ITANEIIIZSTHMIO IQANNINQN
Y. XOAH OETIKON EMNISTHMON
TMHMA PYIIKHE

MeAetn Iooppomiog xouw Evctdieiog
EAwoglo0g 2Zugueteixo)
Moayvnticuevou ITAdcuatocg

AxiAAéag Evayyerdg

Awdoxtopnry AtotplSm)

[QANNINA 2020






UNIVERSITY OF IOANNINA
SCHOOL OF NATURAL SCIENCES

DEPARTMENT OF PHYSICS

DISSERTATION

Equilibrium and Stability of Helically
Symmetric Magnetized Plasmas

SUBMITTED IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR
THE DEGREE OF:

DOCTOR OF PHILOSOPHY IN PHYSICS

BY
Achilleas Evangelias

IOANNINA 2020






THREE-MEMBER ADVISORY COMMITTEE:

e GEORGE THROUMOULOPOULOS (Supervisor)
Professor, Section of Astrogeophysics, Physics Department, University of loannina
e GEORGE LEONTARIS
Professor, Section of Theoretical Physics, Physics Department, University of loannina

e ALEXANDER NINDOS

Associate Professor, Section of Astrogeophysics, Physics Department, University of loan-
nina

SEVEN-MEMBER EXAMINATION COMMITTEE:

1. GEORGE THROUMOULOPOULOS
Professor, Section of Astrogeophysics, Physics Department, University of loannina

2. GEORGE LEONTARIS

Professor, Section of Theoretical Physics, Physics Department, University of loannina

3. ALEXANDER NINDOS
Associate Professor, Section of Astrogeophysics, Physics Department, University of loan-
nina

4. KYRIAKOS HIZANIDIS

Emeritus Professor, Division of Electromagnetics, Electrooptics and Electronic Materials,
School of Electrical and Computer Engineering, National Technical University of Athens

5. SPIROS PATSOURAKOS
Associate Professor, Section of Astrogeophysics, Physics Department, University of loan-
nina

6. NIKOLAOS BAKAS

Assistant Professor, Section of Astrogeophysics, Physics Department, University of loannina

7. ToanNIS KOMINIS

Assistant Professor, Department of Mechanics, School of Applied Mathematical and Phys-
ical Sciences, National Technical University of Athens



IMMPAKTIKO AHMOZXIAL [TAPOYZIAZHE EZEETAXHIZ KAI AEIOAOI'HEXHE
AIAAKTOPIKHEZ ATIATPIBHE

Inuepa Tetdprn, 10 louviou 2020 kou wpa 9 r.p. otnv aiBouoa cepvaplwy tou Tprpatog Quoikig
Tou MNaveruotnuiov lwavwwivwy (ktipo @2, 3% o6podog, Avayvwotrplo), mpaypatonollbnke n
Swbwkaoia e Snudowac mapovoiaong efétaong kat afloddynong, evwmov tng Emtapsiolc
Efetaoctikig Emtpornnc, tng ASaktopikic AwtpiBric mou ekmovnoe o unogndlog Sddktopac K.

AxAAéag EvayyeALac.

Tnv Emtapedn Efetaoctikh Emrpond, mou 6ploe pe oxetikn anddaor e n Zuvédeuon tou TUARATOS
Quotkic (guv. apiB. 1544/18/05/2020 ) anotsholv oL

1. T. @poupoudrdnouvdog, KaBnynehig, TuAua @uokic, M.l (erufrénwy)

2. T. Aeovtdapng, KaBnyntig, Tuqua Quownc, M.l

3. A. Nivrog, Av. KaBnynthig, Tuqpa Quoiknig, M.l

4, K. XueZaviéng Opdtipog, KaBnyntic, IxoAr HAektpoAdywv Mnyavikwv kot Mnxavikwy

YmoAoyiotwy, E.M.M.
5. I.Narocoupdkoc, Av. KaBnynoic, Tprqua Quawig, M.l.

