihara and

Takayanagi, 1974; Jasperse, 1976), as well as full analytieatment such as
the one proposed by Krinberg (1973), have been studied t@ gbis problem.

However, it was shown later that a good approximation fordbmplete distri-

bution function can be obtained by joining the two distribatfunctions at the

energy for which the two distributions have equal inteesiiiKrinberg and Aka-
tova, 1978; Stamnes and Rees, 1983) and truncate the igsraal distribution

at this energy. We have chosen for simplicity this method.

The truncation procedure is essential for the evaluatiothefvelocity mo-
ments as seen at the end of Chapter 5. The value of the monfethis supra-
thermal distributions are substantially modified by thentation procedure.

Figure 1.10 shows the ambient distribution function andstgra-thermal dis-
tribution truncated at the intersecting energy. Note aglfantwo sharp peaks at
24.25eV and26.25eV due to the photoionisation af, andO by the powerful
emission ofHell radiation of wavelengtB0.378 nm.

For a Maxwellian distributiony,(v) = 1/(27)%2/v? exp(—|v — u.|?/2v?)
with thermal velocityv, and mean drift velocity:., the functionsP, andZ, can
be expressed with the well-known functiansdefined in Fried and Conte (1961),
andW, defined in Ichimaru (1992), both for complex argument

1 w—k- u,
P,(k,w) = 7| —), 1.51
L xd (151)
wWe \ 2 w—k-u,
Za(k,(x)) = — <k7)e> W (T) (152)
with
1 oo —x2%/2
7(z) = _/ Mdm, (1.53)
2T ) T — z
1 roegexp(—x2/2
W(z) = _/ wdx_ (1.54)
21 J- o Tr—z

Z andW are related by (z) = 1 + 2W(z).

In the case of the Spitzer function (Chapter 4), the funstignandZ, have to
be estimated with our numerical code and so it is for the fonstP, and Z, for
the supra-thermal distribution (Chapter 5). The functiéhsnd 7. for the total
electron distribution function are then written (Gwbal., 1998)

P.(k,w) = (1 — a)P,(k,w) + aP,(k,w), (1.55)
Zo(k,w) = (1 — a)Z,(k,w) + aZ(k,w), (1.56)
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and are used to calculate the intensity and the Doppler émqu shift of the
plasma lines.

1.6 Summary

Our contribution in this part is a numerical code to caloalde plasma dispersion
function—theZ function — and the reduced one-dimensional distributiorhe-t
imaginary part of the? function — for any arbitrary two-dimensional distribution
function described on a discrete, 1)-grid.

The numerical calculation of the and Z functions together with a model of
the electron velocity distribution allows the theoreticalculation of the intensity
and the Doppler frequency shift of the plasma lines. It igd@fare possible by
comparing the measured intensity and the Doppler shift efpllasma line in an
incoherent scatter experiment to check the validity of thezlet for the electron
distribution function.

In Guio (1998), the effect of an electron temperature gratched the presence
of an electron supra-thermal population on the Dopplerdezgy of the plasma
lines have been studied for different radar wavelengtis¢&T VHF, ESR and
UHF radars). In Guio and Lilensten (1998), plasma lines datiected with the
EiscaT VHF radar have been analysed, and the intensity and the Bogipift of
the plasma lines have been compared successfully with odehfar the electron
distribution function.
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"EXPERIENCE is the name everyone gives to
their mistakes."

Oscar Wilde.

Chapter 2

Incoherent scattering measurement:
EISCAT

2.1 Introduction

The idea that the backscattering of powerful radio wavesifronospheric ther-
mal electrons should be detectable by large antennae wat® di@rdon (1958).
First, Bowles (1958) demonstrated the existence of ionespmcoherent scatter
using al MW transmitter tuned to a wavelength'ob m and a large antenna of
cross-section abo2000 m?2. Three years later in 1961, Bowles observed echoes
with a bandwidth a factor 10 less than the predicted widtk:itim line. The dis-
crepancy was due to the Coulomb coupling between the etexaod the ions
when observing with a radar of wavelength much larger tharCtebye length!

Incoherent-scatter radars (ISR) are expensive to buildogedate, due to the
required high-power transmitters, large antennae andihggmsitive receivers.
At the present time, there are seven major ISR in operationrat the world.
They cover a wide latitude range from the magnetic equattregolar cap. The
EiscAT radars sit in the auroral zone.

ISR may be eithemonostaticor multistatic Monostatic radars use the same
antenna to transmit and to receive signals. The transnsttgdhl is pulsed in or-
der to resolve the scattering volume, allowing the measargrf the ionosphere
over a wide range simultaneously. The height resolutiohe$é¢ measurements is
determined by the pulse length. Multistatic radars users¢pantennae to trans-
mit and to receive signals. The transmitted signal does retirio be pulsed,
and the echoing region is selected by pointing the receiaimgnna in a direction
which intersects the transmitted beam. It allows measunésneith height reso-
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Figure 2.1: Sketch of the transmission-reception scheme ti@nsmitted pulse of
lengthr and a receiving interval delayed by a time after the pulse is transmitted

lution determined by the intersection of the two antennartsedri-staticsystems

give the possibility to derive both the intensity and theediion of vectorial pa-

rameters such as the ion drift velocity and also possiblga@rpic parameters
such as the ion temperature.

2.2 Measurement principle

An incoherent scatter radar experiment consists basigalsending an electro-
magnetic wave of wavelengthy on a time intervat-. The pulsed wave is travel-
ling in the ionosphere and a small fraction of the transrdigignal is scattered.
The receiver is opened after a timand the signal is sampled over a time inter-
val 7. The timet separating the transmission and the reception determimges t
altitude of the volume which scattered the incident wave eWsampling at time

t after the start of the transmission, the pulse has traveltdtkightct /2 and is
illuminating a volume in the rang& /2 to ¢(¢ + 7) /2) — assuming a zeroth-order
sampler—as seen in Figure 2.1. In fact the finite impulseaese of the receiver
will also have to be taken into account in the calculationhef tange. It is then
possible to build the autocorrelation function (ACF) of #ignal by calculating
cross products of the received samples and adding themnydparley, 1969).
The ACF is the Fourier transform of the power density speutror periodogram,
of the signal. In order to subtract thackground noisésky and receiver noises),
signal is collected independently in the absence of anystnétted signal. The
noise subtracted ACF is then calibrated using the measunteofi@ noise source
of calibrated temperature injected in the receiver systéims procedure has to



2.3 The ESCAT radar systems 29

be repeated many times in a time interval of a few secondsderdo get a good
statistical accuracy of the ACF.

Depending on the scale height of the ionospheric paramaitetshe correla-
tion time of the medium — mainly depending on the electroniandemperatures
as well as the radar wave vector—, the length of the pulsedas bptimised.
Long pulses allow to measure long correlation time but sthegorobed volume is
large, they require the scale height of the ionosphericpatars to be large. Short
pulses are well suited for regions with small scale heightiey do not allow the
measurement of long correlation time. In the lower ionoselvehere the scale
height is small and the correlation time of the medium is lahg multiple pulse
technique (Farley, 1972; Kofman and Lathuillere, 1985)vadl one to estimate
ACF’s with a long correlation time without the disadvantagfesmearing them
because of the large volume probed. The technique congigte toransmission
of short pulses separated by suitable time intervals inrdaealculate the ACF
at the wanted time delays. This technique has the disadyatfat it does not fill
completely the available transmission time. The phasencpdichnique (Sulzer,
1989) is a recent technique that alleviates this problerhout using frequency
commutated multiple pulse technique.

2.3 The EISCAT radar systems

Tromsg Kiruna Sodankyla Longyearbyen
Geograph. coord. 69'35° N 67'52° N  67'22°N 78'09° N
19'14° E 20'26° N 26'38°N 16'03° N
Geomagn. inclination 77'30° E T76'48°E  T76'43° E 82'06° E
Invariant latitude 66'12° N 64'27°E  63'34°E 75'18° E
Band VHF UHF UHF UHF UHF
Frequency(MHz) 224 931 931 931 500
Wavelength(m) 1.3 0.3 0.3 0.3 0.6
Wave vector(m ') 4.7 19.5 13.8 13.8¢ 10.5
Rx Channels 8 8 8 8 6
Peak powerfMW) 2x1.5 1.5 — — 1.0
Max. duty cycle(%) 12.5 12.5 — — 25
Pulse duration(ps) 10-2000 10-2000 — — <10-2000
Min. inter-pulse (ms) 1.0 1.0 — — 0.1
Sys. temperatur¢K) 250-350 90-110 30-35 30-35 80-85

Table 2.1: The ESCAT radar systems characteristics

1Geometry dependerk,= 2k, sin §/2, wheref is the angle of the bisector between transmit-
ted and received directions. The value given is when the tvermae beams intersectat 30 °
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Figure 2.2: Principle of the long pulse measurement of tlesmph lines. The
critical frequencies fv, foE and foF2 can be estimated bgtiog the abrupt signal
drop in the power spectrum

The BEscAT mainland system consists of a UHF tri-static radar and a VHF
monostatic radar. Both UHF and VHF transmitters are locatst Tromsg, Nor-
way while the two remote UHF receiving antennae are locat&bidankyla, Fin-
land and in Kiruna, Sweden. Thad4€AT radar system is widely described in
the literature, and detailed descriptions can be foundgn Brekke (1977) and
Folkestadet al. (1983). Recently, ESCAT has extended its observation capabil-
ities with the inauguration in August 1996 of a new radar, EneCAT Svalbard
Radar (ESR) at Longyearbyen on the archipelago of Svald&ehiberget al,,
1997) which has now been operating regularly since April7199

Table 2.1 presents the important technical charactesisfithe mainland Es-
CAT systems and the new ESR system.
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2.4 Long pulse technique

At the peak or valley of a layer, more electrons are resonatitinva specific
frequency resolution cell. When fine-frequency measureésnare made of the
echo from a long radar pulse, the abrupt signal intensitiatians as a function
of the frequency (see Figure 2.2) permit accurate detertomaf the critical
frequencies (Showen, 1979). The long pulse technique stsnasf transmitting
a pulse of300-500 us, and allows one to measure the plasma line at the critical
frequency of a region like at the peak of the F-region. Thahieque has been
used at different ISR at the peak of the E-region (Kofman anckWar, 1980)
as well as at the peak of the F-region (Showen, 1979; KofmahVsickwar,
1980; Kofmaret al,, 1981; Heinselman and Vickrey, 1992b; Kofmetral.,, 1993;
Showen, 1995).

2.4.1 The experiment&CHO-D-V

We have designed a long pulse plasma line experiment for thesE VHF radar
(ECHO-D-V) based on the experiment described in Kofnedral. (1993). The
principle is to send one long pulse at the frequeficgind to receive signal simul-
taneously on three different channels tuned at three diffiefrequenciesf, for
theion line,f, + f, for the up-shifted plasma line anfd+ f_ (wheref_ < 0) for
the down-shifted plasma line. The ACF’s from these chararelgalculated in the
same way, therefore the measurement of the three specieal i performed in
the same volume. IBCHO-D-V the transmitted pulse i$0 us and the received
signal is sampled &0 ;s over a time interval that enables to build 5 ACF’s with
33 lags. It means that the correlation function is evaluat8B lag delays from O
to 320 us by step of10 us.

Figure 2.3 shows the timing diagram of the transmitted pués®l the receiv-
ing intervals of signal, calibration and background of aurd pulse experiment.
Two channels (channels 4 and 5) are dedicated to the plases thannel 3 is
used to measure the ion line in the same volume as the plasesa IChannel 6
is used for the transmission of a very long pulse. This venglpulse is used to
estimate, by ion line measurement, the standard ionospparameters at higher
altitude. The complete cycle is run irv.5 ms which provides good statistical
accuracy in a short integration time. We have collected atallel data at a time
resolution of2 s with ECHO-D-V. The collected data have been used to analyse
both the intensity and the Doppler frequency shift of the apd down-shifted
plasma lines and the results have been compared with ourlfovdke intensity
and the Doppler frequency shift (Guio and Lilensten, 1998).

When running the experiment, a plasma line tracking prograeracts with
the radar. This program monitors the spectra of the meagus=ina lines and
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Figure 2.3: Time diagram of the pulsing of thesEAT long pulse experiment
ECHO-D-V. blackis for the transmitted pulseslark grayis for the receiving
periods andight gray is when the calibrated noise source is injected. The back-
ground measurement is performed at the end of the cycle. Hoéeveycle is run

in 17.5 ms and provides good statistical accuracy in a short time

changes the frequency of the plasma line receiver chanmety &me it is nec-
essary in order to get the plasma lines in the centre ofitlikHz observation
window.

Figure 2.4 shows the reduced spatial ambiguity functiorachdag of the first
ACF gate and the range of each gates. Thaxis represents the timet takes
to a radio signal to travel a rangeand back again. This is the rangavhere the
scattering takes place & ct/2 wherec is the light speed). The reduced spatial
ambiguity function of a lag is the range function which measithe power gain
inside the scattering volume to estimate this lag producs. dlso referred as the
effective pulse form when considered as a function of timeh{inen, 1986). The
reduced spatial ambiguity is defined as the product of thealation between
the receiver impulse respongeand the envelope of the transmitted puise
evaluated at the rangecorresponding to the first sample and at the ranger /2
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corresponding to the second sample delayed by
W, (r) = (pxenv)(r)(pxenv)(r + ¢7/2) (2.1)

The left panel in Figure 2.4 is for the long pulse of channelt8ah is used
to measure the plasma lines. The right panel is for the verg |lwulse of Chan-
nel 6 that measures the ion line. Each trapezium represeatanhge ambiguity
functions for the labelled lag. The tick marks are the ranigghe centre of every
gates.

The ambiguity function is about the same for every lag of o#-At is about
45km (300 pus) for the long pulse of channels 3, 4 and 5 ar) km (666 1)
for the very long pulse of channel 6. The range separatiowdst two gates is
37.5km (250 us) for the long pulse and0 km (600 us) for the very long pulse.
5 gates are calculated froir78 km to 328 km (1190 us to 2190 us) for the long
pulse and 11 gates frof17 km to 1217 km (2110 us to 8115 us) for the very long
pulse.

The algorithm used to calculate the ACF'’s is from the GEN-E&tem (Tu-
runen, 1985, 1986). The GEN-LIB system consists in a catlaasf ACF algo-
rithms for the ESCAT correlator based on the lag profile matrix (Turunen, 1983;
Turunen and Silen, 1984). The summation strategy of the Agérithm for a
long pulse in the GEN-LIB system is such that every lag of ti&FAas a range
ambiguity function with the same absolute volume boundasied the nominal
middle point of the volume is located at the same range. Attrae time, the
shape of the ambiguity function inside this volume diffexanf lag to lag as seen
in Figure 2.4, but the effective pulse length remains abloeistime for every lag.

The description of the experiment displayed in Figure 2.4akulated by
GUISDAP (see Chapter 3). In GSDAP, a set of MATLAB variables contains the
necessary information for the complete description of theeement which is
needed to analyse measured data.
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Figure 2.4: Reduced range ambiguity function of the 33 ldgh@long pulse of
channel 3 and the 41 lags of the very long pulse of channel Beoékperiment
ECHO-D-V. The reduced range ambiguity functions for the lags of thé&-A®f
channels 4 and 5 are identical to the ones of channel 3
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2.5 Alternating code technique

Transmitting pulses at different frequencies within a ssoe presents the dis-
advantage that information provided by the cross-prodéiciamples is lost, as
is the case in frequency switched multiple pulse modulatidhthe entire duty
cycle can be used to transmit a coded pulse at a single freguewery cross-
product between samples in the received signal up to thes peigyth provides
useful information. Good spatial and temporal resolutian be obtained pro-
vided the self-clutter cancels out on average. This can beaed by the so-
called phase-coding techniques (Sulzer, 1986, 1989). flmating code is one
of these techniques (Lehtinen and Haggstrom, 1987; Sul2e3; Nygreret al.,,
1996). Random code (Djutkt al, 1994, 1997) is another one, but this technique
cannot be implemented without extra hardware on the prdSsaT system.

The alternating code technique consists in transmittirsp@uenceof long
pulsephase modulatedh a predefined manner which improves dramatically the
spatial resolution of the autocorrelation functions.

Finding a suitable sequence that fulfils the condition ofce#lation was not
an easy task. At first, Lehtinen and Haggstrom (1987) rdsttithe number of
possible combinations using the theory of Walsh sequemgésgpressed their
solution as a Walsh sequence. The Walsh sequencdsiraagy orthogonal se-
guences that have been used as a multiplication-free atteerto the fast Fourier
transform methods. For a strong condition alternating cadethe one we have
used for our experiencen sequencesSC indexed from 0 t@n—1 of phase mod-
ulated long pulse are transmitted. The phases of each lolsg pre defined by
a sign sequences;) (equal to +1 or -1) of length called the number of bauds
(or bits) and indexed from 0 ta— 1. The total length of the pulse istimes the
duration of one baud. The sign sequeii¢g for the sequenc8C is defined by

o

5;(SC") = Walsh(a;, SC) = (—1)n=0 (2.2)

where(a;), and(SC),, are thebinary representations of the integer numbeys
and SC andA is the logicaland operator. The number sequengeg) to calcu-
late the code sequencegSC') were found by a computer search (Lehtinen and
Haggstrom, 1987).

Figure 2.5 shows the 64 sequenc&s of phase modulated long pulse based
on the signs sequences) of length 32 needed to run t3€ bits strong condition
alternating code available at&AT (Guioet al,, 1996).

Few ESCAT experiments have been designed with an alternating codelyma
EiscaT CP’s (Common Program) and it does not exist any program tgydes
alternating code experiment. In order to design our expemimvith the32 bits
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Figure 2.5: The 64 pulse sequences required fortheits strong condition al-
ternating code available at &CAT. Thea; is the sequence of numbers needed to
calculate the signs of the pulse with Eq. (2.2). The sequéii¢ce= 22 in dark
gray is a regularly alternated modulation of period two times lgmagth of the
baud
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strong condition alternating code for thedEAT VHF radar, we wrote a MT-
LAB programme that generates automatically the necessanytdilésscribe the
experience. This programme is completely parametrisedhandles a variable
number of ACF gates, a variable number of lags to be computddhavariable
range profile of ACF’s to be measured.

Following is a summary of the different properties of theaiating code tech-
nique:

[0 The range resolution of each lag of the ACF is defined by the tength
of one baud, i.e. the duration of one sign An exception is the zero lag
which has a range resolution corresponding to the totakdelsgth.

[0 Normally, the ACF is computed at time delays multiple of tlaaid length.

[0 The ACF can be computed at a maximum delay equal to the totaé pu
length, i.e. the number of bauds times the duration of onelbau

[0 A necessary condition for the alternating code to work adlyes that the
ionospheric plasma remains stationary over the time itgae¢he2n pulse
sequences to be transmitted so that the self-clutters cemeectly.

2.5.1 The experimentaLT-32-2-v

Our aim when designing a plasma line experiment using tleerglting code tech-

nique was to drastically improve the height resolution cameg to the long pulse

technique in order to be able to measure a profile of plasmea.lifihe situation is

sketched in Figure 2.6. For favourable measurement camditthe measurement
of the plasma line can be done at more than ten gates.

The problem when writing an alternating code experimerd faid a compro-
mise between the sample rate (the duration of one baud) vdefihes the range
resolution and the spectral bandwidth, the lag extent {fichto the baud length
times the number of bauds) which defines the spectral resnlahd the range to
be covered by the experiment (the number of ACF to be caled)atin addition
is the constraint due to the limitations of the time it takesdmpute the ACF’s
and the limited size of the correlator memory. These comnflicbarameters have
to be handled carefully when designing an alternating cagerment.

We have designed the fir82 bits strong condition alternating code plasma
line experiment. The duration of one baud was chosen @& which provides
a gate resolution and a gate separatiofi kfh and a50 kHz bandwidth observa-
tion window. In addition to the alternating code, a long put$500 us was added
in a newer version than the one presented in Gatial. (1996) to estimate the
ionospheric parameters given by the ion line at a highereang
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Figure 2.6: Parabolic height distribution of the plasma lirequency with a scale
height of65 km showing two different tuning of 40 kHz receiving window and
the corresponding cells éfkm contributing to the scattering

We present here the characteristics of the new experiEng2-2-vV. The
principle of this experiment is the same as the long pulseex@nt. The alter-
nating code is transmitted once and received on three diffashannels simulta-
neously tuned at three different frequencies. One chasrfelion line measure-
ment (channel 5), the two other channels (channel 3 and 4pammeasurement
of the up- and down-shifted plasma lines. Channel 6 is foradhdine long pulse.

Figure 2.7 shows the timing diagram of the transmitted patsevell as the
receiving intervals of signal, background and calibrafionone sequence. Two
channels (channels 4 and 5) are dedicated to the plasmadhnael 3 measures
the ion line in the same volume as channels 4 and 5. Channeali€et for the
transmission of a long pulse in order to measure ionosplparameters from
the ion line at high range. The 64 cycles are ruriéid ms which means that
the ionospheric plasma has to remain stationary in that tonthe ACF’s to be
correctly estimated.

Figure 2.8 shows the reduced ambiguity of the 28 lags condpuséng the
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Figure 2.7: Time diagram of the pulsing of the"? cycle of the32 bits strong
condition alternating code ofLT-32-2-V . blackis for the transmitted pulses,
dark grayis for the receiving periods arlgyht gray is when the calibrated noise
source is injected. The background and calibration measemés are performed
at the end of each cycle. The whole 64 cycles are rur6ihms and have been
optimised for al0 s pre-integration time

alternating code (left panel, channel 3) and the 29 lags ctedpfor the long
pulse (right panel, channel 6). The ACF of the alternatindgas computed by the
algorithm of the G2-LIB system (Wannberg, 1993). The G2-I9Bn extension to
GEN-LIB to compute ACF for the alternating code. The rang®igmity function
of each lag of the ACF i8 km (20 us) for the alternating code arid km (330 yus)
for the long pulse. The range separation between two gasdaus(20 ys) for the
alternating code anal7.5 km (250 us) for the long pulse. 32 gates are calculated
from 202.8 km to 295.8 km (1352 us to 1972 us) for the alternating code and 12
gates fron251.3 km to 663.8 km (1675 us to 4425 us) for the long pulse.

The data presented in Guat al. (1996) were collected using the first version
of this experimenALT-32-1-V which did not include the long pulse and contained
40 gates instead of the 32 gates of the present experimena ddfected with
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Figure 2.8: Reduced range ambiguity function of the 28 lagthe alternating
code of channel 3 and the 31 lags of the long pulse of channelg1e32-2-V.
Note that, as the long pulse experimed@HO-D-V, the lags of the ACF’s of chan-
nels 4 and 5 have the same reduced range ambiguity funct®tiseaones of
channel 3
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ALT-32-2-V have been analysed and are shown in Chapter 3.

2.6 Summary

We have designed two different plasma line experimentstierBscAT VHF
radar. The first experiment makes use of the classic longpgathnique and the
second one the alternating code technique.

For the first time at ESCAT, the alternating code technique has been success-
fully used in the frame of a plasma line experiment. Our expent implements
a 32 bits alternating code strong condition on the VHFSEAT radar. It was seen
that the alternating technique greatly improves the heiggalution and therefore
allows one to measure the plasma line at several rangesthefdhe one range
as done with the classic techniques (Geial., 1996).

The long pulse experiment has been run successfully andrbasled valu-
able high time resolution plasma line data. Such a dataskgcted at high time
resolution, has been used to compare the measured intemsityDoppler fre-
guency shift of the plasma lines with our model (Guio and hslien, 1998). This
data set has allowed us to identify the effect on the plasnwititensity and to
some extent on the Doppler frequency of the fine structuréisarsupra-thermal
distribution function in the energy ran@é —30eV.
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"Talking about music is like dancing about
architecture."

Laurie ANDERSON.

Chapter 3

Data analysis

3.1 Introduction

Once the autocorrelation functions (or the power densigcsp) have been com-
puted using an incoherent scatter experiment, the largaianad collected data
needs to be reduced &stimatedonospheric parameters and their associaied
certainties This is done on a computer by an analysis program that attetap
fit the data to a theoretical model. Ideally, the data shookbe modified by any
calculations, so the model has to include

[0 An "ideal" theoretical model. For our purpose, it consistsaimodel for
the intensity and the Doppler frequency shift of the up- andmtshifted
plasma lines (Chapter 1).

[0 The effect of measuring with an "imperfect” instrument. miacoherent
scatter experiment, this is:

e The finite pulse length of the transmitted power
e The finite impulse response of the receiver system

and the effect on the measurement is the spatial ambiguittitn (Chap-
ter 2).

GUISDAP is a package designed to analyse incoherent scatteringmdata.
It is written partly in C and interfaced to MLAB. The current stable ver-
sion (v1.6) allows one to analyse each ACF independenthyatesgr to analyse
grouped lags from different modulations with spatial anolttig function within
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the same volume. A new version (v2.0) to come will be able t@lys@® simulta-
neously one range profile of ACF data in one fit (Hettal., 1992; Lehtinen and
Huuskonen, 1996).

3.2 GUISDAP

The theoretical foundations used ivGDAP concerning the radar theory and the
ambiguity functions are found in Lehtinen (1986), while theory of statistics of
multi-parameter fits is found in Vallinkoski (1989).

This program is able to translate the files describing theerpent into a set of
variables describing the experiment and to calculate tfeetedf the radar which
has to be taken into account when analysing data. It has arsovae limitations.

It can not handle automatically ion species other thianand a mixture of the
moleculariong),™ andNO™. This is a serious problem when it comes to analyse
VHF data at high altitude (presenceldf). The analysis of the ion composition
in general is not handled.

3.3 Plasmalline analysis

We have developed a plasma line analysis programme whicklyvigses the
GuisDAP package. The specifications of the experiment are calcutatesuis-
DAP and we have changed the fitting procedure for the ion line toomn fit-
ting procedure which handles plasma line data. This praoeeubased on the
Levenberg-Marquardt method. This method performs a migation of the sum
of the squares of the residuals — the differences betweem#ssured and the
values given by the model for a given set of parameters — (BE®@4). The
method is optimised to switch continuously from a methodakhjuickly ap-
proaches the minimum (the steepest descent method), whémifa the mini-
mum, to a more precise but slower method (the Newton metikdtn approach-
ing the minimum. The variances of the ACF are estimated bysGAP using the
ambiguity function (Lehtinen, 1986) in order to estimate tincertainties of the
fitted parameters.

Our analysis tool handles both plasma line data collectd the long pulse
techniqgue and the alternating code technique. It would earbimportant work
to integrate other models of the ACF of the plasma line.

Long pulse

The model for this spectral signature is described in (Kofreigal., 1981; Hein-
selman and Vickrey, 1992a) and has also been used in Koétreln(1993).
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In a long pulse experiment, the ACF signature of the plasneaif depending
on the variation of the plasma frequengy(r) as a function of range around the
peak of the observed region and the range ambiguity function

The variation of the plasma frequency around the peak of tregfon can be
described by a parabola,(z) = wymax(1 — 2%/8), wherez = (1 — rmax)/H.
wpymax 1S the maximum frequency at the peak located at the rapgeand with
scale height{.

The power density (w, r) of the plasma line at the rangés assumed constant
over the frequency bandwidtl centred atv, and with an integrated power equal
to a,, which is constant with range. The autocorrelation functbthe range of
the power density (w, r) is calledps (7, r).

The effect of the radar is taken into account with the rangkiguoity functions
W.(r), presented in Figure 2.4V, (r) is calculated by G1SDAP. The measured
ACF p at the delayr is then the range-integrated (over the raidgef the gate),
of the product ofps (7, r) with the range ambiguity functioi, (r)

(T3 Wpmax, Tmax, H, 0f  a,) = /RWT(r)ps(ﬂ r)dr. (3.1)

Figure 3.1 shows an example of a fit done for a dump collectealpexper-
imentECHO-D-V described in Chapter 2 ats resolution. The fit is done on the
ACF shown in the two upper panels. The two lower panels ateHogrier trans-
forms of the ACF to give a clearer image of the spectral sigreadf the plasma
line when using the long pulse technique. Note that we are @bimeasure the
critical frequency with uncertainties of a few hundred ert

Figure 3.2 presents the results of a data set collected witle resolution
of 2s (Guio and Lilensten, 1998). One can clearly see the role ®htlonitor-
ing program which for every new dump collected attempts tovothe critical
frequency of the spectrum in tH#®0 kHz observation window. The parameters
shown are from top to bottom the Doppler frequency shift & tip- and down-
shifted plasma line$w, /27) + 0.2 MHz and —w_ /27, the Doppler frequency
between the plasma linds), + w_)/27, the temperature, or intensity, of the
plasma linesl,,; and7,_ and the frequency width of the plasma lings, and

o,
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Figure 3.1: Long pulse fit of data collected wECHO-D-V. The two upper pan-
els show the measured complex autocorrelation functiopgessed in units of an-
tenna temperaturelé@shed lineand the theoretical modeddlid line) of Eq. (3.1).
The curves with the intensity equal to zero at zero lag detaytlae imaginary
parts. The two lower panels present the corresponding pdemssity spectrum
where the critical frequency is more easily identified
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Figure 3.2: The parameters as a function of time that resuthe analysis
of a 1 hour data set collected &s resolution with our long pulse experiment
ECHO-D-V



48 Data analysis

Alternating code

The spectral signature of the spectra collected with thexradting code technique
is quite different from the one of the spectra collected witl long pulse tech-
nique.

In an alternating code experiment, the spectral signatitteeqplasma line can
be approximated by a truncated parabola. Since the satysisivnaximum at the
centre of the range and falls linearly to zero one baud leagthly on each side,
due to the correlation of the signal with the code and assgmiperfect receiver,
the power will just be the square of this triangular functidrnis is the shape of
the ambiguity function of every lags of the alternating cdilés seen in the left
panel in Figure 2.8 of Chapter 2 for all the computed lagsk plasma frequency
is changing approximately linearly with height inside thage of one gat&km),
and therefore this square triangle function becomes thetigppshape. Of course,
it has to be convolved with the inherent line width, but thisuld appear to have
little effect in this case. This means that the spectruns fallzero at a certain
frequency.

The ACF measured with the alternating code can thereforedueiied by the
following expression which is the Fourier transform of agdasla with a maxi-
mum at frequencw,, the Doppler shift of the line, a frequency width at half the
powerdf and a powet,, assuming the intensity of the plasma line is constant with
height. The ACP at lag delayr is (Guioet al,, 1996)

sin(4mdf 7) — 4wdf T cos(4mdf T)
(4mof )3

p(7T; wy, Of, a,) = 3a, exp(iw,7). (3.2)

Figure 3.3 shows an example of a fit done on a dump collectedhdyaist
version of our experimemLT32-2-V at 10s. For this analysed dump, our fitting
procedure analysed successfully 13 gates. Note that abédpng pulse tech-
nique, the uncertainties on the Doppler frequency of themhlines are of a few
hundred Hertz. The peak of the F-region can clearly be ifledtin the shape of
the Doppler frequency as a function of altitude.

Figure 3.4 shows the results of the parameters fitted for a skt collected
at a time resolution ot 0s with the last version of our experimeALT32-2-V.
The parameters shown are from top to bottom the Doppler &eqy shift of the
up- and down-shifted plasma lines /27 and —w_/2m, the Doppler frequency
between the plasma linds), + w_)/27, the temperature, or intensity, of the
plasma linesl’,;. and7,_ and the frequency width of the plasma lings, and
8-

Note the difference in term of fitted data between the altamgacode data of
Figure 3.4 and the long pulse data of Figure 3.2. The longepekperiment pro-
vides one data point for each dump while the alternating ¢edenique provides
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ALT32-2-V 96-08-29 13:20:31 (10 s)
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Figure 3.3: Alternating code fit of plasma line data colléctath ALT32-2-V.
The right panels are for the up-shifted plasma lines andefigoanels are for the
down-shifted plasma lines. Tta#ashedines are the estimated intensity spectra
from the ACF’s and theolid lineis the fitted theoretical model
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analysis of alternating codes datal & resolution collected witALT32-2-V
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several points for each dump.

3.4 Comparison data — model

Plasma line temperature

The temperature plotted in Figures 3.1 and 3.3 are expraasedm of the an-
tenna temperature while in Figures 3.2 and 3.4 the tempesafre plasma line
temperature. They have been converted in order to be cochpattethe modelled
intensity also expressed in temperature. The radar equatiosed to convert the
temperature.

The radar equation for the plasma line observed at the Dofielguencyw,
with an antenna temperaturg is written

PT CT

kasz = T_Qo-p?A(wo + wi))a (33)

whereo, = 235 % is the plasma line cross section derived from Eq. (1.27) in
Chapter 1.B,, is the bandwidth of the receiveF; the transmitted power, the
distance to the volume probedihe light speeds the length of the transmitted
pulse andA(w, + w,) is the frequency-dependent effective antenna area at the
received frequency, + w,. Note thato, expressed as a function of the plasma
line temperaturd’;,, does not depend on the electron density

In the same way, the radar equation for the ion line is written

< Pr cr
kT By = T—QTay;?A(wg), (3.4)
whereo; = r? e ol is the ion line cross section derived from

e (1+a?) (I+a2+aTe/T;)

Eq. (1.25) in Chapter 14(w) is the frequency-dependent effective antenna area
at the received frequency (which is the same as the trarehfittquency for the
ion line).

We define the radar system constanfas= r2 A(wy)c/2. We correct this con-
stant so that the electron density given by the plasma |leguiency corresponds
to the electron density given by the ion line. We call thislralted constant’..
This is commonly done when one has a way to calibrate abdylilte electron
density, as for instance the plasma line frequency given pkasma line experi-
ment or foF2 derived from ionosonde data.

In GUISDAP the quantity/C(r) = ’:—g“kféwf is calculated for each gate. The
plasma line temperature is then given by (in Sl units)

TP 2¢?
T, = —0 == 3.5
PTG (w,) ek (3-5)
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whereG(w,) = A(wy + w,)/A(wy) is the relative antenna gain as a function of
the frequency which is known by measurement of radio source.

The plasma line temperature of Eq. (3.5) can then be compatedhe mod-
elled plasma line temperature using the model of Chapter 1.

Electron Doppler velocity and plasma frequency

The Doppler frequency, andw_ of the up- and down-shifted plasma lines have
been estimated by the plasma line analysis. They are thpaeadf the solutions
of the dispersion relation described by Eq. (1.30). Elirtimgw, andv, between
these two equations and replaciddgy the model of the Section 1.5, the Doppler
velocity u, of the ambientelectron population is the solution of the following
equation (Guio and Lilensten, 1998)

Vp_ — Ue

v
(1—a)ReZ:" <7> +aReZ"* ( ¢)
‘ Vg -\ v

e

@

- (3.6)

B0 aRezt () vaRez (22)] @)

Ve Ve

where the drift velocity:., appears only in the terms relative to the ambient compo-
nentZ, . The dimensionless numbeardenotes the percentage of supra-thermal
electrons.

Once the Doppler velocity, is found, the plasma frequency is given by

/{:ive

\/(10/) Re Z,° <M> —aReZ;’ (UE>
Ve

Ve

We =

(3.8)

either for the down-going wavey{ , k) or the up-going wavew, , k).
This is the method described in Guio and Lilensten (1998)ctvimas been
used on EscAT VHF data collected with thECHO-D-V experiment of Chapter 2.



"Jeg har nu vandret ganske godt omkring i mine dager og
jeg har blit dum og avblomstret. Men jeg har ikke den per-
verse gammelmandstro at jeg har blit visere end jeg var.
Og jeg haper at jeg heller aldrig blir vis. Det er tegnet pa
avfeeldighet. N&r jeg takker Gud for livet sa sker det ikke i
kraft av en starre modenhet som har kommet med alderen,
men fordi jeg altid har hat glede av a leve. Alder skjaenker
ingen modenhet, alder den skjaenker intet andet end alder-
dom."

Knut HamsunEn vandrer spiller med sordjri909.

Chapter 4

Spitzer theory

4.1 Introduction

In a non-homogeneous plasma, such as the ionospheric plésendistribution
function of particles deviates from the Maxwellian. latv energy and for dully
ionised plasma consisting of electrons and one ion spaniesyighly collisional
regime, i.e. in a regime where the velocity distribution slo®@tdeviatedramati-
cally from a Maxwellian (Gombosi and Rasmussen, 1991), arde absence of
a magnetic field, the electron distribution function can ppraximated by the so-
called Spitzer distribution function described in Coletral. (1950); Spitzer and
Harm (1953); Spitzer (1962). Cohenal.(1950) calculated the time-independent
electron distribution function which results from the prase of aweakelectric
field whereas Spitzer and Harm (1953) combined the effedi®thf a weak elec-
tric field and amoderatetemperature gradient. Their solution is based on a per-
turbation analysis of a Fokker-Planck equation linearigexind a Maxwellian.
Contrary to most existing works, the kinetic equation istneated by any expan-
sion method, but is solved numerically to yield the elecui@tribution function.
This feature is very important since we are interested inudating theP*and Z*
integrals of the distribution function described in Chayite

4.2 The Spitzer function

The velocity distribution function is expanded about a logaxwellian as a
power series in thEnudsen number= A/ L which represents the ratio of the mi-
croscopic length scale to the macroscopic length scaleassociated to a source
of inhomogeneity in the plasma. In the Spitzer theory, oné/first-order term i
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is kept which is known as the principle loical action(Woods, 1993). This restric-
tion to distributions deviating weakly from the Maxwellianplies that the elec-
tron mean free path, (the microscopic length scab® should be much smaller
than the different macroscopic scale lengthsonsidered /V log T., 1/V log p.
and k,T./eF (Ljepojevic and McNeice, 1989). Sineeis an increasing func-
tion of the electron velocity (the collision frequency of alectron is decreasing
with increasing velocity ~ v—3), the Spitzer theory will always break down at
high electron velocity. Nevertheless for weak electricdgebnd moderate tem-
perature gradients this breakdown does not significanttgpgromise the ability
of the Spitzer solution to describe the transport propeiiethe plasma as in the
typical F-region plasma (Guiet al., 1998). However, this is no longer the case
whene reaches values larger than 102 (Gray and Kilkenny, 1980; Ljepojevic
and McNeice, 1989). An accurate model of the high energygbestpart is then
needed to describe how electrons with sufficient energy nreety between re-
gions with different temperatures and lead to strong ditorof the distribution
function in the supra-thermal part (Gurevitch and Istonli®79; Lucianiet al,
1983; Ljepojevic and McNeice, 1989; Ljepojevic and Burgd$90; Ljepojevic,
1990; Mishin and Hagfors, 1994). This effect is often catleelthermal runaway.

We shall briefly outline the derivation and assumptions heélihe Spitzer so-
lution. The approach used is based on the successive ap@tian method of
Chapman-Enskog (Chapman and Cowling, 1970). This proeedwalid under
the assumptions that the distribution function exhibitssstemporal variations
compared to the collision time scale of the electrons andkvegatial gradients
compared to the electron mean free path, and is subject tk @leatromagnetic
fields. The distribution function is expanded in powers ahd is written

fv) = fo(v) + efi(v) + € fo(v) + - -, (4.1)

where successive terms represent increasingly smalleectmns. The zeroth-
order termf, is taken to be an isotropic Maxwellian of temperatiif@and thermal
velocity v, = (k,T,/m,.)"/?. The scheme adopted by Spitzer to calculate the first-
order termf, assumes a cylindrically symmetry along the direction of iba-
homogeneity and is written as a perturbatiorirom the zeroth-order Maxwellian

Fi(0, 1) = fo(0) X (1) (4.2)

The perturbationX is a function of the electron velocity determined by substi-
tuting for the f in the Boltzmann equation. In the Boltzmann equation ong th
long rangeelectron-electron and electron-ion interactions havenldaken into
account by two linearised Fokker-Planck collision opersatdlwo second-order
linear differential equations, one for the perturbationdtion Xz due to an elec-
tric field, and the other one for the perturbation functiop due to the temperature



4.2 The Spitzer function 55

gradient are obtained. These equations are Eq. (40) ofe3@tmd Harm (1953)
and Egs. (6)—(13) of Cohesat al. (1950) with the initial conditions\x(0) = 0,
Xr7(0) = 0 and the two boundary conditions Egs. (14) —(15) of Spitzertdarm
(1953) to ensure the conservation of momentum.

The Spitzer distribution function which takes into accobath the effect of
an electric field and a temperature gradient is then written

fv, 1) = folv) [1 +Zp <6EXE (Ue?—)\@> Ferdy <7)e7—)\/§>>

where f; is the Maxwellianf, (v) = n./(27)%? /v3 exp(—(v/v,)?/2) ande and
er are the Knudsen numbers associated to the electrichigldd the temperature
gradient respectively

, (4.3)

ek Vpe
€p — )\e <kth - De ) s (44)
VT,
€ = 2)\8—Te . (45)

pe = n. T, is the electron pressure audis the charge number of the ion species.

We have recalculated the perturbations functidfs and X, (Guio, 1998)
using the shooting method. The shooting method is a numernethod which
consists in successive attempts to integrate the equatomthe first boundary
pointv = 0 with the conditionX g, (0) = 0 up to the other boundary,.. =
vmax/ Ve USING a fifth-order Runge-Kutta step ordinary differenéigliation (ODE)
solver, until the boundary condition (the Eq. (14) f6f, and the Eq. (15) foX
of Spitzer and Harm (1953)) is fulfilled at a satisfactoryqseon (Presst al,
1992). The upper boundary with valug,, should not be too large compared to
the thermal velocity,, since we are looking for a solution for low energy where
the representation is valid.

We have calculated the perturbation functiong and X for different values
of the upper boundary of integratiaf,... Figure 4.1 shows the functions; and
X for these different values of the upper boundary conditiate the diverging
behaviour of the perturbation function for large valueshaf tpper boundary con-
dition which confirms that these perturbation functionsiaegppropriate to model
the high energy electrons.

In the original theory, the factox. is the mean free path of a thermal electron
due to electron-electron collisions and electron-ionismhs. In order to correct
for the partially ionised ionospheric plasma, we corre@ #tectron mean free
path to include also an electron-neutral collision termn(Ba 1966). The electron
mean free path is then replaced by

L_t 11
)\e_)\ee )\ei )\en./

(4.6)
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Figure 4.1: TheX; and X+ functions for different values of the upper boundary
of integrationz,,, = v/veﬂe = 2.8,3.2,3.6 and 4.0, and for an ion charge
numberZ =1. The X's are shifted by-20 with each other, th&;’s are shifted
by +10 with each other, the reference curves (i.e. not shiftedjare,,., = 2.8

where)\,, is the mean free path of a thermal electron due to electromralecol-
lisions. The effect of the electron-neutral collisionsdgéduce the electron mean
free path, and in the limit of low neutral particle densities recover the electron
mean free path value of a fully ionised plasma (Banks, 1966% important to
note that the differential equations for the perturbatwmctionsX ; and X, have
not been modified, thus the departure of the velocity distidm function from
the Maxwellian is still caused by Coulomb interactions tigb the two Fokker-
Planck collision operators for distant interactions.

4.3 The transport coefficients

The classical theory of transport is characterised by afseibeure relations ex-
pressing the dissipative fluxes, e.g. the current denkitand the heat fluxg,
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as linear combinations of the thermodynamic forces, e.@ dlectric fieldE,
the gradient of pressur¥p, and the temperature gradiem7,, with constant
transport coefficients. These relations are called thespart equations (Balescu,
1988). Taking the first- and third-order moments of the etacielocity distri-
bution, one obtains the electron current dendity= —en,.u., where the mean
velocity u, is defined as in Eq. (5.27) and the electron heat fjows also defined
asin Eq. (5.33)

k
J.=o, (E + 2 Vpe> +7.VT,, (4.7)
€N
Ky
g, = —Ue E + Vpe - KleVTea (48)

whereo, is the electrical conductivity;, is the current flow conductivity due to
a temperature gradient at constant electron densitig the heat flow conductiv-
ity due to an electric field at constant electron temperatunet, is the thermal
conductivity.

These transport coefficients are defined in terms of the st third-order
velocity moments of the perturbation functiods; and Xr. ~vg, 0g, yr and
o7 are the normalised transport coefficients relative to a htman gas (Spitzer
and Harm, 1953; Shkarofsky, 1961). A Lorentzian gas is a dasrevelectron-
electron interactions are neglected, the protons are astonbe at rest and the
interactions electron-protons are described by a linedrisokker-Planck colli-
sion operator. Egs. (4.9)-(4.12) show the relations batvwibese normalised
coefficients, the velocity moments of the perturbation fions 75 (X ), I5(Xg),
I3(Xr), Is(X7) and the transport coefficients, 7., 1. andx,.