6. N. Mmndxag, Emwk. KaBnyntig, Tpipa Quowic, M.I.
7. L Kopivng, Emk. KaBnyntig, ZEMOE, E.M.N.

ATO ta péAn tng Efetaotng Emtpomrg napovia Atav mévie (5), ol k.k. . OpoupouAonoviog, T.
Agovtapne, A, Niviog, I. Natooupakog kot N. Mndkag pe duoikr napouoia kat ot K.k, K. Xitlavidng kat

I. Koplvne péow tnAebudokednc.

0 titdog tng Sibaktopikrg SlatpLfric mov eknovnoe o K. EvayyeAlds kat mov napouciaoe orfpepa elval:

«MeAétn ioopporiag Kat suotdBeiag EAKOELSWE CUMHETPLKOU HayVNTIOHEVOD MAGGHATOC.

O unonélog napouciace kol avENTUEE To BEPA KOl GMAVINOE OE OXETIKEG EPWTNTELS TWY LEAWV TNG

E¢etaotikng Entponng.
It ouvéxewa n EEetaotikr Emtpon) anooupbnke kot petd and oulitnon katéhnée ota akdhovba:

1. H mapoualoon kot avamtugn tou BEpatoc TRE SLaTtpIBAC ATAV KATAVORTH, EUMEQLOTATWHEVN KAl
£BeLvE TIANPN YVLON TWV OXETIKWY LeBOSwY o Xpnaowonolienkav.

2. H emwotnuovikh katdption tou unodndiou oe yevikdtepa Bépata Quoikrig NMAACUATOC OYETIKA
HE TO avTkeipevo tng SlatpiPng eival uPniol etunédou.

3. H ouyypadr tou KelpEvou Tng SLatplBrc éywe He cadn Tpomo kal pebodikdtnra.

4. Ta anoteAéopara Tng dlatpiPrc elvat mpwrotuna kal cuppdilouv otnv nepetaipw Kotavonon

aLVOEVWY LODPPOTIAG KoL EUOTABELAS HayVNTIKA TIEPLOPLOKEVOU TIAGOPATOC, (—L\



5. Mépog twv anoteAecpdtwv amotedolv avikeipevo 5 Snuooievoewv ot Eykpita SeBvi

TEPLOOLKA KoL 5 avakowwaewy o SieBvr) ouvESpLa kat axoleia.

Me Baon ta ovwtépw to péAn g EEetaotikris Emutponiig eykpivouv opodwva tn Sidaktopikr Siatplfn
Tou K. AYtMEa Evayyehd kat ewonyouvial averdUAakto kot opddwva TNV anovopr tou tithou Tou

Sibdiktopa pe Pabud «APIZTA».

Ta pédn tng Egetaotikng Emtponnc

1. T. Opoupoudonouvhog, KaBnynthig, TuApa Quotkic, N.1. (empiénwv)

~ Gpovjiovds 0V)s B

"

2. T. Agovtdpng, KaBnyntig, Tunpa Quakng, M.l

gl

3. A. Nivtog, Av. KaBnynuic, Turuo Quotkic, M.1.

4. K. Xulavidng Opdtupog, KaBnynmic, Ixodrl HAsktpoddywv Mnyavikwv xat Mayavikiv
YnoAoywotwy, E.M.IM.

A
S
il s

£ i

5. I Matooupdkog, Av. KaBnyntAg, Tufua QuoikAic, M.,

6. N. Mmdxag, Eruk. KaBnyning, TuAipa Quoikig, MN.1.

7. 1. Kopivng, Emwk. KaBnyntrg, ZEM®E, E.M..
)

| Lot | X
2z "-\_.' =

l L



©Copyright by Achilleas Evangelias 2020. All Rights Reserved.



“I' know that what you call ‘God’ really exists, but not in the form you think; God is
primal cosmic energy, the love in your body, your integrity, and your perception of
the nature in you and outside of you.”

Wilhelm Reich, Listen, Little Man!
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ABSTRACT