1 VTMeVe
=-—0L(Xg)=—————0,, 4.9
e 31 () = s e (*9)
1 V/TMe e
5 — I (Xp) = Y e 4.10
" 12 5(Xr) 6\/§Zenekb)\eu ’ ( )
4 3/,
— LX) = YT 4.11
o 9 3(X7) 16\/§Zene)\97 ( )
1 NZDP
5 — LX) = YT 4.12
T 1515 (X7) A2k h, (4.12)
where
L(Xeyr) = [y Xy (y) exp(—y)y dy (4.13)

is the(n—2)"™-order moment of the distribution functioliy 7 (y) exp(—y?).
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We have recalculated these transport coefficients usinggherbation func-
tions of Figure 4.1. Table 4.1 gives the transport coeffisiéor different values of
Tmax @nd a comparison with the results given by Spitzer and Ha8B3)L With
the exception of the values far,., = 2.8 which deviate by about0%, the other
values of the transport coefficients are in good agreeméoifa %) with the val-
ues calculated by Spitzet (., = 3.2). The deviation forr,,,, = 2.8 might be
the result of the low boundary of integration leading to aaccurate description
of the perturbation functions.

Tmax 2.8 3.2  Spitzer 3.6 4.0

VE 0.5740 0.5811 0.5816 0.5826 0.5832
yr 0.2507 0.2677 0.2727 0.2715 0.2718
op 0.4436 0.4622 0.4652 0.4672 0.4698
or 0.1877 0.2149 0.2252 0.2228 0.2237

Table 4.1: The normalised transport coefficients as defindegs. (4.9)—(4.12)
calculated for different values of,,., and compared with the ones given by
Spitzer Emax=3.2)

In the ionosphere, a so-called polarisation electric field builds up such
that the thermal ions and electrons are constrained toaki# single gas, which
maintains bulk charge neutralitf/, is determined by the curredt, and it exists
whenever there is a gradient in the electron density or irtéhgerature (Ljepo-
jevic and McNeice, 1989; Miet al., 1993). Itis given by

g, - Je Y Tegr (4.14)

O, en, O,

If the field-aligned current is attributed to the flow of thepsarthermal electrons
only, then theJ. /o, is equal to zero and we get the following relation between
the electric fieldE, and the gradient terms

_ Vb Tegp (4.15)

en, O

E,

Using Eq. (4.4)—(4.12), it leads to the following relatibnsbetween the two
Knudsen numbers; ander

46}:}’}/}:; + 367"77‘ = 0. (416)

In this case, the conductivity, is reduced by a factar — 36gvyr/(56r7E)

30pyr
_ VT, 4.17

q, = —rk.(1
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and the mean drift velocity; due to the electric field is exactly the opposite of
the thermal drift velocityr due to the gradient of temperature

Up = —Up = \/LQ_W%FYEGE' (4.18)
In the case of a fully ionised gas and taking the Coulomb tigarin A to be
equal to 15, the heat flow of Eq. (4.17) reduces to (Banks, 1966

q, = —7.7Tx 1O5T§VT6. eV cm 2 Sq} (4.19)

In addition to the classic transport coefficients, we haveutated the heat
flow for parallel and perpendicular energy (Guio, 1998)

1
- —q.. = Zq.. 4.20
9e = ;4o 9 = ;4o (4.20)

that we needed to estimate for the heat flow approximatiorgo{ E34) in Chap-
ter 1.

4.4 Comparison with the 24" Maxwellian

In Guio (1998), we have introduced a simple model for theiglarvvelocity dis-
tribution in presence of a temperature gradient, the iZlaxwellian.

For the electrons, the 2Z-Maxwellian, denoted+. . , is defined as two half-
Maxwellians with temperaturé,, and7, over the two half-spaces where re-
spectivelyy; < 0 andy; > 0 and a Maxwellian with temperatufg , over the
perpendicular velocity space . The two half-Maxwellians along, are joined
continuously aty = 0 and are normalised such that the integral over the velocity
space is equal to the electron density Thus the 2f" Maxwellian can be seen
as a modified bi-Maxwellian with a temperature inhomogsraivng the parallel
velocity v. The 24" Maxwellian is written

2 2
e 1 UH v?

—gigexp_(—Q—i- 5 )_/ UHZO
27)2 Ve|| Vs 202 202

CRURRES I (4.21)

e 2

exp — o <0

(QW)% T)EH'USL P 2’1)§+ QY)SL)/ [

wherev?, = T,, /m, is the square of the thermal velocity of the electrons along
the perpendicular directiom?, = T, /m, are the squares of the mean velocities
in the parallel direction and,; = (v.4 + v._)/2 is the normalisation constant
such that the two half-Maxwellians are continuous at= 0.
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This velocity distribution function is both inhomogene@umsl anisotropic and
sketches the electron velocity distribution at the paléicpoint of spacer = 0
between two regions with different temperature. This madi@hics the presence
of a temperature gradient where the hot plasma of temperdturis diffusing
toward the region of cold plasma of temperatilte and vice-versa (Guio, 1998).

As explained in Guio (1998), itis possible to fiig, and7,_ so that the lead-
ing term of the heat flow equals the heat flow of the Spitzerrhda particular,
we want to find7,, andT, so that the heat flow of the Z-Maxwellian equals
the heat flow of Eq. (4.17), i.e. with the conditidp = 0, oru, = 0. In order to
getu, = 0 for the 27" Maxwellian, we modifyfs,, (v, v.) in fr,, (v — ug,v1)
whereuy; is a mean drift velocity introduced in the2Maxwellian so that, = 0,
i.e. (Guio, 1998)

2 w2, — vl
up = —(v)| = N T (4.22)
up can be seen as the mean drift velocity due to an hypothetexdtie field that
guarantees the condition = 0.

Figure 4.2 presents a comparison of the velocity momentsgy the Spitzer
theory and the simple model of thel2Maxwellian for an altitude profile with
typical ionospheric parameters.

The upper right panel shows the mean drift veloeityto subtract in the 2F
Maxwellian, so that the mean drift velocity, = 0. This mean drift velocity is of
the same order as the mean drift veloeity due to the polarisation electric field
in the Spitzer theory. At the same time, the values of the ®voperatures. .
andT,_ are such that the temperature and the heat flow of thevaxwellian are
the same as the temperature of the Spitzer function and Hidloe of Eq. (4.17).
In addition the two lowest panels presents the parametatsi#scribes the non-
homogeneity. In the left panel, the Knudsen numberand ey of the Spitzer
theory are presented. In the right panel, we have calculdediimensionless
inhomogeneity parameté?,, — 7, )/T. of the 29 Maxwellian. Note that the
behaviour of this parameter is quite similar and of the sardercaser.

This justify that the ZF Maxwellian is able to reproduce to a good approxi-
mation the behaviour of the Spitzer function.

It can also be noted how the approximated formula for the theatin a fully
ionised plasma given by Eqg. (4.19)ashedine in the right and middle panel in
Figure 4.2) overestimates the value for the heat flsalidline).
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Thermal moments
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Figure 4.2: The moments for the Spitzer theory and tHé Rraxwellian from
110 km to 400 km. In the upper right panel, the@ashedine is ux of Eq. (4.18).
Thesolidline is the velocityu; necessary in the Z-Maxwellian so that the mean
velocity u, = 0. In the middle right panel, théashedine is ¢, of Eq. (4.19), the
solidline is for Eq. (4.17) and is the same as the one of thedaxwellian. In
the lower right panel, thdashedine is for ez while solid line is for e
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"Um soli lyser p& himlen blanke,

no ser ho deg! Det er all min tanke;
um dagen dovnar og skuming fell:
skal tru han tenkjer pa meg i kveld?"

Arne Garborg, ElskHaugtussa

Chapter 5

Electron transport theory

5.1 Introduction

In the ionosphere, primary photoelectrons or precipitagtectrons move along
the magnetic field, produce heat and provoke processes suekc#ation and
ionisation. In a photoionisation process, the emittedtededs called thgrimary
electron and often has enough energy to produce several ionisafidresnewly
emitted electrons have lower energy than the primary anctalted secondary
electrons In a collisional ionisation process, the incident elesti®mostly scat-
tered forward and is called thgrimary electronwhile the extracted electron may
be scattered in any direction and is called $skeeondary electran

The approaches to model this relationship are based on@iecansport the-
ory which yields the electron flux as a function of altitudeersgy and pitch-angle.
Transport calculations can be carried out using MonteeCsirhulations (Berger
et al, 1974) or by solving a transport equation numerically. Aieawof these
different methods is found in Cicerone (1974).

Several numerical methods have been developed to solvermmathethe trans-
port equation (Banks and Nagy, 1970; Baeksl,, 1974, Stricklancet al,, 1976).
The transport code calculates the energy flux of the elestogrsolving the verti-
cal or field-aligned kinetic transport equation. This camagon equation simply
expresses the fact that the variation of the steady-statéreh flux with the scat-
tering depth for a given altitude, energy and pitch-angl¢he difference between
whatever leaves that energy, altitude or angle slab andevbaenters it. The
variations in energy or angle due to collisions are desdrifbeough differential
cross sections. An additional energy loss arises from tlagirige of the ambient
thermal electron gas due to hot-electrons to thermal+@estinteractions. This
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loss process is assumed to be a continuous energy loss obtleéebtrons to the
thermal electrons, without any deflection during the preces

Recognising the formal equivalence of the electron trarisgguation to the
radiative transfer equation (Chandrasekhar, 1960; Stapi8¥7, 1980) adapted
the discrete ordinate method developed for solving theata transfer equation
to solve the electron transport equation. The transpore ¢bdt we have been
using implements this numerical method and is describedimarous papers in
the literature (Stamnes and Rees, 1983; Stamnes, 1985; btzheim, 1987).

5.2 Continuity equation — Transport equation

5.2.1 Continuity equation

The temporal and spatial evolution of a dilute system ofiglad interacting
throughbinary collisions may be described by the Boltzmann equation, if we
assume that the velocities of two particles prior to cadisiare uncorrelated.
The electron continuity equation for the electron velodigtribution function
f(r,v,t) (in units cm % s*) takes the following form (Stamnes and Rees, 1983)

of F .\ _[(df of of
ar TV DTV (ﬂ - (El N (E) N (&L; &

oll prod

wherew is the velocity,r the positionj the time, F' the external forces as well
as a frictional force between the supra-thermal and the embleiectrons, and,.
the electron mass. Fepnservativesystems (i.e. such th&t, - F = 0), Eq. (5.1)
reduces to the Boltzmann equation.

The external force#" are electro-magnetic forces. In thbsenceof macro-
scopic electric fields and in homogeneous magnetic fields,t¢éhm reduces to
the forces due to microscopic electro-magnetic fields teatlt from an inho-
mogeneous charged environment. It is then common to assushéhe energy
loss of supra-thermal electrons to ambient electrons igcadnal or continuous
dissipative force acting on the streaming fast electrons.

The terms on the right hand side (in units: ¢ s?) describe the change of the
distribution function due to binary collisions throughfeient kinds of processes
such as Coulomb collisions, production by excitation (smes referred to as
source) and loss by recombination (sometimes referred $;&.
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5.2.2 Velocity distribution function — Angular flux

In order to derive the transport equation one has to transtbe velocity variable
v to kinetic energyr = %meUQ and unity direction vectof2 = v /v

flr v, 0)dPv = ——f(r, B, Q,1)dE?Q, [cm ] (5.2)
Then the intensity (or fluxy per unit area, unit time, unit energy and unit
direction is defined by multiplying the velocity distribati f by v

I(r, B,Q,1)dEd*Q = vf(r,v, Q,t)v*dvd’Q, [cm 5] (5.3)

or if we express both the electron fluxand the electron velocity distribution
function f with the same set of coordinates £ and2

’1)2

I(r,B,Q,t) = —f(r,B,Q,t), [cm *s eV tsr!]. (5.4)
Figures 5.1 and 5.2 show the electron fluand the electron velocity distribu-
tion functionf calculated by the numerical code described hereafter attinede
of 249 km over Tromsg in the summer at noon.
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Figure 5.1: Example of the angular flux calculation for anti@ams run over
Tromsg in June 1996 a : 00 UT with aF10.7 index of 80 and anA,, index of
15. Thethinline is for the downward direction and thigick line is for the upward
direction
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8-streams run. Thanin line is for the downward direction and thieick line is for
the upward direction
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5.2.3 Transport equation

In order to obtain a linear electron transport equation almemof approximations
can be made to the non-linear continuity equation of Eq.)(5The time used
by the supra-thermal electrons to penetrate the ionosplesteort compared to
changes in the host medium. Thus steady state can be asslionedgto neglect
the explicit time dependence of the velocity distributiandtion, i.e.0f /ot = 0.

The gyro-frequency at ionospheric heights is much largantthe collision
frequency, we can thus assume the motion of the particles théir guiding cen-
tre. As a consequence the average motion is symmetric vagiecs to the azimuth
and one-dimensional along the direction of the magnetid fieummerzheim,
1987). With this approximatior,and f are functions of the pathalong the mag-
netic field, the cosing of the pitch-anglé to the magnetic field and the energy
E. In that case, the second teff. - (vf) can be rewritte(0f/ds)(ds/dt) +
(0f /Op)(du/dt) whereds/dt = pv anddp/dt = (Ou/ds)(ds/dt). The term
du/0s is calculated using the conservation of the first adiabawariant(1 —
u?)/B = constant (i.e. the magnetic moment).

The third termV,, - (F f/m,.) is transformed using the continuous slowing
down approximation that assumes that the ambient elecexat a "frictional”
force on the fast electrons (Galand, 1996).

dv v
Me s = ne.L(F) » (5.5)
wheren, is the ambient electron density ahdF) is the stopping cross section in
the approximation of a continuous energy loss process.

Replacing the function distributiofi by the intensity/ in the electron conti-

nuity equation yields the transport equation

oI 1—p20Bol  OL(E) 1(8I\ 1[(6I\ 1/6I
— — —] (5.6)
ot ot ot )

The terms on the right hand side of the transport equatior(£6) represent
the change of momentum in the electron intensity.

The charged particle collision processes term includestrelie-electron col-
lisions, electron-ion collisions as well as momentum tfans electron-neutral
collision.

The electron production processes term includes photdrele production,
production of slow, scattered and ejected electrons insingicollisions of fast
electrons, rotational excitation and vibrational exaettat

The electron loss processes term includes the fine-steigausitions in atomic
oxygen, rotational de-excitation, vibrational de-exiita, electronic de-excitation
and recombination.

Hos 2B asou ' 0E o

coll v prod v
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The Coulomb collision term is dropped on the right hand siuia included
through the third term on the left hand side which means tloaid&@nb collisions
with the ambient electrons lead to energy loss but no deflesti

5.2.4 Cross sections

To describe the collision processes, the concept of crag®aehas to be intro-
duced. When an electron passes through the thermosphdrevelicity v, the
probability of a particular type of collision procesqi.e. ionisation, excitation of
a particular state, etc.) to take place within the unit patigth is given by

oy (o v) (5.7)

wheren, is the number density of the target particles of the typado, (a; v) is
the differential cross section of the process. The frequetavhich an electron
with velocity v induces the processis thus given by

oo (a; v) (5.8)

When a collision occurs, it generally consists in the losghaf particle from
the point(r, v) and the production of the particle at another pdintv’) of the
phase space. The log=of particles from the phase space voludied?v is then
moy(a;v) f(r,v). Assuming, in addition, that the collision is independeithe
direction of the incident particle -« («; v) is the effective cross section— the
loss as a function of the intensifyis

J(T'/E'/ :U’) = _nl(r)al(a;E)[(r7Eau) (59)

For the production, one uses the phase functian— v’) which describes the
probability of creating secondary particles with velocityfrom an incident par-
ticle of velocity v. The number of secondary particles created is described by
c(r,v), where[ ¢(r,v)d*v = 1 for an excitation or an elastic collision addor
ionisation. The productiofy, as a function of the intensity, is written

Qr Bop) = [[ mr)orlos B w)p(E' il = B, pelr, E. ) x

I(r,E', p)dE"dy (5.10)

and the collision kernel,(r)o,(c; E', ' )p(E', ' — E, p)c(r, E, 1) is simplified
depending on the type of process involved.
Thus, the right hand side of the transport equation (5.6)eacalculated and
takes the form
oI 1 —p?0Bol OL(E)I
Has ™ 2B asou ¢ OE

— Z nja}‘)tf + Z Qj’a + Qphoto (511)
7 J.
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Wherea}Ot is the total cross section for particje(); , are the sources of collision
process and) i, IS the source of photoionisation.
To solve this equation, the cross sections, phase functioss functions, in-
tensity flux of the solar radiation and neutral atmosphepzrte be specified.
The paths of a particle is a straight line through the ionosphere aedatigle
between the horizontal plane and this patlwighe altitudez is given byz =
ssin ). We introduce the scattering deptldefined by

L(E
dr = — 27: (nj(z)(f;m(E) + ne(2) A(E)> dz (5.12)
and the transport equation can be written
p OI(t, E, )
=I(r,F
sin «v or (7. B, 1)
w(r, E)

2 [ > By + Q(r By ). (5.43)

The elastic scattering albedois defined by

3 nj(2)a5 (F)

B = . .
AP = e B) + (o) LIE)AE 5149
The source termd),, = Q(r, E,,, u; I) at energyFE,, is given by
dz
Qn = Qphoto (7—7 En)% +
N L(E, dz
Z RinI(T, E7)AE7 +ne(7') A(EW)I(T/ En_H)E. (515)

i=n+1

whereR;, is called the energy redistribution function.

5.2.5 Discrete ordinate method

The definitions of the scattering depthtand the single scattering albedanake
these quantities formally equivalent to their radiativeiaterparts. In the discrete
ordinate approximation, the transport equation which isrdagro-differential
equation, is replaced by a system2of coupled differential equations. In these
equationd is sampled a2n Gaussian quadrature pointsyirand the phase func-
tion p is expanded into Legendre polynomials. The source integtale transport



5.2 Continuity equation — Transport equation 71
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Figure 5.3: The weights); as a function of the pointg; of the 8, 16, 32 and
64-points double-Gauss quadratures

equation is replaced by a summation using the double-Gawssrature formula.
The discrete ordinate approximation is written

pi OLi(1, E, ;)
sin o or

E n
W(Té )Z71).7P(M_7,Mz')f.i+Q(T;E,Mi;fz‘): i=+1,....£n (5.16)

j=—n

= ]i(7-7 E7 :U’7) -

where; andw; are respectively the quadrature points and weights. Thetgoi
and weights satisfy in the case of the Gauss quadrature- —; andw_; = w;.
We use a double-Gauss quadrature rule where the Gaussnanlfois applied
separately to the half-rangesl < ;4 < 0 and0 < p < 1. The main advantage
of this double-Gauss scheme is that the quadrature poimtsv@n orders) are
distributed symmetrically aroungi| = .5 and clustered both towatg| = 1 and
= 0, whereas in the Gaussian scheme for the complete rarige, 1 < 1 they
are clustered toward=+1 (Stamne®t al,, 1988). The clustering towayd = 0 will
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give superior results near the boundaries where the irttevesiies rapidly around
1 = 0. A half-range scheme is also preferred since the intensitjlscontinuous
at the boundaries. Another advantage is that upward and wawinquantities
are obtained immediately without further approximatiofggure 5.3 shows the
double-Gauss quadrature weightsas a function of the pointg; for a 32-points
guadrature.

Assuming the vertical axis positive upward, then the pacigle in the range
[7/2, 7] is downward and the pitch-angle in the ran@er /2] is upward, the
downward and upward hemispherical net intensities or neefare defined by

—1
oalzB) =27 [l (2, B, ), (5.17)
0

1
(2, ) = 21 | ul(z E. p)dp. (5.18)

In the discrete ordinate method, the two fluxes are estimiyetheans of the
described double-Gauss quadrature

1

=—n

Ot (2, FE) ~ 27 Z wipi L (2, B, ;). (5.20)

5.3 Electron velocity distribution moments

Angular moments

The hemispherical net flux can be seen as the first-order angudment of the
intensity I (Stricklandet al, 1976). Let us define the'"-order angular moment
®,, of the intensityl by

1
ulz, B) =2m [ "1 B pdp (5.21)
—1

which can be approximated with the double-Gauss quadragure

D (2, E) ~ 21 Y wiyil(z, E, j1j). (5.22)
.77;(;1
In the next subsections, the altitude variable of the fuumgiis not written explic-
itly but is implied. We have calculated the moments of theratthermal distribu-
tion using the definition of the moments given by Balescu 813%d expressed
the moments in terms of the angular moments defined in ER)5.2
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Supra-thermal electron density

The electron density, is the zeroth-order moment of the electron velocity distri-
bution function.

ng = / fs(v)d*v, [em™?] (5.23)

Let us replace the electron velocity distributignwith the intensityl and identify
the zeroth-order angular momeby§. n, is then expressed

. me ¢0(E)
- ,/7/ O, (5.24)
or by integrating over
Ng = M /¢g(v)dv, (5.25)

or if we define the dimensionless variabte= v/v., wherew, is the thermal
velocity of the electrons

Ng = MoV, /QU(x)dx. (5.26)

Supra-thermal electron average velocity

The electron average velocity; is related to the first-order moment of the elec-
tron velocity distribution function through

NgUs = /vfs('v)d‘?'v, [em 2571 (5.27)

The mean velocityu, is related to the flux, (in units cm2s~') through the
relationT’y = n,u,.

Let us replace the electron velocity distributignwith the intensity/. Due
to the azimuthal symmetry, is a vector along the magnetic field with magnitude
us. The magnitude:; can be expressed as a function of the first-order angular
momentd,

Uy = /@1(E)dE = me/v(bl(v)dv = mevz/an(x)dx. (5.28)
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Supra-thermal electron temperature

The electron temperaturg; (in units K) is related to the second-order centred
moment of the electron velocity distribution function thgh

3 1
inﬁkas = 5m9/|v — us|2f5('u)d?’v7 [eV cm’?’] (5.29)

Let us replace the electron velocity distributinwith the intensity/. The tem-
peraturel is expressed as a function of the zeroth-order angular mbfnen

3 V2 1 ,

“nshT, = Qm“ / VE®(E)AE — Snym (5.30)
m? 1
= 7" /v2¢>g(v)dv — insmeui (5.31)
m? 1
= 787)2 /m2<1>0(m)dm — §nsmeu§. (5.32)

Supra-thermal electron heat flux
The electron heat fluy, is related to the third-order centred moment of the elec-
tron velocity distribution function through

0. = yme [lo— w0 - w)f@)dv,  Van s ] (539)

Let us replace the electron velocity distributigywith the intensity/. Due to the
azimuthal symmetry, is a vector along the magnetic field with magnitugeqg;
can be expressed as a function of the first- and second-andataa moment9,
and®,

|
- / E®,(E)dE — \2myu, / VE®,(E)E + Snamo?  (5.34)

ds s
1 1
= §m§ /7)3<I>1 (v)dv — m2u, /7)2<I>2(7))d7) + gnsmeui’ (5.35)
1

= §m§vj /m3¢>1(m)dx — m2uv! /x2¢>2(x)dx + %nsmeug. (5.36)
Figure 5.4 presents the moments from the electron supraatii@istribution
function before truncation and after the truncation with #trategy described in
Section 1.5 and using the expressions for the moments thdtawe calculated
below.
The difference between the moments calculated before dtimcand after
truncation is rather important, especially we note that fleav changes of sign
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after350 km. Therefore, special care has to be taken when truncatingupea-
thermal distribution function. The truncation has to be &anthe correct energy
in order to approximate correctly the*andZ* functions.
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Figure 5.4: Calculation of the supra-thermal moments ferdistribution function
of the electrons calculated by the numerical transport @akthe truncated one
with the strategy described in Section 1.5 frdi0) km to 400 km and for the
8-streams run of Figure 5.2



Conclusion

While the study of the intensity of the electron plasma lias given valuable re-
sults on the enhancement mechanisms of the line for sometiork on the exact
localisation of the plasma line in the incoherent scattecspm has progressed
rather slowly, in part because of coarse time or frequensgltgion problems as
well as coarse spatial resolution.