In this thesis the equilibrium and stability properties of a helically symmetric magnetized plasma
with pressure anisotropy and incompressible flow are investigated. Helical symmetry consists of
the most generic case of continuous geometrical symmetry including both the translational and
axial symmetry as special cases. The main novel contribution is the derivation of a generalized
Grad-Shafranov equation governing pertinent equilibria with flow of arbitrary direction, in con-
nection with the steady states of two-dimensional ‘straight stellarators’ as well as of helically
symmetric astrophysical jets. This equation includes six free surface functions and recovers
known Grad-Shafranov-like equations in the literature as well as the usual static, isotropic one.
In addition, a new class of analytical solutions of the aforementioned equation is obtained
and specific equilibria are constructed for a plasma surrounded by a fixed boundary, and the
impact of both pressure anisotropy and mass flow on their physical properties is examined.
Also specific families of incompressible magnetohydrodynamic equilibria in which two out of the
magnetic field, velocity, current density and vorticity vectors are specially related, including the
‘force-free’ and Beltrami cases, are studied. Furthermore, the symmetry transformations for
magnetohydrodynamic equilibria with isotropic pressure and incompressible flow with collinear
velocity and magnetic fields introduced by Bogoyavlenskij are generalized in the case of the
respective Chew-Goldberger-Low equilibria with anisotropic pressure. It is proved that the geo-
metrical symmetry of an initial equilibrium can be violated by those transformations only when
the magnetic and velocity fields are purely poloidal. In this case three-dimensional equilibria
from given axisymmetric ones are constructed. Regarding stability, a sufficient condition for
the linear stability of plasma equilibria with incompressible flow parallel to the magnetic field,
constant mass density and anisotropic pressure such that the ratio of the difference between
the scalar pressures in the directions parallel and perpendicular to the magnetic field over the
magnetic pressure remains constant, is derived. This condition is applicable to any steady
state without geometrical restriction and involves physically interpretable terms related to the
magnetic shear, the flow shear and the variation of total pressure perpendicular to the magnetic
surfaces. On the basis of this condition the impact of pressure anisotropy, flow, and torsion
of a helical magnetic axis on the stability properties of a specific class of analytic equilibria is
examined.






EKTETAMENH IIEPIAHYH

(EXTENDED SUMMARY IN GREEK)

Eivow yeyovéc we n tarykéoue evepyetakt {ftnon éxel avénbel onpavtikd o tedevtaio
xpévia, eved mpoPAémetal mwe B ocuveyioel vau avEdvetal pe poydaioug pubuoic kipLa
A6Yw Tou ohoéval avEavdpevou TANBUOUOU Tou TIAAVATT HalS, TNS ouVEXOUC TEXVOAOYLKNC
TPob6dov, A& Ko TNG KALLATIKNC cAAayfc. ‘Etol Stacpaiveton 6T o amtd Tig peyahitepeg
pneAovTikéc TpokAfosle Yo TV avBpwtdtnTo sivor 1 evepyelokt) TAPKEL KO EALOTO
pe TpdTo @LAkd Tpog to TepPdAAov. ‘Ol TaL Tapatdve kdvouv tnv eAeyxduevn Beppot-
vpMVLKY oOVTNEN pLat eAkuoTikn TNy evépyelac, N alomoinon tne omoloc O Tpopodotroel
Vv avBpwtdtnta pe eOnvY, TpakTikd ameptdpiotn ko kabapt) evépyela.

H épeuva otnv eheyydpevn Tupmvikt) oOvInén éxel Eekwfoel £8® ko Teplocdtepec atmd
é&L dekaetieg dpwe akdun Sev éxel emitevyBel Topaywyn evépyelag oe peydAT KALOKOL.
Avutd oupPaivel SLéTL TTarpopLévouy akdum oA dAvta TpoPAfuatal, OTwe o eTLTUX NG Te-
PLOPLOKOC Tou TIAdopaTog Tawtdypova e TN Béppavon ko 1 ettitevén tne avdpiedne. Mia
amd tic kopleg uebddouc otnv otmoial eoTLdleTaL 1) €PEUVAL YLOL TOV TLEPLOPLOLO TOU TALOMOL-
TOC £lvol ) CUYKPALTNOTN TOU HE HOYVNTIKE Tedial o KAELOTE Topoeld) CUCTHUATA, TA TILO
Srodedopéval ek Twv oToiwv sivo To Tokamak ko to Stellarator. To mA&opa sivor dvokolo
vo Ttopopeiver atdéAutor evotaBéc kabog peydlor Tood evépyelag TtoryldevovTol oToV Te-
PLOPLOKEVO XWPO TV BLatdéewv auT®dV tkorvd var dieyeipouv pia otkidio aotabetov. O
Ry vinTikdc TepLoplopdc tou TAdopatoc PaoileTol oTnv KATAoKEVT) KAAE OPLOREVWVY LOOp-
POTILAV, oL oTtotec Do TpéTel va siva pokpookotikd evotabeic, kabog ko otov Teploplond
TWV POLVOUEVWV LETOLPOPALG.