This work has been motivated by the first measurementiatA& of the
plasma line in a continued manner. We have concentrated @pévi:

[0 The design of a new plasma line experiment for thedaTt radar making
use of the alternating code technique to improve the spasalution.

[0 The development of an improved model for the intensity aredRioppler
frequency shift of the plasma lines in the direction pataéehe magnetic
field.

The benefit of the alternating code technique is to improestitrally the spa-
tial resolution of the measurement. Our experiment has heesuccessfully with
an altitude resolution of km as opposed té0 —50 km obtained with the conven-
tional technique of the long pulse. It has allowed, for thstfirme at ESCAT,
the simultaneous measurement of the plasma line at severaties, providing
the plasma line parameters, i.e. the intensity and Doppteuency shift, for an
altitude profile with a temporal resolution of s.

In order to refine the model of the intensity and Doppler fremgy shift of
the plasma line, we have developed a numerical code thatlatds the dielectric
function of the medium and the reduced one-dimensionalciglalistribution
along the magnetic field for any two-dimensional velocitgtdbution function.
Because it is very difficult to construct a self-consisterddel of the velocity
distribution function encompassing all of the relevantrggeange, we have made
anad hocmodel by separating the distribution into two parts: theried and the
supra-thermal population. The thermal population is repnéed by the Spitzer
function that takes into account the effect of an electrid fead/or a temperature
gradient. The supra-thermal population is derived fromahgular energy flux of
the supra-thermal electrons calculated by a numericatreletransport model.
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This project has contributed to a better understandingadgmkh line interpre-
tation in two ways:

[ Itis seen that the Doppler frequency of the plasma line @ngfly depen-
dent on the frequency of operation of the radar. When usingflequency
radars, i.e. VHF radars, the position of the line is cleanijuenced by the
supra-thermal population while for high frequency radaes, UHF radars,
the deviation of the Doppler frequency from the theoreticaduency asso-
ciated to a Maxwellian gas is due to a departure of the digiob function
in the thermal part, particularly the anisotropy that depslin the presence
of a gradient of the electron temperature modifies substiythe disper-
sion relation.

[0 The effect of photo-ionisation af, and O by the solar emission dflell
has been identified when we analysed a plasma line data $evehaave
collected on the BBCAT VHF radar. The effect observed is a damping of the
intensity and a modification of the Doppler frequency of thesma lines
around the phase energies2df25eV and26.25eV.

However, it is important to point out the limits of our presemodel:

[0 Our calculations of the intensity and the Doppler frequestaft are limited
to radar observations along the magnetic field.

[0 The Spitzer theory of a fully ionised plasma in the preseriestemperature
gradient has been adapted to a partially ionised plasma anaansistent
way. The effect of the collisions between the electrons &edeutral par-
ticles has been taken into account in the electron mean a#ewvhile the
collision operator has not been modified.

[0 The model of collisions used in the differential cross smttio estimate
the incoherent scatter spectra is not the same as the ongethaibes the
electron velocity distribution function.

Therefore, further works could be done. It would be intanggtfor example,
to generalise the calculations of tRéand.Z*functions in directions different than
parallel to the magnetic field. The evoked lack of consistdratween the models
could be investigated. The problem of the connection oftieenbal and the supra-
thermal component of the velocity distribution functioralso of interest. Finally,
more plasma line data with radars of different frequenchesutd be analysed to
verify further the fine structures of the supra-thermalriisition as well as verify
the effect on the Doppler frequency and therefore improeekinetic model of
the thermal and supra-thermal electrons.



Conclusion (francais)

Alors que I'étude de l'intensité de la raie de plasma a agpaes résultats intéres-
sants sur les mécanismes de l'augmentation de la raie depaisrtain temps, le
travail sur sa fréquence dans le spectre a diffusion in@tiéra progressé plutét
lentement, a cause de la pauvre résolution en fréquenceaetrels problemes
expérimentaux.

Ce travail a été motivé par la premiére mesurel AT de la raie de plasma
de maniére continue. Nous nous sommes concentrés sur deus po

[0 La conception d’'une nouvelle expérience de raie de plasra lpaadar
EIscAT utilisant la technique du code alternatif dans le but d’aonéf la
résolution spatiale.

[0 Le développement d’une théorie améliorée de l'intensitdueDoppler en
fréquence de laraie de plasma pour une visée le long du chagpétique.

Le bénéfice de la technique du code alternatif est d’'améld@enaniére sub-
stantielle la résolution spatiale des mesures. Notre épes a été tournée avec
succes avec une résolution en altitude3den, & comparer a la résolution de
40 —-50 km obtenue avec la technique classique de I'impulsion lonQaéa a per-
mis, pour la premiere fois alECAT, de mesurer simultanément la raie de plasma
a plusieurs altitudes, procurant ainsi les parameétres daidade plasma, c’'est a
dire l'intensité et le Doppler en fréquence, pour un profiteadtitude avec une
résolution temporelle d&0 s.

Pour raffiner le modele de 'intensité et du Doppler en frémeede la raie de
plasma, nous avons développé un code numérique qui caictoadtion diélec-
trigue du plasma ainsi que la distribution réduite le longctlamp magnétique
pour n'importe quelle distribution des vitesses a deux disn@ns. Parce qu'il tres
difficile de construire un modéle unique de la distributi@s ditesses satisfaisant
toute les gammes d’énergie, nous avons construit un medekocen scindant
la distribution des vitesses en deux parties: la populatienmique et la supra-
thermique. La population thermique est représentée pawriatibn de Spitzer
qui tient compte de I'effet d’'un champ électrique et/ou dgradient de tempéra-
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ture. La population supra-thermique est déduite du flux kmgud’énergie cal-
culé grace a un modeéle numérique du transport des électrons.

Ce projet a contribué a une meilleure compréhension destimétation de la
raie de plasma de deux fagons :

[0 Il est montré que le Doppler en fréquence de la raie de plastrfartement

dépendante de la fréquence de fonctionnement du radar. Wveeadar
basse fréquence de type VHF, la position de la raie de plashtéairement
influencée par la population supra-thermique des électiams que pour un
radar haute fréquence de type UHF, la déviation du Doppkr@s a une
classique Maxwellienne est due a la partie thermique deslailgition des
vitesses des électrons, en particulier I'anisotropie dig @résence d’un
gradient de température électronique modifie la relatiomidpersion de
'onde Langmuir.

L'effet de la photo-ionisation d¥, etO par I'émission solaire provenant de
Hell a été identifié quand nous avons analysé des données raiasieapl
gue nous avons mesuré avec le radar VHFISEAT. L'effet observé est
un amortissement de l'intensité ainsi qu’'une modificatien@bppler en
fréquence au voisinage dd.25¢eV et 26.25 eV correspondant & I'énergie
de phase de I'onde Langmuir.

Cependant, il est important de noter les limites de notreateoactuel :

O

Nos calculs de I'intensité et du Doppler en fréquence samtédis a la direc-
tion parallele au champ magnétique.

La théorie de Spitzer d’un plasma complétement ionisé esemiee d'un
gradient de température a été adaptée pour un plasma leanteit ionisé
de maniere non consistante. En effet, les collisions dedreles avec les
particules neutres a été pris en compte dans le libre paaooyen des
électrons alors que I'opérateur de collision n’a pas étéifigod

Le modéle des collisions utilisé dans la section efficaciftielle pour
estimer le spectre a diffusion incohérente n’est pas le niraeelui utilisé
pour décrire la distribution des vitesses des électrons.

Par conséquent, de plus amples travaux sont envisagedlbéesait intéres-
sant, par exemple, de généraliser le calcul des fonctitret 7* dans les direc-
tions autres que parallele au champ magnétique. Le mangoendéstance évo-
qué entre les modéles de collisions utilisés pourrait a&tssiapprofondi. Le prob-
léeme du raccord entre les composantes thermique et supmatitiue de la distri-
bution des vitesses des électrons est aussi d’un intétéirceEnfin, I'acquisition
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de plus amples données pour différentes fréquences dedonement devrait
étre analysée pour vérifier les structures détaillées derletion de distribution
des vitesses des supra-thermiques et ainsi améliorer lélmoidétique des supra-
thermiques, de méme que vérifier I'effet prédit de la coroecsur le Doppler en
fréquence de la raie de plasma.
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Abstract. We present results of the first plasma-line
measurement of the incoherent spectrum using the alter-
nating-code technique with the EISCAT VHF radar. This
technique, which has earlier mostly been used to measure
high-resolution E-region ion-line spectra, turned out to be
a very good alternative to other techniques for plasma-
line measurements. The experiment provides simulta-
neous measurement of the ion line and downshifted and
upshifted plasma-line spectra with an altitude resolution
of 3 km and a temporal resolution of 10 s. The measure-
ments are taken around the peak of the F region, but not
necessarily at the peak itself, as is the case with the long-
pulse technique. The condition for success is that the scale
height should be large enough such that the backscattered
signal from the range extent of one gate falls inside the
receiver filter. The data are analyzed and the results are
combined with the results of the ion-line data analysis to
estimate electron mean drift velocity and thereafter elec-
tric currents along the line of sight of the radar using both
the standard dispersion relation assuming a Maxwellian
electron velocity distribution and the more recent model
including a heat-flow correction term.

1 Introduction

The incoherent scattering spectrum consists of two main
components. The ion line, which contains most of the
scattered power, is extensively being measured at the
different facilities around the world, and standard para-
meters such as electron density, electron and ion temper-
ature, ion mean drift velocity, and others are diagnosed.
On the other hand, plasma lines are weak and broadband.
The intrinsic spectral width of the plasma line is deter-
mined by the damping of the Langmuir wave causing the
scattering (Landau damping or collisional damping). The

Correspondence to: P. Guio

damping depends on the density, temperature and collision
frequency of the ambient electrons and on the presence of
a suprathermal population (photoelectrons or secondary
electrons produced in particle precipitation events)
around the phase velocity of the wave (Perkins and
Salpeter, 1965). It also depends on the angle between the
scattering direction and the geomagnetic field. For small
angles, as in this experiment, the effect is negligible. In the
F region at daytime, where damping is mostly dominated
by electron-ion collisions, and for field-aligned conditions,
the width is a few kHz. Temporal fluctuations during the
integration time artificially broaden the width. Under
relatively stable conditions of the ionosphere, this
broadening is a few kHz per 10 s, which is a typical inte-
gration time. The spatial variation depends on the elec-
tron-density scale height which is of the order of
1 kHzkm ™! at regions with large scale height and around
the peaks in the E and F regions up to 10 kHzkm ~*. The
scattered power is usually less than 10% of the ion-
line power, even in the presence of suprathermal particles.
This leads to some conditions on the measurement of
the autocorrelation function. The correlation time is
inversely proportional to the bandwidth of the plasma line
and is not larger than 500 ps. The lag increment t
determines the bandwidth of the measured spectra and
should be around 10-20 ps for a spectral window of
50-100 kHz.

To perform the measurement of the autocorrelation
function several techniques are available and can be clas-
sified into three categories. The long-pulse technique
(Showen, 1979; Kofman and Wickwar, 1980) provides
data at the cut frequency of the E or F region. It has the
advantage of a good signal-to-noise ratio, which increases
with increasing density scale height. On the other hand,
this technique provides only one measurement point. The
chirp technique (Hagfors, 1982; Birkmayer and Hagfors,
1986) is very similar to the long-pulse technique. The
signal is chirped in order to tune it to the local density
gradient, creating artificially the measurement conditions
of a peak density in a region. In these techniques, no
attempt is made to obtain good range resolution.
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The multipulse technique (Farley, 1972), by using ad
hoc spatial patterns of short pulses, provides good range
resolution and good lag resolution. Unfortunately, the
multiple-frequency technique commonly used to improve
the accuracy of the measurement of the ion line is not
adequate for plasma-line measurements due to the k de-
pendence of the position of the plasma line which would
broaden the spectra. In low signal-to-noise ratio measure-
ments, like plasma-line measurements, one definitely
needs to concentrate all of the energy on the same fre-
quency. Also the accuracy of position estimation will be
reduced unless special analysis techniques are used to
account for it (using a 4-frequency multipulse would yield
a broadening of ~150 Hz with the EISCAT VHF radar
and ~1 kHz with the UHF radar).

The solution is to use phase patterns of short pulses
instead of spatial patterns. One of these techniques is the
alternating code (Lehtinen and Héaggstrom, 1987). It pro-
vides good range and lag resolution and has been proven
to give near optimum accuracy in the case of poor signal-
to-noise ratio. The principle is to transmit a set of phase-
coded pulses and decode them in such a way that only
part of the pulse (one baud) is contributing to the scatter-
ing. An important assumption for the code to work
properly is that the plasma correlation function must
remain stationary in the time needed for the whole set of
scans to be transmitted. A similar technique, the coded
long pulse (Sulzer, 1989), has been used recently at the
Arecibo Observatory facility (Djuth et al, 1994). The
results are promising, but the implementation of the tech-
nique for such very long codes (512 bits) requires dedi-
cated hardware processing.

2 Experimental setup

We used the VHF EISCAT radar near Tromsg, Norway
at daytime in June 1994. The radar cannot be steered
south to be in a field-aligned position, thus the antenna
was pointed vertically, which gives an angle of about 12°
to the magnetic field line at 250 km. The experiment used
a 32-bit strong condition alternating code of baud length
20 us (actually the first alternating code run on the VHF
system). Three receiving channels, one for upshifted, one
for downshifted plasma lines, and one for the ion line,
were used simultaneously with the same spatial character-
istics, thus providing the two components of the incoher-
ent scatter spectrum. Forty gates were formed from an
altitude (or range) of 180 km up to 300 km with an alti-
tude resolution of 3 km. The gate separation was also
3 km. The autocorrelation function was measured from
a delay of 20—620 ps in steps of 20 ps. This means a spec-
trum of 50-kHz bandwidth and about 780-Hz resolution.
To get the zero-lag of the autocorrelation function, a 1-
baud-length pulse was also used with the same geometric
characteristics. Each interpulse period was ~13 ms and
for a 32-bit alternating code one has to send 64 dif-
ferent coded long pulses, consequently the whole cycle was
~0.8 s. This is the time we have to assume that the
ionosphere remains stationary. The data were dumped
every 10 ps. This setup is a good compromise for a high-
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enough height resolution, a large enough bandwidth of
the receiver, and the physical limitation of the size of the
memory of the acquisition system. For example, if we
assume a Chapman layer in the neighborhood of the peak
of the F region, with a characteristic scale height of 65 km,
and if the receiver system is tuned at the peak or shifted
inside the peak, we can expect to get at least six gates with
signal falling within the bandwidth of the filter (Fig. 1).

3 Data analysis
3.1 lon-line data

The ion-line data were analyzed in 10-s intervals, provid-
ing the four standard ionospheric parameters, i.e., electron
density, electron and ion temperature, as well as ion mean
drift velocity along the line of sight. Figure 2 shows the
results of the analysis. One can see that the ionosphere
had a very quiet and steady behavior, as well as a rather
steep electron temperature gradient.

3.2 Power-profile data

The plasma-line power profiles were analyzed solving
Eq. 1 below (Yngvesson and Perkins, 1968), a similar

fo =4.78 MHz
260
_ 240 : 1
g ~
f“ 230 /] |
Q
jenl
220» ............ .
20(240 -30 -20 -10 0 10 20 30 40
freq (kHz)
fo =4.76 MHz
260 T T ™ T T + T
= 230} O S OO PO U SRR STUOPRC SR 4
.80 : :
Q N N
e : :
220 . -
2OQ40 -30 -20 -10 0 10 20 30 40
freq (kHz)

Fig. 1. Parabolic height distribution of the plasma-line frequency
with scale height of 65 km showing two different tunings of the
50-kHz receiving filter and the corresponding height cells contribu-
ting to the scattering
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Fig. 2. Ionospheric parameters as function of range and time from
the analysis of the ion line. The data have been smoothed with
a 9 km x 30 s window

radar equation as the one used for the ion line, yielding
parameters Q, and Q, for the upshifted and downshifted
lines (Fig. 3).

PR’ (CSA(f)>_1.

B GHT) (1)

Y

Here, Py and Py denote transmitted and received power,
R is the distance to the probed volume, JR is the volume
extent (which is the minimum of the length of the trans-
mitted pulse and the range with signal falling inside the
receiver filter) and Cj is the system constant. A(f) is the
frequency-dependent effective antenna area at frequency
f offset from the transmitted frequency. A(f)/A4(0) is the
gain relative to the measurement of the ion line. It has
been estimated for the VHF EISCAT system by measure-
ment of the radio star Cassiopeia A.

The analysis shows a very similar enhancement of the
upshifted and downshifted line, indicating the presence of
isotropic photoelectrons. Situations where the receiving
filter was tuned to a frequency not matching the frequency
of the peak can be seen at different times on both lines, for
example around 1245 and 1315 UT. Note also that the
asymmetry after 1515 UT is artificial, and is produced by
an increase in the receiver-filter bandwidth, thus increas-
ing the noise level with aliased noise contributions.
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Fig. 3. The two parameters Q, and Q, of Eq. 1 as function of range
and time from the analysis of the upshifted and downshifted plasma-
line power profiles

3.3 Autocorrelation-function data

The autocorrelation functions were analyzed using a least-
square fit method. We have tried two different spectral
models, a squared-triangle shape and a Gaussian, both
yielding three parameters: the received frequency f,, the
bandwidth of the line §;, and the power of the line a,,. The
model of the autocorrelation function p for a set of para-
meters and at time delay 7 is given by Eq. 2 for the
squared- triangle model and Eq. 3 for the Gaussian model.
The squared triangle is based on physical arguments: the
amplitude sensitivity is maximum at the center of a range
gate and falls linearly to zero one baud length away on
each side (neglecting the effect of the receiver filter). As the
plasma frequency is changing approximately linearly in
a range gate, the returned power spectrum will take the
shape of a squared triangle falling to zero at a certain
frequency. It should be convolved with the natural-line-
width spectrum as well as multiplied by the receiver-filter
response spectrum. The Gaussian shape is not rigorously
true because it does not fall exactly to zero at a certain
frequency, but it falls quickly enough toward zero to be
justified. This spectral shape can be used to approximate
a squared-triangle spectrum smoothed by the convolution
effect of the natural line width. Figure 4 shows the results
of both fit models for a 10-s dump. The curves are so
similar that they are hardly separable from each other. In
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Fig. 4. Downshifted and upshifted spectra (circle
points and thin solid line) from a 10-s dump fitted to

..... the squared-triangle model (thick solid line) and the

Gaussian model (dashed line). The scale is the same

Frequency (kHz)

Fig. 5 the parameters of the fit models are plotted. All of
the parameters exhibit a rather good agreement.

sin (4nd 1) — 4nd T cos (4nd,1)

pS(T;f;s 5f5 ap) = 3ap

(4mo;1)°
X exp (i27f,) B
P6(T fr, Op, ap) = ay exp< - @ > exp (i2nf,7). A3)

Figures 4 and 5 show the analysis of one data dump where
six gates were fitted. Note that in Fig. 5 the received
frequency f, for the downshifted line is plotted positive.
One can also see that the parameters exhibit very smooth
behavior and very small error bars, ~0.01% for the re-
ceived frequency.

Figures 6-8 show the result of the analysis of the
autocorrelation functions of the plasma lines for the whole
set of data in a similar way as for ion-line data, i.e., in
time-range coordinates. One can see in Fig. 7 the general
trend that the bandwidth of the line §, tends to increase as
the position is moving away from a region of large scale
height. This can also be seen in Fig. 6.

for each height

4 Further analysis

The solution of the real part of the dispersion relation for
Langmuir waves gives the position of the frequency peak
of the plasma-line spectrum. For a Maxwellian, homo-
geneous and unmagnetized electron plasma, this can be
written as Eqgs.4 and 5 for the upshifted line (i.e., the
downgoing Langmuir waves) and Eqgs. 6 and 7 for the
downshifted line (upgoing Langmuir wave).

v—kiV,
K203+ w<‘°—+> =0 @)
kv,
2 2 +
k+ _ nf;‘adar +< nfi“adar + Wy > (5)
C C C
-—k_V,
K273 + W<‘°7> —0 (©6)
k_v,
21f, 2 -
k, — nfradar + < nfradur + w_r > (7)
C C C

Here, w,+, k. and w,-, k_ denote the frequency at the
peak and the corresponding wave number of the upshifted
and downshifted spectra, respectively. V, and v, are the
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Fig. 5. The fitted parameters f,., 4f., 6, and a, as well as the error
bars from the data of Fig. 4 as a function of range. The dashdot line is
for the parameters from the upshifted line, and the dashed one is for
the downshifted lines. The four upper panels show the parameters
for the squared-triangle model, the four lower panels for the Gaus-
sian model

electron drift velocity and the electron thermal velocity,

Ap is the Debye length, and W, is the real part of the

dispersion function W as defined by [Ichimaru (1973)].
By eliminating the Debye length A5, one can derive Eq. 8,

k{w(M) - kiwr<w”_—k‘Ve>_ (8)

kv, k_v,

This equation can be solved for V, when w,+, k, and w,-,
k_ are taken from the results of the plasma-line analysis
and v, is calculated from the electron temperature given
by the ion-line analysis.

When one wants to take into account the electron heat
flow contribution introduced by Kofman et al. (1993),
Egs. 4 and 6 are modified to Egs. 9 and 10, where & . is the
electron heat-flow correction.

Pt k Ve
231 —6&4) + W<‘”k—v+> -0 )
+Ve
with
P 8 k3 e*q,cosa
T (a)r+ - k+Ve)5 mggo
-—k_V,
K231 — &)+ w(“’T> =0 (10)
with
P 8 k3 e*q,cos o
T (wr’ - kae)S mgso
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Fig. 6. The fitted upshifted and downshifted received frequencies
displayed as a function of range and time for the Gaussian model
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Fig. 7. The fitted upshifted and downshifted line bandwidth dis-
played as a function of range and time for the Gaussian model
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Fig. 8. The fitted upshifted and downshifted line power displayed as
a function of range and time for the Gaussian model

This heat-flow correction is proportional to the third-order
moment of the one-dimensional electron-velocity distribu-
tion function along the line of sight of the radar. It can be
introduced in the dispersion relation by noting that when
W, is expanded for waves with phase velocity much larger
than the electron thermal velocity, as for Langmuir wave, it
takes the form of a series of the successive moments of the
electron-velocity distribution function. In the correction
term &4, ¢, is the heat flow along the magnetic field, « is the
angle between the line of sight of the radar and the mag-
netic field, m, and e are the mass and charge of the electron;
q. 1s in the limit of a fully ionized gas a function of the local
electron-temperature gradient. At ionospheric heights and
along the magnetic field, it is given by (Banks, 1966)

Go=—12310""'T52yT, Jm 2s . (11)

In the same way as for Egs. 4 and 6, 4, can be elimi-
nated from Egs. 9 and 10, leading to Eq. 12

kv
k(1 — &)W,(u>
kv,
w.-—k_V,
— K3 (1 — (gq)wr(T). (12)

This equation can also be solved for V, when w,+,
k. and w,-, k_ are taken from the results of the plasma-
line analysis and v, is calculated from the electron temper-
ature given by the ion-line analysis. Also, the electron-
temperature gradient has to be estimated to calculate &'.
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To get the gradient we have calculated an average
electron-temperature profile during the time of the experi-
ment, fitted it to a polynomial and then calculated the
derivative from this model profile. This is justified by the
fact that the electron temperature appears to have a very
smooth behavior during the whole experiment. Figure 9
shows the model used for the gradient. Another justifi-
cation to use an average profile is that the use of an
estimated gradient for each dump would lead to unneces-
sarily noisy gradient estimates, whereas our estimate for
the gradient shows a rather smooth behavior. At the
considered heights between 200 and 260 km, the gradient
was of the order of 5 Kkm™'.

We now have an estimate of V,. By use of one of Egs. 4
and 6 (or similarly Egs. 9 and 10 for the heat-flow model),
we can calculate the electron density n, to a much better
accuracy than the one we can get from the ion line. We
now have all the necessary quantities to calculate the
currents with Eq. 13,

J=ne(V,—V) Am 2 (13)

where V; is taken from the results of the ion-line analysis.

Figure 10 shows the histograms of the estimated cur-
rents for both models, with and without the heat-flow
term. These histograms exhibit a very good normal distri-
bution of the values of the currents. For the expectation of
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Fig. 9. Average electron-temperature profile for the considered peri-
od in dashed line and the polynomial approximation, and the de-
duced profile for temperature gradient
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a normal distribution, a 95% confidence interval for the
current J is given in Table 1. It shows a good indepen-
dence of the result from the fitting model.

One can see that the heat-flow correction is very effec-
tive in the estimation of the mean drift current in the case
of large gradient temperature, and thus is in better agree-
ment with no net parallel current during the quiet daytime
conditions. Note also that the uncertainty on the esti-
mated current remains of the same order; this is certainly
to be accounted to the way we have estimated the electron-
temperature gradient.

No heat flow correction Heat flow correction

Curscosg m=-1.00 s=2.8 Curscosg m=-0.26 s=2.7

100 .............................. 100 E e A
I :
50t A EHs - 5044} L
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c d
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Curscosstg m=-1.26 s=2.8

100} I o
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Current (uAm2)
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Fig. 10a—f. Histogram of the calculated currents without (left
panels) and with heat-flow correction (right panels). The total popu-
lation of each histogramis ~ 700. The dashed lines represent the best
fit to a normal distribution. a and b are for the Gaussian model,
c and d are for the squared-triangle model, and e and f are for a data
analysis taking the parameters of the fit giving the smallest residuals
of the squared-triangle and Gausian fits. Note that positive currents
are upward currents

Table 1. 95% confidence interval for the currents J without heat-
flow correction and J,; with heat-flow correction from the histo-
grams of Fig. 10

J(MAmMm™?) Ty (WAm™?)
Gaussian model (a) (b) —-1.0+02 —03+02
Squared-triangle model (c) (d) —12+02 —0.5+02
Best of both models (e) (f) —13+02 —04+02
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5 Conclusion

We have shown that the alternating code for studying
plasma lines with an incoherent scatter radar is a valuable
technique. It yields a greatly improved spatial resolution
and a much larger amount of measured points (between
five and six times more than for a long-pulse experiment).

We have been using our data to test the heat-flow
dispersion-relation model under quiet and steady iono-
spheric conditions. We confirm that the use of the heat-
flow model gives important corrections and improves the
measurements of current.

The plans are to extend and improve the use of the
alternating code in future experiments. On one hand, the
experiment could be refined and improved to give better
accuracy and larger quantities of data. On the other,
analysis techniques such as constrained full profile analy-
sis of both plasma-line and ion-line data should be investi-
gated and tried.
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Abstract. The plasma dispersion function and the
reduced velocity distribution function are calculated
numerically for any arbitrary velocity distribution
function with cylindrical symmetry along the magnetic
field. The electron velocity distribution is separated into
two distributions representing the distribution of the
ambient electrons and the suprathermal electrons. The
velocity distribution function of the ambient electrons is
modelled by a near-Maxwellian distribution function in
presence of a temperature gradient and a potential
electric field. The velocity distribution function of the
suprathermal electrons is derived from a numerical
model of the angular energy flux spectrum obtained by
solving the transport equation of electrons. The numer-
ical method used to calculate the plasma dispersion
function and the reduced velocity distribution is de-
scribed. The numerical code is used with simulated data
to evaluate the Doppler frequency asymmetry between
the up- and downshifted plasma lines of the incoherent-
scatter plasma lines at different wave vectors. It is shown
that the observed Doppler asymmetry is more depen-
dent on deviation from the Maxwellian through the
thermal part for high-frequency radars, while for low-
frequency radars the Doppler asymmetry depends more
on the presence of a suprathermal population. It is also
seen that the full evaluation of the plasma dispersion
function gives larger Doppler asymmetry than the heat
flow approximation for Langmuir waves with phase
velocity about three to six times the mean thermal
velocity. For such waves the moment expansion of the
dispersion function is not fully valid and the full
calculation of the dispersion function is needed.

Key words. Non-Maxwellian electron velocity
distribution - Incoherent scatter plasma lines - EISCAT -
Dielectric response function
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1 Introduction

We want to estimate the field-aligned electron mean drift
velocity ¥, from incoherent scatter Doppler measure-
ment of the plasma lines (Vidal-Madjar et al., 1975;
Bauer et al., 1976; Showen, 1979). In order to do this we
need to solve accurately the plasma dispersion relation
for electrostatic waves at high frequencies and thus to
have an accurate model of the electron velocity distri-
bution function.

A common way of representing the whole electron
velocity distribution function is to separate it into two
populations: the ambient or bulk population f,(v) and
the suprathermal or tail population fi(v), and special
care needs to be taken for the treatment of the transition
region between the suprathermal and ambient electrons.
At ionospheric heights about the F2 region, the bulk
population of the electrons is collision-dominated and
thus the velocity-space distribution is expected to be
very close to a Maxwellian. In this case, the parameters
describing the state of the thermal population are: the
electron density n,, the electron temperature 7, and the
potential source of inhomogeneity such as the spatial
gradients of electron temperature V7, and pressure Vp,,
as well as possibly an electric field E. These parameters
are provided by the analysis of the measurement of the
ion line incoherent scattering. On the other hand, the
suprathermal component f;(v) is taken from a complete
kinetic electron transport code which takes into account
the ionization and heating resulting from both solar
insolation and particle precipitations.

In the first part, we describe and review the original
theory developed to calculate the velocity distribution
function of the ambient electrons in the presence of a
temperature gradient and/or an electric field (Spitzer
and Harm, 1953). Thereafter we present and discuss
the calculations we use to represent the suprathermal
part of the distribution function. We then describe a
numerical method to calculate the full two-dimensional
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dispersion relation. We test our numerical code and
discuss the results on simulated Doppler asymmetry
data for radars with different wave vector and compare
the results given by the heat flow approximation of
Kofman et al. (1993).

2 The ambient velocity distribution

For low energy and for a fully ionized plasma consisting
of electrons and one ion species, the distribution
function of the electrons in a highly collisional regime,
i.e. in a regime where the velocity-space distribution of
the electrons is close to a Maxwellian (Gombosi and
Rasmussen, 1991), can be approximated by the Spitzer-
Héarm distribution function of Cohen et al. (1950) and
Spitzer and Harm (1953).

This time-independent distribution function is the
result of the presence of a weak electric field and a
temperature gradient. The distribution function is
expanded as a power series in the Knudsen number ¢
which represents the ratio of the microscopic length
scale to the macroscopic length scale. In this theory only
the first order in e is kept, which is known as the
principle of local action (Woods, 1993). This restriction
to small values of e implies that the electron mean free
path /. is much smaller than the different scale lengths
considered VlogT7,, Vlogp, and eE/K,T, (Ljepojevic
and MacNeice, 1989). The two Knudsen numbers
associated are respectively ez and ey defined as

eE  Vp,
= e — 1
“ & <KbTe Pe ) ( )
and
VT,
€r = 2;%?8, (2)

where E is the electric field, 7, the electron temperature,
Pe the electron pressure and V represents the derivative
along the line of sight. For small Knudsen numbers, i.e.
ez << 1 and er < 1, perturbation methods apply and the
ambient electron velocity distribution function f, is
expanded about a local Maxwellian fy(v)=n./
(2m)*? /v3 exp(—(v/ve)*/2) with thermal velocity v,=
(K»T,/m.)""* and takes the following form

Ja (xvey :u) = f()()CUg)
[l +Z/1(eEXE<x/\/§) + eTXT(x/\/E))}, (3)

where p is the cosine of the pitch angle measured from
an axis parallel to the direction of the temperature
gradient and electric field, Z is the charge number of the
ion species and x is the ratio v/v.. The functions Xz and
Xr are the solutions of two second-order differential
equations [Eq. (40) of Spitzer and Harm (1953) and Egs.
(6)—(13) of Cohen et al. (1950)] derived from the
Boltzmann’s equation where only the long-range elec-
tron-electron and the electron-ion interactions have
been taken into account through two Fokker-Planck
collision operators. This approximation is valid for low
energy only, so that the upper boundary of integration

of these functions should not be too large compared to
the mean thermal velocity v.. We have recalculated the
solutions to these equations for different values of the
upper boundary. Figure 1 shows the two functions Xg
and X7 for those different values of the upper boundary
of integration xygax.

By taking the first- and third-order velocity moments
of the perturbation functions Xz and X7 one defines four
transport coefficients yz, g, Yy and Jr. These are the
normalized transport coefficients relative to a Lorentz-
ian gas (Spitzer and Harm, 1953; Shkarofsky, 1961).
Equations 4-7 show the relations between these coeffi-
cients, the velocity moments of the distribution function
and the transport coefficients o., 7., i, and ..

1 ﬁmeve
e = = I3(Xp) = Y Mele o 4
VE 3 2(Xe) 4\27en, ), @

1 LR

o = —1I5(Xg) =
£ 12 s(Xe) 6v2Zen, Kyl

Te, (5)
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Fig. 1. The perturbation functions Xz and Xr integrated to different
upper boundary xp,, = v/\/ive =2.8,3.2,3.6 and 4.0, and for an
ion charge number Z=1. Note that X;(0)=X7(0)=0 and that the
Xg’s are shifted by —10 with each other, the X7’s are shifted by +5
with each other, the reference curves (i.e. not shifted) are for
Xmax = 2.8



1228 P. Guio et al.: Electron velocity distribution function in a plasma with temperature gradient

4 3/,
vp = —~L(Xp) = —Y— . 6
VT 9 3(X7) 16\/§Zeneleue (6)
1 /T,
or = ——I(X7) =———— K., 7
! 3 507) 40V27n,K, 2, @
with
L(f) = /O V'f (v) exp(—y*)dy, (8)

where o, is the electrical conductivity, 7. is the current
flow conductivity due to a temperature gradient at
constant electron density, u, is the heat flow conductiv-
ity due to an electric field at constant electron temper-
ature and x, is the thermal conductivity.

Table 1 presents the values of the normalized
transport coefficients we have recalculated and the
original values of Spitzer and Harm (1953). With the
exception of the values for xp.x =2.8, the values of the
transport coefficients are in good agreement (under 1%)
with the values calculated by Spitzer and Héirm
(¥max=3.2).

In the work of Spitzer and Hédrm, the electron mean
free path 4, is taken to be the mean free path due to
electron-electron collisions and electron-ion collisions.
We shall correct the electron mean free path to take into
account the electron-neutral collision term (Banks,
1966). We define the electron mean free path as

1 1 1 1
=t 9)

o )
Ae A Lee / ‘ei j~en

or as a function of the electron-charged particle free
path Z.:

/“ec

[ 5 ucfdn” (10)
The electron-neutral collisions tend to reduce the
electron mean free path, and in the limit of low neutral
particle densities we recover the electron mean free path
value of a fully ionized plasma (Banks, 1966). It is
important to note that the differential equations for the
perturbation functions Xz and Xr have not been
modified, thus the departure of the velocity distribution
function from the Maxwellian state is still caused by
Coulomb interactions through the two Fokker-Planck
collision operators for distant interactions.

In the ionosphere, a so-called polarization electric
field E builds up such that the ions and electrons are
constrained to drift as a single gas, which maintains bulk
charge neutrality. E is determined by the current J and it

Jee

Table 1. The normalized transport coefficients as defined in Egs.
(4) to (7) calculated for different values of x;,,x and compared with
the ones given by Spitzer and Hirm (xp,.x = 3.2)

Xmax 2.8 32 Spitzer-Harm 3.6 4.0

VE 0.5740  0.5811  0.5816 0.5826  0.5832
YT 0.2507  0.2677  0.2727 0.2715  0.2718
Ok 0.4436  0.4622  0.4652 0.4672  0.4698
or 0.1877 0.2149  0.2252 0.2228  0.2237

exists whenever there is a gradient in the electron density
or in the temperature (Min et al., 1993). It is given by
J V

Pe _leyr, (11)
G, en, O
If the field-aligned current is attributed to the flow of the
suprathermal electrons only then the J/g, term is small
compared with the gradient terms and we get the
following relation between the electric field E and the
gradient of temperature V7,
Voe 37K

E = VT,. (12)

en,  2yge
Using Eqgs. (1) to (7), this leads to the following
relationship between the two Knudsen numbers ez and er

4€E’))E + 3€T’))T = 0. (13)

In the rest of this paper we always consider the presence
of such a polarization electric field. The two Knudsen
numbers for the Spitzer-Hirm distribution then always
satisfy Eq. (13).

3 The suprathermal velocity distribution

The suprathermal velocity distribution f; we use is
derived from the angular energy flux ¢ calculated by the
electron transport model code along the Earth magnetic
field described in Lilensten et al. (1989) and Lummerz-
heim and Lilensten (1994).

In the ionosphere, primary photoelectrons or precip-
itating electrons move along the magnetic field, produce
heat and provoke processes such as excitation and
ionization. In an ionization process, the incident elec-
tron mostly scattered forward is called the primary
electron, while the extracted electron may be scattered in
any direction and is called the secondary electron. This
code calculates the energy flux of the electrons by
solving the vertical kinetic transport equation. This
equation simply expresses the fact that the variation of
the steady-state electron flux with the scattering depth
for a given altitude, energy and pitch angle, is the
difference between whatever leaves that energy, altitude
or angle slab and whatever enters it. The variations in
energy or angle due to collisions are described through
differential cross-sections. An additional energy loss
arises from the heating of the ambient thermal electron
gas due to hot electrons to thermal electrons interac-
tions. This loss process is assumed to be a continuous
energy loss of the hot electrons to the thermal electrons,
without any deflection during the process.

We are using the angular energy flux calculated by
this code as our input to calculate the velocity distribu-
tion. The electron velocity distribution is simply related
to the angular energy flux by

02

G(rE,Q,t) = —fi(r,E,Q,1) eV !'cm 257! (14)

me

where E=1m.v* and Q is the solid angle. With the
assumption that the angular energy flux is symmetric
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around the magnetic field, f; is a two-dimensional
function of the energy E or the velocity v and of the
pitch angle 0 or the cosine of the pitch angle u = cos 0 to
the magnetic field at a given altitude.

The angular energy flux ¢ is calculated over an energy
grid of 215 points ranging from Eni,=0.3eV to
Enax=350eV and over a p-grid corresponding to the
points of the double-Gauss quadrature integration rule
(Stamnes et al., 1988). The number of points in the u-grid
is often referred to as the number of streams. The double-
Gauss quadrature refers to two Gauss quadratures
applied separately on the upper and lower hemispheres.
The main advantage of this double-Gauss scheme is that
the quadrature points (in even orders) are distributed
symmetrically around |u|=0.5 and clustered both to-
wards |u| =1 and u=0, whereas in the single Gauss
scheme they are clustered towards |u|=1. This clustering
towards =0 will give superior results near the bound-
aries where the functions to integrate vary rapidly or can
even be discontinuous, i.e. around pu=0.

The angular flux calculations we are using were
obtained by running the code for 25 June 1994 at
14:00 UT over Tromse assuming an A, index of 3 and
a F10.7 index of 75. The ionospheric parameters used as
input to the code have been computed by the IRI 90
model (Bilitza, 1990).

Figures 2 and 3 show two examples of calculation of
the distribution function for an eight-point angular
quadrature. Figure 2 shows only the flux for one angle,
the flux at this height is nearly isotropic and one could
not separate the flux. From a height of about 200km and
above, the velocity distribution starts to develop an
anisotropy mostly in the direction of the magnetic field,
i.e. for |u|~1. This feature is clearly seen in Fig. 3: the
two angular distributions in the lowest plate are for
nearly parallel and anti-parallel directions to the mag-
netic field and they clearly present differences in inten-
sity, while in the highest plate (angular distributions for
the directions nearly perpendicular to the magnetic
field), the two curves cannot be separated.

An interesting function which illustrates the regions
in phase space where the heat flux is predominantly
carried is the ratio of the integrated heat flux up to
velocity v = xv, and normalized to the total net heat flux
gs (Gray and Kilkenny, 1980). We define in this way the
function a(v/v,)

me

v pl
) = 2q/o [1|”_”s|2(uu—us)fc(u,u)2nu2du du, (15)

where u, is the mean drift velocity of the suprathermal
velocity distribution. Note that with the symmetry
around the magnetic field both the mean drift velocity
u, and ¢, are vectors parallel to the magnetic field of
component u; and g5, respectively.

Figure 4 shows the values of the parameter o at
different altitudes for a standard set of suprathermal
distribution function calculated by the transport code
for an eight-stream run. At high altitudes (see Fig. 4 at
246 km for example), the local skewness is more than the
net skewness for velocity v ~ 30v,, which means that

Alt = 151 km 2.8V 284.3 eV
102 SO SO SO S S0 0

1028}

-

e
)
S

Velocity distribution (cm™® s sr™)

—_
<

(]

N

Velocity (cm s'1)

Fig. 2. The suprathermal angular velocity distribution function
calculated by the transport code for an eight-stream calculation at
151 km and for a pitch angle of 86° (i.e. ©u=0.0694). The distribution
is nearly isotropic, and the data at the other pitch angles would not be
distinguishable on the same plate

locally the distribution can have skewness of opposite
sign compared to the total skewness of the distribution.

We now have a representation for the ambient and the
suprathermal distributions, the next operation consists in
the treatment of the transition region between the
suprathermal and the ambient electrons. Sophisticated
methods such as the numerical resolution of the non-
linear Boltzmann equation (Ashihara and Takayanagi,
1974; Jasperse, 1976), as well as full analytical treatment
such as the one proposed by Krinberg (1973) have been
studied to solve this problem. However, it has been shown
later that a good approximation for the complete
distribution function can be obtained by joining the two
distribution functions at the energy for which the two
distributions have equal intensities (Krinberg and Aka-
tova, 1978; Stamnes and Rees, 1983). For simplicity we
choose this method and in the rest of this paper the
terminology truncated distribution refers to a distribu-
tion cut at the velocity where the ambient population
equals the suprathermal population.

4 Numerical two-dimensional plasma dispersion

In linear theory the differential scattering cross-section
d*c/dQ do per angular frequency and per solid angle for
a multi-component, uniform, stationary, along the
magnetic field and non-relativistic plasma with the
collisions effects included through a BGK model is
given by (Sheffield, 1975; Bjerna and Trulsen, 1986;
Ichimaru, 1992)

Fo 1
dQdo  /n

nergln x (n x p)*S(k, w), (16)
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Fig. 3. The suprathermal angular velocity distribution function for the
same eight-stream calculation at 249 km. Each plate contains two
curves corresponding to two angles symmetric around the direction
perpendicular to the magnetic field, i.e the upward angular flux (thin
solid line) and the downward one (thick solid line). The upper
horizontal scale on each plate is energy expressed in eV

where the spectral density function S is defined as

B C.(k, )| Im P.(k, ) — v |P.(k, )|
Sk, w) = ‘1 + D(k,a))' \/E|Xe(k,a))|2
+Z”/ 2 ))
ImP-(k ) — vJ|P(2k,w)| 7 (17)
VlX;(k, )|
with
D(k,w) = 1= Cy(k,0), (18)
Culk, ) = Zy(k, 0) /X, (k,»), (19)
Xy (k,0) = 14 iv,P,(k, ), (20)
Z,(k,w) =Y Zyu(k, w), (21)
k

2
Oy [ k- Vofui(v) 4
Zyi(k, ) = 2 /Lk-v——a)—ivadv
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Fig. 4. The coefficient of location of the heat flux « of Eq. (15) for five
different altitudes for the eight-stream calculation of the transport
code of the 25 June 1994

o 1 f%k('u) 3
Pa(k,(,U) = n“;n“’k/llk.v_a)_ivad V. (23)

= fux/nxx denotes the velocity probability distribu-
t1on function for the A" component of the partlcle species
o (e for the electrons and j for the ions). v, is the collision
frequency of the particle species «, 7§ = €*/(4megm,c?) is
the electron radius, n is the unit vector pointing from the
scattering volume towards the receiver and p is the unit
polarization vector of the incident radiation; w is the
frequency shift between the transmitted radio wave wq
and the received frequency w,, k is the wave vector shift
defined as the difference between the returned wave
vector and the transmitted radio-wave vector k.

o = w, — Wy, (24)
o

k="Cn—k. (25)
C

D and Z, are respectively the dielectric function and the
opposite of the susceptibility function for the particle
species o.

In order to calculate the dispersion relation, we need
to calculate integrals of the P and Z types defined by

2 kv,
Z(k,0) = % /L rf@ivd% (26)
and
Pk, ) = /L %d%, (27)

for velocity probability distribution f defined in a
cylindrical coordinate system along the magnetic field
(which is the same direction as the temperature gradi-
ent), and when the scattered wave vector k is aligned to
the local magnetic field line.

When v =0, one can note by applying the Plemel]
formula that the imaginary part of P is proportional to
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Fig. 5. On the left, the real and imaginary parts
of the P, function given by Eq. (35) for complex
argument such that the imaginary part = 0.1.
On the right, their relative error with the real
and imaginary parts of Z(z/v/2)/v/2, where Z is
the plasma dispersion function (Fried and
Conte, 1961). The normalized Doppler shift of
the Maxwellian distribution is xq = 0.5

the reduced velocity distribution function Fj along the
direction of k.
3

Fi(2) = %ImP(k,w) _ /f(v)é(k-v—w)d%. (28)

When the collision frequencies are very small, we found
that P can be expressed in the form

1 10}
Plk, @) = =P, (kve> (29)
with
n/2 X
B = / / 20 (e, )
= /2 W x =/

i#0

n/2

rird 'y'& 2 (7/1)] (30)

Hi

where w; and p; are respectively the weights and points
of a n-points double-Gauss quadrature. In the same
way, Z can be formulated

k2 w
Z(k,w) ~ —(I;) Z, <kU> (31)
with
”/2 X 2
: n-Vyf XUe, U;
Zn(y) = - l / g x_(/ )dx
P x Y/ Hi
i#0
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Fig. 6. On the left, the real and imaginary parts
of the Z, function for same complex argument as
in Fig. 5. On the right, their relative error with
the real and imaginary parts of the W function
(Ichimaru, 1992). The normalized Doppler shift

-0.8 i 108 H of the Maxwellian distribution is x4 = 0.5
-10 0 10 -10 0 10
X = o/(kvg) X = 0/(kvy)
Sl w L
—l—inZw;——%vzn-V,,f(—e,ui) , (32)  Z,(y+in) =2n Z w;
i=1 Y :u[ Hl' iifn/z
where n=k/k and " /’sz_203 n-Vof (xve, 1) (x — y/1; + in)
Of (o,1) | 1— 2 0f (v, ) o (/)" o

When collisions are not negligible, the P, and Z,
functions are modified to the following expressions

X2 2 . _ . :

X / iv3f(xv(:’7:ul)(x ;}/Nl —21_”7) dx, (34)
x (x—=¥/m)" +n

and

The integral over the normalized velocity is either of
Cauchy principal values type or integral of rational
functions. Two different quadratures are used to calcu-
late these integrals.

4.1 Test of P, and Z, on a Maxwellian

We performed tests on the numerical evaluation of the
P, and Z, functions for a Doppler-shifted two-dimen-
sional Maxwellian distribution. The result for the Z,
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Fig. 7. On the left, the real and imaginary parts
of P, for real argument (1 = 0) and for Knudsen
number e7 = 5- 1072 and ¢z = —3ery /475 On
the right the difference between P, and
Z(x/\/2)/+/2 for the four different values of
xmax Of Table 1
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function is compared with the W function of a reduced
Doppler-shifted Maxwellian (Ichimaru, 1992). The re-
sult for the P, function is compared with Z(x/v/2)/v/2
where Z is the plasma dispersion function defined by
Fried and Conte (1961).

The input for the code consists of a two-dimensional
array filled with sampled data in both pitch angle and
velocity. The velocity points are normalized to the
mean drift velocity v,. The parameters used for our test
(Figs. 5 and 6) are, for the velocity space: 250 points
ranging from 0 to 20v,. It is much more than required and
it is seen that the accuracy is not improved by increasing
the sampling rate, nor by taking more points in the tail of
the distribution function. On the other hand, the test
shows that the precision is highly dependent on the
number of points in the pitch angle quadrature for the
calculation in the near thermal region, i.e. for |v| < 4ve,
but not too much for velocities |v| > 4ve.

In the thermal region, the accuracy is drastically
improved by going from an eight-point double-Gauss
quadrature (the relative error is about 107!), to a 32-
point quadrature where the relative error is better than
10~*. For larger velocities the accuracy is quite stable
and is better than 1077,

4.2 Test of P, and Z, on the Spitzer-Hdrm distribution

We also performed tests on the Spitzer-Harm distribu-
tion function. We looked at the influence of the upper
boundary of integration xp.x of the Xz and X7 functions
when evaluating P, and Z,. The values of x;,,x we used
are the ones listed in Table 1.

For our test we used ey = 5-1072, although the
linear theory of heat conduction breaks down for such
large values of er, that is these values give negative
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values of the velocity distribution function (Forslund,
1970). We used the same velocity grid as for the
Maxwellian distribution while we increased the number
of points in the pitch angle grid to 256 points. The results
are shown in Figs. 7 and 8. One can see in the real part of
the difference between Z, and W in Fig.8, the artifact of
the discontinuity of the distribution function at xpax.
This effect is larger for the lowest value x,x = 2.8 of the
boundary i.e. w/kv, = £2.84/2. For larger values of
Xmax the discontinuity of the thermal distribution is
pushed down at higher velocities and is attenuated due
to the Maxwellian behaviour at large velocities.

4.3 Test of P, and Z, on the suprathermal distribution

We used a 32-stream suprathermal calculation at an
altitude of 202 km as input. The transport code

Re Z, (x)

Re Z,- W

calculation of the distribution function was then inter-
polated over a 1024 double-Gauss points. The P, and Z,
functions were then computed using the distribution
function evaluated on this denser p-grid. The supra-
thermal velocity distribution used are very much
identical to the one presented in Fig. 3. When comparing
with the P, and Z, functions of a Maxwellian or a
Spitzer-Hiarm distribution, it is interesting to see how
the characteristics of the distribution function are
mapped on the P, and Z, shape. In order to integrate
correctly the irregularities or ‘spikes’ corresponding to
the discrete solar emission lines, we have to increase the
order of the pitch angle quadrature up to 512 or even
1024 points. Increasing further the number of points in
the u-grid space does not improve the results for large
values of w/kv,, i.e. above |w/kv.| > 5. On the other
hand, for |w/kv,.| < 5 the code is probably not so robust
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Fig. 8. On the left, the real and imaginary parts
of Z, for real argument and for e; = 5- 1072 and
er = —3eryr/4yg. On the right the difference
between Z, and W for the four different values of
xmax Of Table 1

-10 0
X = o/(Kvg)
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to the spikes, as can be seen in the upper left plate in
Fig. 9, and further developments need to be made.
There are several remarks to be made about the P,
and Z, functions. First about the imaginary part of the
P, function (lower left plate in Fig. 9) which is
proportional to the reduced distribution function as is
seen in Eq. (28). If the distribution were isotropic the flat
part around zero should be equal on both sides of zero
up to the value corresponding to the minimum energy of
the suprathermal distribution. The effect of the aniso-
tropy on the reduced velocity distribution function is to
create a discontinuity at zero velocity and thus introduce
a zero-order skewness. Secondly, on both the real and
imaginary parts of the Z, functions (right plates in Fig.
9.), one can observe the signature of the distribution
function itself. In particular, the typical N, dip above 2
eV which corresponds to excitation of the vibrational

Re Z, (x)

levels in N, (see Fig. 2) can clearly be identified around
|w/kv.| = 6.5.

5 Results

We have used the two-dimensional code of the P, and Z,
functions to calculate the frequency of the up- and
downshifted Langmuir waves which are the high-
frequency solutions of the plasma dispersion equation
with the function D(k,w) given in Eq. (18). We have
performed these calculations for two different distribu-
tions, one that takes into account the deviation from the
Maxwellian on the ambient part with the Spitzer-Harm
distribution and the other one on the suprathermal part
with the distribution calculated from the electron
transport code.
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010 - -mrremeennnns

Fig. 9. On the left, the real and imaginary parts
of Z, for real argument and on the right, the
real and imaginary parts of P, for real argument
of a suprathermal distribution at the altitude of
202 km. These calculations were performed
using a 32-stream calculation of the transport
code and the distribution function was then
recalculated over 1024 double-Gauss points in
order to perform the calculations of P, and Z,
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We used the simulated data for 25 June 1994 at 14:00
UT over Tromse assuming again an A, index of 3 and an
F10.7 index of 75. The ionospheric parameters of the
thermal partare shownin Fig. 10 and the velocity moments
ofthe suprathermal distribution, as well as the moments of
the Spitzer-Harm distribution, are shown in Fig. 11.

The lowest right plate in Fig. 10 shows the Knudsen
number €7 and eg. The largest value is about 4.51073.
Such values are reasonable and allow the use of the
linear theory of Spitzer-Harm. The corresponding po-
larization electric field E of ¢ is also of the order of the
expected value i.e. under 1072 pV m~! .

Figure 11 shows the calculated suprathermal centred
velocity moments up to the third order, i.e the heat flow,
for both the raw distribution as calculated by the
transport code and the truncated distribution we use in

Thermal moments

our calculations and which have been processed accord-
ing to the strategy described at the end of Sect. 3. The
lower right plate in Fig. 11 also shows the heat flow g, of
the ambient Spitzer-Harm distribution function calcu-
lated numerically and the heat flow used by Kofman et
al. (1993) which was originally given by Banks (1966)

g = —7710°T3VT, eVem 25!, (36)

assuming a Coulomb logarithm logA =15 and o7
calculated by Spitzer and Harm (see Table 1). We note
that the heat flow given by Eq. (36) has larger values by a
factor up to 1.5 than the heat flow ¢, we calculated. The
reason for this is that the approximation given by Eq. (36)
is valid for a fully ionized gas only. We have taken into
account the electron-neutron collisions in the mean free
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€
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Fig. 10. The parameters for the ambient part
of the distribution function, i.e. the electron
density n,, the electron and ion temperatures
150 150 T. and T; (solid line and dashed line,
respectively), the gradient of temperature
: : VT, and the two Knudsen numbers er (solid
100 i i 100 line) and eg (dashed line)
0 5 10 15 0 2

(Kkm™)

x 1073
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Supra-thermal moments
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Fig. 11. The parameters of the suprathermal
part of the distribution function and the two
odd moments of the ambient (Spitzer-Hédrm)
distribution. In all four plates, the moments
of the raw suprathermal distribution function
are represented by circles while the moments
of the distribution we use for further calcu-
lations are represented by solid lines. In the
upper right plate (mean drift velocity), the
calculated mean Doppler velocity of the
ambient distribution v, is represented by the
dash-dot line and as expected is equal to zero
(see Egs. 11-13). On the lower right plate
(heat flow), the calculated heat flow of the
ambient distribution ¢, is represented by the
: dash-dot line and the dashed line corresponds
i to the heat flow ¢gp given by Eq. (36)

1ooO . . s 1oo2 1
x 10%

x10'° !

(K) (eVem?s™)

path (Eq. 10) and the effect is to decrease the two Knudsen
numbers and thus the net heat flow (Banks, 1966).

Figures 12 and 13 show the frequencies of the
upshifted Langmuir waves of the plasma lines and the
frequency difference for the three EISCAT radars: VHF
(224 MHz), ESR (500 MHz) and UHF (931 MHz).
Figure 12 shows the calculation for a deviation on the
ambient part, i.e. the Spitzer-Harm distribution. The
frequency asymmetry calculated is compared with the
heat flow approximation of Eq. (9) of Kofman et al.
(1993), Figure 13 shows the calculation in the presence
of a suprathermal part and assuming that the ambient
part is Maxwellian. The frequency asymmetry calculated
is also compared with the results given by the heat flow
approximation, assuming that the total distribution does
not deviate dramatically from Maxwellian.

The best agreement between the full dispersion
estimation and the heat flow approximation for the
Spitzer-Hédrm distribution is for low-frequency radars
like VHF radars. For these radars the phase veloci-
ty vy is between 12v, and 25v, as shown in Fig. 14. At
such high velocities the moment approximation can
be safely used, i.e. the classic expansion (1—x) '=
14x+x>4---+x" is to be valid at the third order. For
the UHF radar the phase velocity vy is between 3v, and
6v, (see Fig. 14) and the approximation breaks and we
note a large deviation between the two calculations.
This deviation can be observed on the real part of
the difference between Z, and W (upper right plate
in Fig. 8) and has to be compared with the asymptot-
ic behaviour in (w/kv,)”> that we would get by subtr-
acting W to the heat flow approximation of Eq. (9) in
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Spitzer-Harm and Maxwellian distributions (940625)
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Fig. 12. The upper plate presents the calculated upshifted plasma
frequency for the Spitzer-Hdrm distribution for the three different
EISCAT radars. In the lower plate we present the frequency difference
between up- and downshifted lines for the three radars. The
Maxwellian approximation is shown with circles, the full two-
dimensional dispersion estimation is the solid line and the heat flow
approximation (Kofman ez al., 1993) is shown with the dashed line

Kofman er al. (1993), especially for values of w/kv,
smaller than 5.

Another remark is about the very large asymmetry
observed around 250 km, which is over 10 kHz for the
full dispersion calculation. We can see that due to the
behaviour of the dispersion function at 4 < w/kv, < 5,
we do not need large heat flow values to observe large
asymmetry between the up- and downshifted plasma line
frequencies. This is very satisfying in that we do not
need to invoke larger heat flow values through processes
such as the electron thermal runaway (Mishin and
Hagfors, 1994; Nilsson et al., 1996) to explain the large
deviation which were reported by Kofman et al. (1993),
especially during 12 May 1992. On the contrary, our
smaller heat flow values corrected for partially ionized
plasma are in good agreement with the theory of Schunk
and Walker (1970) and Banks (1966) and are able to
create frequency asymmetry of the order of that
observed by Kofman et al. (1993).

In the presence of a suprathermal distribution we can
make the following remarks. For UHF radars, i.e. at
phase velocity vy between 3v, and 6v,, we note that the
full dispersion calculation gives similar results as the
Maxwellian approximation while the heat flow approx-
imation gives larger deviation. In order to understand the
small effect of the suprathermal distribution for high-
frequency radars, we note that the real part of Z, of the
thermal distribution (Fig. 6) has much larger amplitude

Suprathermal and Maxwellian distributions (940625)
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S 250 |
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=200

150 |-
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3.0 3.5 4.0 45 5.0
Plasma-line frequency (MHz)
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g 300

3 250

=2

£ 200
150

100 : a i i
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Frequency difference (KHz)

Fig. 13. Same plates as in Fig. 12. The compared distribution
functions are a Maxwellian and a Maxwellian superposed with a
suprathermal. The line codes are identical to the codes used in Fig. 12

than the one of the suprathermal distribution (Fig. 9) at
the considered phase velocity. At large phase velocities
vy, 1.e. for VHF radars, the thermal Z, is very small,
whereas the one of the suprathermal is still not negligible.
This is seen clearly when comparing the mean width of the
real part of Z, in Fig. 6 and the real part of Z, in Fig. 9.
Thus the effect of the suprathermal is important and
should be taken into account. Another remark to be made
is that if all the fine structures observed on the supra-
thermal Z, in Fig. 9 in the region |w/k| < 6v, are real and
not artifacts of our calculations, they should map on the
frequency asymmetry as it appears in Fig. 13.

6 Conclusion

We developed and tested a computer code to calculate
the plasma dispersion function and the reduced distri-
bution function for any arbitrary distribution function
given in two dimensions: velocity and pitch angle. This
code has been applied for two types of electron velocity
distribution deviating from the Maxwellian distribution,
one in the ambient part through a temperature gradient
and the other one assuming the presence of a supra-
thermal electron population.

We used the code to estimate the frequency asym-
metry between the up- and downshifted plasma lines
which can be observed by incoherent-scatter radar
technique. For high-frequency radars such as UHF
radars we showed that the frequency asymmetry be-
tween the plasma lines is mostly due to a deviation from
the Maxwellian in the ambient part of the electron
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distribution. On the other hand, for low-frequency
radars such as VHF radars the Doppler frequency of
the plasma lines is more influenced by the presence of a
suprathermal electron population.

We also pointed out a discrepancy between the full
estimation of the plasma dispersion function and the heat
flow approximation for waves with phase velocity such
that the moment expansion is not valid. The discrepancy
is in the right direction and allows to explain large
Doppler asymmetry of the plasma lines without need to
increase the value of the heat flow. An analytic model of a
distribution deviating from the Maxwellian distribution
would be a very useful tool to study the difference
between the exact calculation and the moment approx-
imation of the plasma dispersion function.
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Abstract. In a plasma with a temperature gradient, the par-frame of plasma lines observation using the incoherent scat
ticle velocity distribution function deviates from the Max ter technique. Implicitly associated with the heat coniunct
wellian. A new simple analytic model for such a plasma, is a skewing of the particle velocity distribution functidrhis
the two-temperature Maxwellian is introduced, hereafter r skewing has been directly observed by satellite measursmen
ferred to as the 2 Maxwellian, and not to be mistaken for (Hundhausen, 1968) or inferred through heat flow estima-
the purely anisotropic bi-Maxwellian with parallel and per tion using incoherent scatter measurements (Blelly and Al-
pendicular temperatures for a magnetised plasma. The-velocaydé, 1994). Theoretically Cohenal. (1950) and Spitzer
ity moments of the ZF Maxwellian are presented and com- and Harm (1953) solved directly a kinetic equation. Theisol
pared with the moments from the classical transport theortion of this kinetic equation, the Spitzer function, is reged
of Spitzer. Furthermore a closed form of the dielectric re-only to velocities not larger than a few times the thermal ve-
sponse function for the 2- Maxwellian is derived. The di- locity of the electron population, introducing a disconiiy
electric response function is used to calculate the Dopplein the distribution function (Guiet al., 1998). Moreover the
frequency of the plasma lines in an incoherent scatter expekinetic equation presents the inconvenience to be nunigrica
iment. The result is compared with the Doppler frequencyunstable.
given by the heat flow approximation of the dispersion re- In this paper, it is first described the two-dimensional in-
lation. While a good qualitative agreement is seen betweetmomogeneous and anisotropid2Maxwellian. Expressions
the heat flow approximation and the exact estimation of theor the velocity moments of the 2- Maxwellian are given
dielectric response, it is shown that for accurate calmriat and compared with the moments given by the Spitzer theory.
of the Doppler frequency of the plasma lines an exact estiin the second part, a closed form for the dielectric response
mation of the dielectric response is important, especfally  function associated to this distribution function is désed.
plasma lines observation corresponding to Langmuir wavesn the third part, the dielectric response function is used i
with large wave vector and small resonance frequency. the frame of incoherent scatter plasma line. The plasma line
are a pair of spectral lines produced by scattering of a radio
wave by Langmuir waves of the ionospheric plasma. They are
Key words. Non-Maxwellian electron velocity distribution  Doppler shifted up and down with respect to the transmitted
Temperature gradient frequency by an amount that corresponds to two waves travel-
ling towards and away from the transmitter. By measuring the
Doppler frequency of these spectral lines, one would be able
1 Introduction to infer the mean Doppler velocity of the electrons by solv-
ing the dispersion relation with the dielectric responsecfu
It is interesting in several contexts to take into accouet th tion associated to the electron velocity distribution (Bau
local gradient of temperature in the velocity distributianc- et al., 1976; Showen, 1979) and in theory to estimate the
tion of particles in a plasma. Forslund (1970) and Singef 79 ionospheric field-aligned current when combined with pa-
used the theory developed by Spitzer and Harm (1953) whileameters obtained from the incoherent scatter ion line. A de
Lundinet al. (1996) used a linear combination of three Max- viation of the velocity distribution function from the Max-
wellians to simulate a velocity distribution function thrat  wellian modifies the dispersion relation and thus the esti-
produces the downward flow of a thermal componentin ordemated mean Doppler velocity of the electron population. We
to study instabilities due to heat conduction in a modeyatel apply the 27" Maxwellian to the estimation of the Doppler
inhomogeneous plasma. Kofmetral. (1993) and Guiet al. frequency of plasma lines in a plasma with temperature gra-
(1998) studied the dispersion relation for Langmuir wavesdient and compare the result with the heat flow approximation
in a plasma in the presence of a temperature gradient in thef Kofmanet al. (1993) which takes into account a tempera-
ture gradient through a corrective heat flow term. Finallg, w
discuss the results of our simulation.
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2 The 2" Maxwellian f (<0, v”) T =1800 K f (>0, v”) T,=2200 K

The 24" Maxwellian, denotedfr, , is defined as two half-
Maxwellians with temperaturé;, and7_ over the two half-
spaces where, respectively < 0 andv > 0 and a Max- 102 ‘ 162
wellian with temperaturd’ over the perpendicular velocity
spacev, . The two half-Maxwellians along are joined con-
tinuously atv; = 0 and are normalised such that the integral
over the velocity space is equal to the particle densiffhus
the 24" Maxwellian can be seen as a modified bi-Maxwellian o
with a temperature inhomogeneity along the parallel v&joci 10
v)|. The 24" Maxwellian is written
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whereg? = T /m is the square of the thermal velocity along 10

the perpendicular directio¥? = T./m are the square of
the mean velocities in the parallel directiaty, = (6, +
6_)/2 is the normalisation constant such that the two half-
Maxwellians are continuous af = 0 andm represents the
particle mass.

This velocity distribution function is both inhomogeneous
and anisotropic and sketches the velocity distributioresfip
cle at the particular point of space= 0 between two regions -5 0 , 5
of different temperature. Figure 1 shows th@ 2Maxwell- ylems Ly
ian between these two regions, and the two bi-Maxwellians_ . )
with hot temperaturé’, (atr > 0) and cold temperaturg. ~ F19- 1. The 24" Maxwellian with - = 1800 K andTy = 2200 K
(atr < 0). This model mimics the situation where the hot (lower plate) and the two bi-Maxwellians of the cold regiap(

. . . per left plate) and the hot regiorufper right plate) plotted as a
plasma of temperaturg, is diffusing toward the region of function of v and foru,. = 0. The perpendicular temperature of

cold plasma of temperatuife. and vice-versa. ~ the 24" Maxwellian and the two bi-Maxwellian was taken to be
The velocity moments of a species distribution function T, = 2000 K

f are expressed in the following way (Barakat and Schunk,
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andqﬁ respectively and are given by
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here the angle brackets denote th o = - s sty -, 5)
= 775 014 — - ;
where the angle brackets denote the average I Nora 111 I
€L
() = [ Arw)dv @  a=0 16
where 0Ty represents the difference between the tempera-
Because of the symmetry aroungdof the 24" Maxwell-  tyres of the hot and the cold regié®, = T, — T .
lan, the DOppler Ve|OCIty¢, the heat ﬂOV\q, the heat flow for Assuming the p|asma to be an electron gas, the veloc-

parallel energy| and the heat flow for perpendicular energy ity moments of the ZF Maxwellian can be compared with
gt are parallel to the-axis and have components, g, q the velocity moments of the Spitzer distribution with elec-
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tron temperaturd;, thermal velocity denotek and Knud- u [cm s} q eV cm s
sen numbeer = 2\, VT, /T, where), is the electron mean 108 10" I L >é1010
free path. The Knudsen number represents the ratio of th
microscopic length scalg, to the macroscopic length scale 25
T./VT, (Guio et al., 1998). The velocity moments of the 8 '
Spitzer distribution are written 2
6 6
= —— 1.5
u| mee'YTfT; (17) .
3T _ lme(ﬁf +26?) — lmeuﬁ, (18) !
2 2 2 2 05
T = med? — meuﬁ, (19) '
T, = mefg, . ) (20) 00 2000 3000 1000 2000 3080
n
q = —\/—2_7T9€3(5T6T — §nTu|| + gmenuﬁ, (21)
481 Temperature [K] 0 Tt /e anctT
g = 5t orer = 3nTuy + menf,  (22) 300 0.012
16n 1 0.01
qﬁ‘ = —\/LQ_FHS(STET - nTuH - gmenuﬁ, (23) 2500
0.008
wherevyp and §p are the normalised transport coefficients
defined in Spitzer and Harm (1953). 2000 0.006
There is a formal analogy between Eqgs. (10)—(15) anc
Egs. (17)—(22). It can be pointed out how the temperature 1500 0.004
differencedT. mimics V1, which appears in the Knudsen 0.002
numberer. The temperature differendd’. can be thought / '
as a temperature gradient between the two regions of differ 109
ent temperatures, and thus the Doppler velocity can be-intel 00 %CE%) 3000 1000 TZO[E)(? 3080
e

preted as a thermal diffusion process while the heat flow cal
be seen as a thermal conductivity process (Banks, 1966). Fig. 2. The mean Doppler velocity; (upper left plate), temper-
Itis possible, for any value of the electron densityand  aturesT (lower left plate) and heat flow; (upper right plate) of
the electron temperatufg, to determine values df;. and Egs. (10)—(14)thick line) and Eqgs. (17)—(21}kin line) as a func-
T_ in order to get identical heat flow for the 27" Maxwell-  tion of the electron temperatui# and for an electron density. =
ian and the Spitzer distribution function and at the same tim 10” cm™" and an electron temperature gradi8fit: = 5Kkm™".
keeping the respective temperatufégqual. The first term Tﬂ.e 'fwer ”%hthp'ate.;hows th?]_cclzrl_respondmg Knudsen nueipoe
in the heat flowg of Egs. (14) and (21) represents the ther- (thinline) and the rati@ T /T (thick line)
mal heat flow without Doppler velocity, we therefore require
that these two terms should be equal. Moreover, if we fake
equal tof,, we just have to require that the first term of the e o ) _
parallel temperaturg of Egs. (12) and (19) should be equal. €rgyqy will remain different since the anisotropy factar =

The temperature®. and T are then uniquely determined ¢ /4 for the 24" Maxwellian is different from the one of

by solving the following system of equations: the Spitzer function. In the Spitzer theopy, = 3 while for
{ (¢ — y)(@2 + 2 — 2007er the 240" Maxwellian p. = oo, which clearly means that for

the heat flowsy will be equal, the heat flow of parallel en-

3 3 _ _ (24) the 24" Maxwellian, the energy is only transported along the
(=" +v°) (@+y) =0 direction of the temperature gradient.

whereT, = z?T, andT" = y?T,. (x,y) are the real solutions
of Eqgs. (24) such that > 1 andy < 1. The first equation , , i
represents the condition on the first term of the heat flow an Di€lectric response function

the second equation is the condition on the temperatures If w i i i
To calculate the dielectric response function of an unmagne

want the heat flows for parallel energ&/to be equal instead tised and non-collisional plasma, the following integrithe

(as we will require in the last section) we simply replace thepormalised velocity probability distribution needs to ta-c
right hand side term of the first equati®0d e by 126 €. culated

Figure 2 shows the parameterg, 7' andq for the 27
the two distibution funcions will be equal by shitg the () = = [ S (25)
kv—w
parallel velocityv| of the distribution functions by a Doppler
velocity of the same values as the one of the upper left platén the geometry of a wave vectér parallel to thev-axis
of Figure 2 but of opposite sign. Note however that while oriented toward the cold region and in the convention that a
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positive velocityv gives a positive Doppler frequency, the 4 Plasma lines Doppler frequency

temperatures are swapped. Then the integration oves

carried out independently and we define the one-dimensiondh an incoherent scatter plasma lines experiment, one mea-

reduced 2F Maxwellian F, by

’U2
exp(— ﬁ),vu >0

1L 1
Fry (vy) = { of (26)
ﬁ;ﬁmm(—ﬁg,w<o

The integrally,, (k,w) is then written as a one-dimensional

integral function of the derivative of the reduced2Max-
wellian F,

- / SRR, (27)

I (b) == | R

This integral has the following analytic form

Ipy (kyw) =

{ Gl ( ) * 9\\9+WC( 7 ),Rew >0 (28)
9“19 Vg (ﬁ) + 0”—0+I/Vi (m) ,Rew <0

Wi and Wy are defined for complex argumefit= z + iy
such thaty > 0 and are written

* texp(—t2/2)
== [ e @)
WE(E) = W (&) — ML (), (30)
where
°°texp t2/2)
W(e \/ﬂ/ dt (31)

is the classical dispersion function for a Maxwellian thai c

be found for example in Ichimaru (1992) agél = |z| +
iy sgn z. W4 is related to the function

exp(—t2/2)

Z(
=(¢ t+¢

= 7= / dt, (32)

through the relation

() = 5 - €1 2:(c"). (33

Finally, Zy is written as a function of Dawson’s integradw

sures two sharp and narrow spectral lines, the down- and up-
shifted plasma lines corresponding to two Langmuir waves
(k—,w_) and(kt,w; ) travelling away from and toward the
radar. The frequency of the two plasma lines are solutions of
the following dispersion relation

kL + Wil (ke we) =0, (36)

wherew, is the electron plasma frequency.

We investigate the two solutiori&_, w_) and(ky,w; ) of
Eqg. (36) for the 2F Maxwellian and we define the Doppler
frequencyAF, as

Wy +wo
2m

The Doppler frequencyA . is then compared with the Doppler
frequency given by solving the heat flow approximation of
the dispersion relation of Kofmaat al. (1993). To derive the
heat flow approximation, the denominator of the integrand of
Eq. (25) is expanded in power serieskob /(w — k-u), then
integrated by parts, each term containing an average — de-
fined in EqQ. (9) — of a power of the velocity of the probability
distribution.

Fork along thev-axis, I; (k, w) takes the following form

k(o) —up)®)

If(k,w) = (w—kuy)? w k"LL” ( w ku”)

k2 {(v) —uy)*) (o) —uy)"
T k) (w— kuH) +oot(ntl) (w— kuH)” 3>)

AF, = (37)

Assuming in addition thajw — kuy| > kg wherev%|| =

1) /m. and that the distribution does not deviate dramatically
from a Maxwellian, the even order moments are lumped into
the W function of Eq. (31) and the odd order moments are
truncated at the third order, which gives the heat flow approx
imation

Kq)/(m.n)
4 (w — ku||)5 )

I(kw) = — (39)

Results of the computation afF7;. using the analytic form of
Eqg. (28) and the heat flow approximation of Eq. (39) for the
2-T Maxwellian as well as using a numerical code of the di-
electric function with the Spitzer function (Gugbal. (1998))
are shown in Figure 3 for theiECAT VHF radar @24 MHz)
and in Figure 4 for the BScAT UHF radar 931 MHz). The
effect of the Doppler velocity | has been eliminated by sub-

and the exponential integrBi; Dawson’s integral can be ex- tracting from the parallel velocity, of the 21" Maxwell-
pressed as a function of the modified complex error functiorian and the Spitzer function the mean Doppler velogityof

erfc (Abramowitz and Stegun, 1972):

219 = gt (J5) - gygeol- )R
daw(§) = —igefgz (erfe(—i€)—1). (35)

Eqgs (10) and (17) respectively. The difference from the Max-
wellian when it comes to evaluat&F. is therefore only the
effect of the skewness of the velocity distribution funotio

For the VHF radar, there is a good qualitative agreement
of the Doppler frequency\ F. as a function of the electron
densityn. using: the exact expression of the dielectric re-
sponse function for the Z- Maxwellian (Eq. 28), the heat
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b since the terms in the expansion of Eq. (38) are small. As

a consequence, the effect of the skewness of the distributio
function on the Doppler frequency is, as the heat flow approx-
imation shows, to shift the Doppler frequency in the same di-
rection as the heat flow and the heat flow behaves like a mean

F =224 MHz, T=2000 K, T=2005 K, T=1995 K, lﬂ=—3e+04 nev emts
1.02— ; T

0.98~;

Doppler velocity.

For the UHF radar there is also a good qualitative agree-
ment of the behaviour of the Doppler frequendy’, as a
function of the electron density at large plasma frequency
w, between the three calculations. The three calculations of
the dielectric response function predict an increase of the

measured Doppler frequency compared to the Maxwellian
which can be rather important. At low plasma frequency, the
Doppler frequency calculated using the exact calculation o
the dielectric response function differs from the one given
by the heat flow approximation. While the heat flow approx-
imation gives a relatively constant shift in the Doppler-fre
guency compared to the Maxwellian, independent of the elec-
tron density, the exact calculations of the dielectric tiorc

for the 294" Maxwellian and the Spitzer function tend to give
smaller Doppler frequency. The discrepancy is gettingdarg
the smaller the plasma frequency is, i.e. when the condition
|w| > kv is not well fulfilled.

0.92

I I I I I I I I I I I
0. 12 14 16 18 20 2% 24 26 28 30 32
we kVe

Fig. 3. EiscAT VHF radar. The calculated Doppler frequendy.
using Eq. (28) lid line) and Eq. (39) dashed dot line), using a
numerical code (Guiat al. (1998)) to calculate Eq. (25) for the
Spitzer distributiondashed line) and for a Maxwelliandotted line).
The Doppler frequency is plotted as a function of the ratigkvz ,
the electron temperatufg is 2000 K and the Knudsen numbes i
is 2 - 10~°. The frequencyf. that corresponds ta./k6) varies This shows that the truncation done for the heat flow ap-
from about3 MHz to nearl5y9 M}%z andgcorresponds to an electron proximation has to be done very carefully and that the ap-
densityn. varying from10” to 10" cm proximation breaks for ratif|/kvr, smaller than 5-6. More-
over it is seen that even though the two distribution func-
tions considered have the same temperature and the same heat
flow for parallel energy, the dielectric response behaves-qu
X . itatively in an identical way but quantitative differencas
Un Lo ' ‘ 1 noteworthy. These differences have to be accounted tothe di

’ 5y ) ferences in higher order moments of the distribution fuorcti

FO=931 MHz, T=2000 K, T=2005 K, T=1995 K, (H=—3e+04 rgeV emits?t

[ee]

5 Conclusion

We have presented a new tool, th&Maxwellian, to model

the particle velocity distribution in a plasma with a terger

, ture gradient and have compared the properties of the veloc-
/ ity moments to the results of the classical Spitzer distiiyu

' function. We have seen that it is possible to parametrise the
) 2-T Maxwellian to get an equal heat flow to the Spitzer re-
sult. An analytic form of the dielectric response functi@sh
been presented for this new distribution, and has been used
to calculate the Doppler frequency of plasma lines in an in-
coherent scatter experiment. The result has been compared
to the Doppler frequency given by the heat flow approxi-
mation. It has been shown that good qualitative agreement
is obtained between the heat flow approximation of the di-
electric function and the exact calculation for low-freqog
radars also for high-frequency radars if the plasma frequen

is high. However for accurate calculations such as the ealcu
lation of the plasma line Doppler frequency, it is seen that
the exact calculation of the dielectric function is impaita
together with a good representation of the distributiorcfun
flow approximation (Eg. 39) and the numerical calculationtion, especially for high-frequency radars and at low plasm
of the dielectric response function for the Spitzer disttitn ~ frequency, i.e when the ratj@|/ k6, is smaller than 5-6.
(Guioetal. (1998))). For such large values of the phase veloc- The 24" Maxwellian is not expected to represent a true
ity vy = wy/ky,i.e.whenwy| > kivr, the three calcula-  physical model of the distribution function in the presente
tions predict a moderate increase of the observed Doppgler fr a gradient of temperature but nevertheless is a realistic to
guency compared to the Maxwellian case (less th#nHz) for investigating this type of plasma. We expect that thE 2-

! 6 65 7 75 8

3 35 4 45 5 o ?k?/
e e

Fig. 4. EiscAT UHF radar. The calculated Doppler frequengy’.
using Eq. (28) folid line) and Eq. (39) dashed dot line), using the
same numerical code to calculate Eq. (25) for the Spitzérilolis
tion (dashed line) and for a Maxwelliandotted line). The Doppler
frequency is plotted as a function of the ratio/kvz; for the same
temperaturel; and Knudsen numbesr as in Figure 3. The cor-
responding frequency, varies also from abow MHz to nearly
9 MHz which corresponds to an electron denasity varying from
10°t010° cm ™2
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Maxwellian should be useful in the qualitative study of in-

stabilities due to heat conduction in a plasma, especially i

ionospheric studies where temperature gradients arergrese
The 24" Maxwellian could also be a good investigation tool

to study the effect of an angle with the magnetic field on the
Doppler frequency in incoherent scatter plasma lines ebser
vations.
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Abstract. In an incoherent scattering radar experiment,
the spectral measurement of the so-called up- and
downshifted electron plasma lines provides information
about their intensity and their Doppler frequency. These
two spectral lines correspond, in the backscatter geom-
etry, to two Langmuir waves travelling towards and
away from the radar. In the daytime ionosphere, the
presence of a small percentage of photoelectrons
produced by the solar EUV of the total electron
population can excite or damp these Langmuir waves
above the thermal equilibrium, resulting in an enhance-
ment of the intensity of the lines above the thermal level.
The presence of photo-electrons also modifies the
dielectric response function of the plasma from the
Maxwellian and thus influences the Doppler frequency
of the plasma lines. In this paper, we present a high
time-resolution plasma-line data set collected on the
Eiscat VHF radar. The analysed data are compared
with a model that includes the effect of a suprathermal
electron population calculated by a transport code. By
comparing the intensity of the analysed plasma lines
data to our model, we show that two sharp peaks in the
electron suprathermal distribution in the energy range
20-30 eV causes an increased Landau damping around
24.25 eV and 26.25 eV. We have identified these two
sharp peaks as the effect of the photoionisation of N
and O by the intense flux of monochromatic Hell
radiation of wavelength 30.378 nm (40.812 eV) created
in the chromospheric network and coronal holes.
Furthermore, we see that what would have been
interpreted as a mean Doppler drift velocity for a
Maxwellian plasma is actually a shift of the Doppler
frequency of the plasma lines due to suprathermal
electrons.

Key words. Ionosphere (electric fields and currents;
solar radiation and cosmic ray effects).

Correspondence to: P. Guio
e-mail: patrick@phys.uit.no

1 Introduction

The enhancement process of the plasma line is well
understood theoretically (Perkins and Salpeter, 1965;
Yngvesson and Perkins, 1968; Bjerna et al., 1982;
Bjorna and Trulsen, 1986) and has been confirmed by
measurements both during daytime (Perkins et al., 1965;
Yngvesson and Perkins, 1968; Lejeune and Kofman,
1977; Kofman and Lejeune, 1980) and in auroral
conditions (Oran et al., 1981; Kirkwood et al., 1995).
The problem of estimating the field-aligned electron net
current from an incoherent scatter Doppler measure-
ment of the electron plasma lines has also been studied
for some time (Vidal-Madjar et al., 1975; Bauer et al.,
1976; Showen, 1979), yet the work on the subject has
progressed rather slowly, partly due to experimental
problems (the spectra needs to be estimated) and partly
due to the lack of theoretical understanding. It is
expected that by simultaneous measurements of the
frequency of the up- and downshifted plasma lines one
could deduce the mean Doppler velocity u, of the
electron velocity distribution function along the scatter-
ing direction.

At first, an additional asymmetry between the
Doppler frequency of the plasma lines was identified
for an isotropic Maxwellian plasma. This asymmetry is
due to the difference in magnitude of the wave numbers
of the up- and down-going Langmuir waves (Showen,
1979). This term is proportional to a temperature-
dependent correction term (Debye correction) in the
dispersion relation for Langmuir waves and was pointed
out as a possible method for the independent determi-
nation of the electron temperature (Hagfors and Leh-
tinen, 1981). Later, Kofman et al. (1993) showed that by
introducing in the dispersion relation a heat flow
correction term that takes into account the effect of
the temperature gradient of the electron temperature,
that their data collected with the Eiscat UHF radar
during daytime were in better agreement with the
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prediction of no field-aligned. This heat flow correction
term behaves as an additional mean Doppler velocity
that artificially increases the difference of the Doppler
shifts of the plasma lines. Guio et al. (1998) showed that
the heat flow effect was underestimated for UHF radars
by comparing the heat flow approximation of the
dispersion relation with a full numerical estimation of
the dielectric response function using the Spitzer velocity
distribution for a plasma with a temperature gradient
(Cohen et al., 1950; Spitzer and Hérm, 1953). It was also
shown that for VHF radars, suprathermal electrons
would contribute to modify the dielectric response
function and thus the Doppler frequency of the plasma
lines. It is noteworthy that while the suprathermal effect
on the Doppler frequency has been investigated with a
Maxwellian to represent the photoelectrons distribution
(Bauer et al., 1976), it has to our knowledge, never been
observed in data.

In this paper we present a high temporal resolution
data set collected on the EiscaT VHF radar. The plasma
line analysis consists of two parts. First, the result of the
analysis of the intensity of the plasma lines is compared
with a model that calculates the theoretical enhancement
caused by suprathermal electrons described by the
angular velocity distribution derived form the electron
angular intensity flux calculated by a transport code
(Lummerzheim, 1987; Lummerzheim and Lilensten,
1994). Once we find an electron velocity distribution
that gives correct intensity compared to the measured
intensity, we use the full numerical calculation of the
plasma dielectric response (Guio et al., 1998) to estimate
the mean Doppler velocity u, of the ambient electrons,
and the plasma frequency w,. The results are compared
with the Maxwellian case.

2 The data

The plasma line data were collected with the EiscaTt
VHF radar (223.8 MHz) near Tromse, Norway on 22
June 1994 from 15:00 UT to 16:00 UT. The antenna was
pointed vertically which gives an angle of about 12° to
the magnetic field line at 250 km. The ionospheric
conditions were quiet, a F10.7 index of 75 and an A,
index of 6 were measured.

The data were collected with the long pulse technique
first described by Showen (1979) and the measurement
of the plasma lines was done at the peak of the F-layer.
A special tracking program that interacts with the radar,
attempts to tune the radar receiver every dump so that
the critical frequency of the peak of the F-layer is
centred in the 100 kHz observation window filtered with
a 80 kHz filter. Three receiving channels, one for the
upshifted, one for the downshifted plasma line and one
for the ion line, were used simultaneously, with the same
spatial resolution. A single long pulse with length 450 ps
was transmitted and signal was collected at a sampling
rate of 10 us. A 33-point autocorrelation function with
correlation time between 0 and 320 ps by step of 10 s
was computed for five gates as a function of altitude, on
each channel. The first gate was situated at 178 km, the

gate separation was 37.5 km, thus the last gate is
situated at 328 km, and the volume probed for one gate
was about 45 km. In addition to the 450 us long pulse, a
very long pulse of 900 us was transmitted to measure the
ion line. Eleven gates were computed from 317 km up to
1217 km and the volume probed for one gate was about
100 km. The initial integration period was 2 s, and the
up- and downshifted plasma lines autocorrelation func-
tions were analysed at the same time resolution while the
ion line data were post-integrated to a 30-s period before
analysis.

Figure 1 presents the ionospheric parameters extract-
ed from the ion line analysis as a function of altitude.
Each panel presents the parameter obtained from both
the 450 ps and 900 ps pulses. The two dashed lines on
each panel represent the 1-¢ deviation of the parameter
averaged over the 1-h period while the solid line is the
averaged parameter. The fitting procedure did not
converge for the 900us very long pulse above the
altitude of 850 km due to low backscattered signal, as it
is seen on the electron density n,, the electron and ion
temperature 7, and 7; and the ion mean velocity u;. The
ionospheric parameters remained very stable over the
time period of the experience.

800 [ [i 1 i
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400

300
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N : | :
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02468 2000 3000 -100 0 100
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Fig. 1. The electron density 7., the electron and ion line temperatures
T, and T; and ion mean drift velocity u; as a function of altitude
averaged over the 1-h period of the experiment run. The dashed lines
represents the 1-¢ deviation from the averaged parameter (solid line)
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The plasma line data were analysed using a least-
square fit method that uses a model of the autocorre-
lation function adapted to the observation of plasma
lines with the long pulse technique (Kofman et al., 1981;
Heinselman and Vickrey, 1992; Kofman ez al., 1993).
The least-square fit method allows accurate extraction
of the critical frequency at the electron density peak of
the F-layer, the intensity and the frequency width of the
plasma lines as well as the electron density scale height
around the peak and the height of the F-region peak.
Figure 2 shows an example of a fit of an autocorrelation
function collected at a 2-s integration time. The intensity
of the plasma line is fitted in terms of the antenna
temperature and is then converted into electron plasma
temperature (Yngvesson and Perkins, 1968) by taking

ECHOV 94-06-22 15:09:06 (2s)
Down plasma line (-4.36 MHz) Up plasma line (+4.36 MHz)

o
60 oo S
50 | : '
40t
30
20 i\
o

Intensity (K)

Intensity (K kHz™")

b g i . i ] i i i i i
40 20 0 20 40 40 20 0 20 40
Frequency (kHz) Frequency (kHz)

Fig. 2. Example of the result of a fit of the up- and downshifted
plasma lines. The two upper panels show the measured complex
autocorrelation functions expressed in units of antenna temperature
(dashed line) and the theoretical model (solid line). The curves with the
intensity equal to zero at the zero lag delay are the imaginary parts.
The two lower panels present the corresponding power density
spectrum where the critical frequency is more easily identified in the
spectral shape

into account the radar constant and the frequency-
dependent effective antenna area (Guio et al., 1996).

Figures 3 and 4 show the parameters extracted from
the plasma line analysis, Fig. 3 is for the downshifted
plasma line and Fig. 4 for the upshifted. The top panels
present the critical frequencies f,+ and the third panels
the intensities of the lines 7,.. The second panels show
the corresponding phase energies Eg. of the Langmuir
waves at the frequencies f,. defined by

1

Egs = 3me vg,, (1)
where vy = 27 f,+ /k+ is the phase velocity of the wave,
ky = 2n(fo + fo + fro)/c is the scattered wave vector of
the Langmuir wave in the backscatter geometry with a
radar of frequency fy, and m, is the electron mass. The
lowest panel in each figure shows the bandwidth o/, of
the plasma lines over the 1-h period of observation.
Note that for low-frequency radars such as the EiscaT
VHF radar, the difference Af,+ = f,+ + f,— of Doppler
frequency between up- and downshifted plasma lines is
of the order of 1 kHz and it corresponds in term of

ECHO-V 22/06/94 Downshifted line
Frequency -f,. (MHz)

48 ! ;

4.2 i i i i i i
Phase energy E,. (eV)

30 ! T

Intensity T,,. (eV)

0 ; ; ; ; ; ;
Line width & f. (kHz)

i i

15:25 15:35 15:45 15:55

Time (UT)

15:05 15:15

Fig. 3. The parameters extracted from the downshifted plasma line
analysis for the 1-h period of observation. From top to bottom: the
absolute value of the critical frequency |f,_|, the corresponding phase
energy E,_, the intensity of the line (or plasma line temperature) 7,
and the line width d/_
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ECHO-V 22/06/94 Upshifted line
Frequency f,, (MHz)

4.2
Phase energy E,, (eV)

28 ! ;

22 H i i i i i
Intensity Ty, (eV)

O i i i i i i

Line width & f, (kHz)

15:05 15:15 15:25 15:35 15145 15:55
Time (UT)

Fig. 4. The parameters extracted from the upshifted plasma line
analysis for the 1-h period of observation. From fop to bottom: the
critical frequency f,,, the corresponding phase energy Eg4., the
intensity of the line (or plasma line temperature) 7, and the line
width o’

phase energy into a difference AEy = Ey, — Eg_ of the
order of —1 eV.

The intensity of the plasma lines presents interesting
variations in the 1-h observation period. At a first look,
the intensity of the up- and downshifted line seems to
have a very different behaviour as a function of time. In
Fig. 4, the intensity of the upshifted plasma line around
15:12 UT, for phase energies E4, about 24.25 eV shows
a significant drop. A similar drop can be observed
around 15:43 UT, for phase energies around 26.25 eV.
In Fig. 3 the intensity of the downshifted plasma line
around 15:24 UT, for phase energies E,_ around
26.25 eV exhibits also a similar drop. At the same time,
the frequency width of the plasma lines is increasing (see
the lowest panel of Figs. 3 and 4). For the VHF radar,
the natural frequency width of the plasma lines is
controlled by the collisional damping and the Landau
damping of the suprathermal electrons. The collisional
damping is a function of the electron-neutral and
electron-ion collision frequencies (Newman and Oran,
1981) and of the phase velocity of the wave (Perkins and
Salpeter, 1965). As seen in the third panel from the top

in Fig. 6, the electron collision frequency derived from
the ion line analysis, does not vary much over the
observation period. The phase energy of the plasma
lines, as seen in the second panel from top in Figs. 3 and
4, and thus the phase velocity is increasing smoothly. It
is therefore very unlikely that the collisional damping
could provoke such variations in the intensity, instead it
is likely that the variations in the intensity of the plasma
lines are caused by an increase in the Landau damping
of the suprathermal electron population at these phase
energies (Perkins and Salpeter, 1965). This explanation
is reinforced by the fact that both the up- and
downshifted plasma lines exhibit a drop in intensity
for the same phase energy of 26.25 eV, i.e. for the same
velocity in the electron velocity distribution. Note that
the drop of intensity observed on the downshifted line at
15:24 UT is spread over a longer period because of the
slow variation of the phase energy at this time. As seen
in Fig. 5, the behaviour of the up- and downshifted
plasma lines intensity as a function of the phase energy is
very similar.

In order to analyse the intensity and Doppler
frequency of the plasma lines, one needs an estimate
of the parameters describing the ambient part of the
electron distribution function (Guio et al., 1998). These
parameters are estimated directly from the ion line
analysis or derived from the ion line analysis. Figure 6
presents the parameters of the ambient part of the
electron distribution function interpolated at the alti-
tude corresponding to the peak of the F-region where
the plasma lines are measured. The electron density n,
and electron temperature 7, are directly estimated. The
electron collision frequency v, includes the electron-
neutral and electron-ion collision frequencies defined by
(Newman and Oran, 1981)

Ven = 5.4 x 1071, 1!/ (2)

T3
Vo = <34.0 +4.18 logn—e) n 32 (3)

e

Upshifted line temperature Ty, (eV)

Downshifted line temperature T, (eV)
6 T T T T T

0 L i I n i
24 25 26 27 28

Phase energy (eV)

Fig. 5. The temperature 7, and T,_ of the up- and downshifted
plasma lines from the 1-h observation of Figs. 4 and 3 plotted as a
function of their phase energy, respectively £y, and E4_
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ECHO-V 22/06/94

4 x10° Electron density (cm)

0 i ! i ! ! !

2000 i i .l - l -1i l
120 Electron collision frequency (s™')
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60 ; ; : : : :

. ; 1 ; : ; :
5.4 x10° __Knudsen numberer .
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240 . . . .
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15:05 15:15 15:25 15:35 15:45 15:55
Time (UT)

Fig. 6. The parameters for the ambient part of the electron
distribution function interpolated at the altitude where the critical
frequencies of the plasma lines are estimated (bottom panel)

where the density are in cm™ and n, is the neutral
density calculated by the MSIS-90 model (Hedin, 1991).
The temperature gradient V7, is estimated numerically
from the ion line data. The Knudsen number
er =22.VlogT, (Guio et al., 1998) where A, is the
electron mean free path, is a parameter used in the
Spitzer function (Cohen et al., 1950; Spitzer and Harm,
1953) to represent the electron ambient distribution
function in presence of a temperature gradient.

3 Analysis

The analysis is split into two parts. First the electron
suprathermal distribution function is adjusted so that
the calculated intensity matches the measured intensity.
When a satisfactory suprathermal distribution function
is determined, it is then used to calculate the electron
Doppler velocity u, as well as the plasma frequency w,.

3.1 Intensity analysis

In order to estimate the plasma line temperature
theoretically, we need a model for the suprathermal

electrons. We use the suprathermal velocity distribution
fs which we derive from the angular energy flux ¢
calculated by the electron transport model code along
the Earth magnetic field, described in Lilensten et al.
(1989) and Lummerzheim and Lilensten (1994). The
ionospheric parameters n,, T, and 7; we used as input to
the transport code are the averaged parameters of Fig. 1.
The code calculates the angular energy flux for 100
altitudes between 90 km and 400 km and we get seven
angular fluxes in the altitude range 236-263 km.

Using a BGK model for the collisions, an expression
for the intensity of the plasma line can be derived from
the theoretical plasma line power spectrum for any
arbitrary electron velocity distribution (Sheffield, 1975;
Bjorna and Trulsen, 1986) in the same way as done by
Perkins and Salpeter (1965) for isotropic but not
necessarily Maxwellian distribution. This new expres-
sion for the plasma line intensity expressed in terms of
the two complex functions P and Z is valid for any
arbitrary anisotropic velocity distribution that produces
a stable plasma. The complex functions P and Z
involved in the calculation can be replaced by their
numerical approximations P, and Z, defined in Guio
et al. (1998) and the intensity expressed as a temperature
T,+ of the plasma lines is written

kﬂ},i = kaeX
2
Upt | _ Ugpt ve Vgt
vgs Im P, () o 2e P,,(Ue>
2y

v m Z, (%) + ()" Re P, (22)

Ve Vp+ Ve

(4)

where v, is the sum of the electron-neutral and electron-
ion collision frequencies of Egs. (2) and (3),
ve = \/kpT./m, is the electron thermal velocity and

Z, <l;—/) = (1—2)z° (l;—/> + ozt (Z—") (6)

where P¢, Z are the contributions from the ambient
population while P$, Z° are due to the suprathermal
electrons. The dimensionless number o denotes the
percentage of suprathermal electrons.

Our investigation to determine the ad hoc velocity
distribution function for the suprathermal electrons
shows that the detailed structure of the distribution in
the concerned energy range (23-29 eV) is depending on
the solar intensity flux responsible for the creation of
photo-electrons. Figure 7 shows the model for the solar
intensity flux spectrum (Torr and Torr, 1985) we
basically used. The solar intensity for any F10.7 is
deduced by interpolation between the two reference
fluxes of Fig. 7. Since that time, a lot of work has been
done in order to get a better estimate of this flux. Most
recent results include Warren et al. (1998a, b); Tobiska
and Eparvier (1998) and Woods et al. (1998). We tested
several more recent models, but in the energy range
relevant in this paper, we did not find significant
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x10° Solar intensity flux

(Photons cm? st nm'l)

| I 1
0
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Wavelength (nm)
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Fig. 7. The model for the solar intensity flux (Torr and Torr, 1985).
The thin line is for solar maximum (F10.7 = 243) and the thick line
for solar minimum (F10.7 = 68). The solar flux for any arbitrary
F10.7 is deduced by interpolation between theses two references fluxes

differences. The cross section set is from Fennelly and
Torr (1992). The two sharp peaks in the suprathermal
angular velocity distribution function, seen in the top
panel of Fig. 8, at energies 24.25 eV and 26.25 eV are
the effect of the photoionisation of N, and O by the
discrete line of photons of wavelength 30.378 nm
(40.812 eV), corresponding to the solar emission of
Hell in the chromospheric network and coronal holes.
Indeed, ionisation thresholds are 15.58 eV for N, and
13.61 eV for O. During an ionisation, the electron leaves
the ion with the energy of the input photon minus the
threshold energy, which should give two peaks at
energies 25.232 eV for N, photoionisation and
27.202 eV for O photoionisation. The discrepancy
found can be interpreted as a mean energy left by the
incident photon to the target atom or molecule during
an ionization : in average, the nitrogen ion keeps about
one electronvolt. This result was theoretically expected
by chemists : the study of the dissociative ionisation of
N, by photons between 23 and 30 eV has shown that the
kinetic energy of the ion evolves with the initial energy
of the photon (R. Thissen, personal communication).
When the electron is left with no energy, the mean
energy of the ion may be up to 1 eV, and even more
(1.6 eV has been observed with initial photons of
30 eV). To our knowledge, if this interpretation and
our comparison are correct it is the first time that it is
conspicuous and that this energy can be numerically
evaluated. It has a certain importance as far as electron
density computations are concerned. Indeed, in the
ionospheric models, the coefficients for the chemical
recombinations involving Nj are considered for a
ground state ion. The coefficients involving excited ions
can be multiplied by a factor of 10 (Chiu et al., 1995).
The effect of excited neutral nitrogen (and especially
vibrational excitation) on calculation of electron densi-
ties has long been a subject of study [see for example
Pavlov and Buonsanto (1996) and references herein], but
the same effect for ions is still a new subject of
investigation.

%1025 fo (vu) (cm™® s® sr') at 241 km
3 T

-6 1 L 1 L 1 L L 1 L

lim Z5)

2 1 L 1 L 1 L L 1 L

23.5 24.0 245 25.0 25.5 26.0 26.5 27.0 27.5 28.0 28.5
Energy (eV)

Fig. 8. The suprathermal electron angular velocity distribution
function (fop panel) at 241 km calculated by a 32-streams run of the
transport code to gives the distribution at 32 angles and the complex
functions P, and Z; calculated numerically with this distribution
function, in the energy range 23.5-28.5eV. The thin line is for
downward phase energy and the thick line is for upward phase energy

Figure 8 shows the velocity angular distribution in
the energy range 23.5-28.5 eV (top panel) calculated by
the transport code at 241 km and the real and imaginary
parts of both the P} and Z; functions estimated with this
distribution. It is seen that the two sharp peaks at
24.25 eV and 26.25 eV in the angular distribution (top
panel) transform into the imaginary part of Z; function
(proportional to the Landau damping) as increases at
the same energy and into the imaginary part of P
function (proportional to the one-dimensional reduced
distribution along the scattering direction) as a sharp
decrease in the suprathermal population.

The magnitude of the suprathermal distribution at
the energies corresponding to the two sharp peaks at
24.25 eV and 26.25 eV is proportional to the flux of the
solar discrete emission line of Hell and so is the
imaginary part of Z’. At the same time it does not
influence significantly the magnitude of the distribution
at other energies. So that, we had to actually reduce by
five the intensity of the flux of the Hell discrete line (see
Fig. 7) for the solar minimum i.e. F10.7 = 68, while
keeping the same value for the continuum in order to get
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a magnitude of the damping that reproduced correctly
the temporal variations of the plasma line temperatures.
Such variations of the intensity of the flux over time
period of a few hour have been observed (J. Aboudar-
ham, personal communication).

In addition to the adjustment of the intensity of the
flux of the Hell discrete line and in order to resolve
correctly the two peaks at these energies we modified the
energy grid of the transport model in the range 20-32 eV
to a higher resolution linear grid of energy step -1 eV.

Figure 9 shows the results of the theoretical calcula-
tions of the intensities together with the data. After the
adjustments of the parameters in the transport code, the
calculated intensities are seen to be in good agreement
with the measured ones. It is important to note that
while these modifications in the parameter of the
transport code influence substantially the distribution
function at the energies corresponding to the two peaks,
they do not change otherwise the global properties of
the suprathermal electron distribution function.

3.2 Doppler frequency analysis

We now present a method to derive both the electron
Doppler velocity u, of the ambient electron population
and the electron plasma frequency w, from the mea-
sured up- and down shifted plasma line frequencies.
The down- and upshifted plasma lines correspond to
two Langmuir waves (k_,w_) and (k,.,w,) travelling
away from and toward the radar, respectively, in the
backscatter geometry. They are high-frequency solu-
tions of the dispersion relation (Guio et al., 1998)

1+ ( e >2Re Z, <2nf’i> =0 (7)

ki Ve ki Ve

Eliminating w, and v, between these two equations and
replacing Z, by its ambient and suprathermal compo-

Upshifted line intensity T, (eV)
8 T T T T T T

15:45 15:55

15:05 15:15 15225 15:35
Time (UT)

Fig. 9. Comparison between the measured plasma line intensities and
the modelled intensities as a function of time. The modelled intensities
are calculated using the P{ and Z; functions of Fig. 8

nents and replacing the frequencies f,+ by the phase
velocity vy, the electron Doppler velocity u, of the
ambient electron population is the solution of the
following equation

2 ((1 — o)Re Z° (Lv_ ”) +oRe Z¢ (”%)) -

K ((1 ~2)Re Z; (%) toReZ, <US+>>
(8)

where the drift velocity u, appears only in the terms
relative to the ambient component Z¢ and we will
consider here two models of velocity distribution to
describe the ambient population: a Maxwellian and a
Spitzer function that takes into account the gradient of
the electron temperature (Guio et al., 1998).

Once the Doppler velocity u, is found, the plasma
frequency w, is given by

W = (ksve) X

1
_ -2
’(1 — 2)Re Z;(M) +oRe Z¢ <U‘_’i>’
Ve v

©)
either evaluated for the down-going Langmuir wave
with phase velocity v+ or the up-going one with phase
velocity vg_.
Figures 10—-12 show the result of this analysis. Figure
10 presents the Maxwellian case whereas Fig. 11 is for
the Maxwellian superimposed with the suprathermal
distribution and Fig. 12 is for the Spitzer function
superimposed with the suprathermal distribution.
The data set can be separated into three intervals
where the Doppler velocity u, is constant: before the first

Electron and ion drift velocity (m 3'1)

500

-500

4.7

i

15:25 156:35 15:45 1555

Time (UT)

15:05 15:15

Fig. 10. The upper panel shows the estimated ion drift velocity u;
(thick line) from the ion line analysis and the electron drift velocity u,
(thin line) from the analysis method based on Eq. (8) without
suprathermal population (« = 0) and assuming a Maxwellian ambient
population with the parameters of Fig. 6. The lower panel shows the
estimated plasma frequency ,./2n given by Eq. (9)
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Electron and ion drift velocity (m s™)
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Fig. 11. The upper panel shows the estimated ion drift velocity wu;
(thick line) from the ion line analysis and the electron drift velocity u,
(thin line) from the analysis method based on Eq. (8) with a
suprathermal population described by the distribution function of
Fig. 8 with a Maxwellian background of parameters of Fig. 6. The lower
panel shows the estimated plasma frequency w, /2n given by Eq. (9)

Electron and ion drift velocity (m s")
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i

4.3 i i i i
15:05 15:25 15:35 15:45 1555
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Fig. 12. The upper panel shows the estimated ion drift velocity u;
(thick line) from the ion line analysis and the electron drift velocity u,
(thin line) from the analysis method based on Eq. (8) with a
suprathermal population described by the distribution function of
Fig. 8 and a Spitzer function for the ambient electrons with
parameters of Fig. 6. The lower panel shows the estimated plasma
frequency /2 given by Eq. (9)

feature of change of sign at 15:12 UT, between the
second feature at 15:23 UT and the third one at
15:43 UT and after this last one. Table 1 gives the
mean value of the Doppler velocity u, for the different
models considered as well as the mean value of the ion
Doppler velocity u; for these three time intervals. The
effect of the suprathermal electrons is clearly seen, our
suprathermal velocity distribution reduces the relative
differences of u, between the three intervals. The effect
of the Spitzer function is thereafter to shift down the
whole mean drift velocity, which we expected as the heat

Table 1. Mean value of the electron Doppler velocity u, for the
four different models considered: a Maxwellian, a Spitzer function,
a Maxwellian superimposed with a suprathermal distribution and a
Spitzer superimposed with a suprathermal distribution as well as
the ion Doppler velocity u; estimated from the ion line analysis.
The suprathermal distribution is the one shown in Fig. 8 and the
parameters of the Spitzer function are the one of Figure 6. The
mean Doppler are calculated for the three time intervals
considered. The first number in each column is the velocity in
ms™! while the number in parenthesis is the equivalent frequency
Doppler shift in Hz

14:57-15:09  15:26-15:39  15:46-16:00
Maxwellian =25 (-74) -72(-214) +37(+112)
Spitzer =57 (-169) -95(-282) +17 (+50)
Maxwellian + Supra +22 (+66) —10 (-29) +48 (+143)
Spitzer + Supra -10 (=30) =32 (-97) +27 (+82)
Ion line Doppler u; —15 (-45) =27 (-81) —29 (-86)

flow effect behaves like a mean Doppler velocity. The
superposition of the suprathermal distribution to the
Spitzer function (with parameters of Fig. 6) gives
estimates of u, in best agreement with u;.

On the other hand, we were not able to reduce
considerably the features at 15:12 UT, 15:24 UT and
15:43 UT even though they are probably the effect of the
suprathermal electrons as it can be thought by examining
carefully the real part of the Z function of Fig. 8.
Qualitatively, the real part of Z; around 24.25 eV and
26.25 eV has a correct shape to compensate these changes
in the electron Doppler velocity u,. These three events are
characterised by an abrupt change of sign of the Doppler
velocity. During the first feature at 15:12 UT the Doppler
velocity first decreases, then increases. At this time, the
phase energy of the upshifted plasma line moves across
24.25 eV where the real part of Z{ first increases, then
decreases while the phase energy of the downshifted
plasma line is around 25.25 eV where the real part of Z;
increases slowly (see Fig. 8). Thus the term k> ReZ: (Ep+)
of Eq. (8) is varying qualitatively correctly so that Eq. (8)
should be satisfied without such variations being reflected
on the electron Doppler velocity u,.. During the two other
features the same effect is observed. At 15:24 UT the
phase energy of the downshifted plasma line moves across
26.25 eV which gives an opposite effect, it is now the term
k2ReZS(E4-) of Eq. (8) that compensates. At 15:43 UT,
the phase energy of the upshifted plasma line moves
across 26.25 eV which gives an effect in the same direction
as the first one. Moreover the first feature at 15:12 UT is
not so emphasised as the two other ones. It corresponds to
the N, photoionisation peak while the two other features
correspond to the O photoionisation which effect on the
real part of Z is more emphasised than for the N, peak.

It can be pointed out that the frequency correction
caused by our model of photoelectrons is of the same
order as the one predicted with a Maxwellian photo-
electron population (Bauer et al., 1976). We note also
that while the difference of the electron mean velocity u,
is substantial, the difference in the estimated plasma
frequency w, remains under 1 KHz.
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4 Conclusion

We have discussed a high time resolution plasma line
data set measured by the Eiscat VHF radar in the
summer daytime ionosphere. We have presented a
method to analyse both the intensity and the Doppler
frequency shift of the plasma lines using a model taking
into account the suprathermal electron population and
the effect of the electron temperature gradient on the
ambient population. The data set has been analysed
with this method. Parameters of the electron transport
code, such as the solar intensity flux and the ionisation
threshold of N, and O had to be adjusted to take into
account correctly the detailed structures of the supra-
thermal distribution in the energy range 23.5-28.5 eV.
Our model reproduces well the temporal variations of
the intensity of the plasma lines and we have identified
the effect of N, and O photoionisation at 24.25 eV and
26.25 eV caused by the solar discrete emission line Hell.
We then derived the electron mean Doppler velocity and
the plasma frequency and identified also the effect of N,
and O photoionisation. It is shown that our model for
photoelectrons superimposed with a Spitzer function for
the ambient electrons is able to reproduce the variations
in the intensity of the plasma lines as well as explain
substantially the variations of the Doppler frequency of
the plasma lines for the data set measured with the
Eiscat VHF radar.
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