H pelétn tne evotdBelog | aotdBelac Tov TAdopaTog ap)ilel e Tov Tpoodloplopd Twv
KOTALOTAOEWV LOOPPOTHLALC TOV. XL TLC TiepLoodTeEPec HeAéTEC KATA TO TtapeABbV To A oM
Bewpolbvtav ¢ otaTikd Ka pe LodTpotn Tieon. H meprypopn TéTolwv LoOpPOTILOY TAAC-
potog, ota Aot tov povtédov e Mayvnroudpoduvaukic (MTA) oe adovikh oup-
petplo, Siémetan amd v Yvwoth e€iowomn Grad-Shafranov, pio eAheltetiky| pepikn dtoupoptkm
e&lowon (MAE) n omoioe mepthapfdver 8o ehedBepec ouvapthoes. ‘Opweg ov obyxpoveg
péBodoL ou xpnoilpomolodvtal Yo Tnv Béppavon tou TAdouaTog, dTWE yLal TTop&deL Yo
N néBodoc eufolic Seopmv ovdétepwy cwpatidiwy, Snulovpyolv onuavtikéc poéc ualoac
KOl GLVLOOTPOTILL Tieong, avdAoya e thv StevBuvomn tng epfodiépevng potg.

Y tn mapovoa drotplPry yivetow pedétn tne LooppoTiog kol TNg evoTdbelog pmaryvnTikd
TIEPLOPLOEVOU TIABLOMOLTOC, EAKOELSMC CUMMETPLKOV, TTOLPOVCIOL AVLOOTPOTNG THLEONC KO
pofc mdloac. H eAkoeldHc CUMMETPIOL OLTIOTENEL LOL YEVIKT) TIEPITITWOT YEWUETPLKHC OUM-
petplog M omolal eptAaBdivel TNV HeToPoplky Kol TV oEoViKT) CUUMETPLaL W¢ eLdLkéC TtepL-
TTWOOELC.

Mia ottd Tig kOpLeg oLVELOYWOPES TNE LEAETNC ALUTNEC ALTLOTEAEL 1) TTOLPOLY WY 1| ULOLG YEVLKE V-
névne e€lowone Grad-Shafranov mou Siémel TV LooppoTior eAkoeld®dC CUPUETPLKOD TIAALO-
MOLTOC ME OLVLOOTPOTN Tieon Ko oouuTieotn pon tuxaiog devBuvong. Auty sivan o
eMernttiky MAE yia tnv ouvdiptnon moloetdoig poryvntikic pofic ¥ 1 otoial epthauBdivet
é€L TooOTNTEC eTLpdvelag, dNAadn cuvapTthoelc TwWV OAOKANPWUATWY Tov cuoThHuatoc. H
e€lowomn avth amotelel yevikevon 1600 TwV £ELODOEWV LGOPPOTILOLC EALKOELBMC CUUIETPLKOV
TIALOUOTOC e LoOTPOTN Tieon, 1 oTatikoU eite Tapovoio porc, doo ko Twv e€loBoewV
TIou SLémouv TNV LooppoTiiat EOVIKE Kol ETOLPOPLKE CURUETPLKOV TAALCMOTOC TTOLPOVOTaL
té00 LodTpomng/aviodtpotng Tieong f/ka porig. LTo MAcUoLL TNG TPy WYTG oLuThE M
Lodtpotn Tieon ota TAaiota Tov povtédov MTA avtikabiotatol and Tov Tavuoty Tieonc
Chew-Goldberger-Low (CGL). O tavvotic CGL eivon Staydoviog pe otouxeio tig Babpwtée
méoeig otig devbivoelg Tng kivnong TapdAAnAa, Py, ko k&beta, P, oTo poyvntikd medio.



Q¢ pétpo TN aviootpotiag Tieong opiletan 1 cuvdptnon oy = uo(P) — P1)/B?, n omola
Bewpeiton Twe petofdietan opotdpoppa TéVw oTLg LAy VNTLkéG eTiLpdveles (o4 = aq(1))).
Moapd A Tapdiyeton ko piae e€iowomn tomov Bernoulli yiow tnv evepyd mieomn P, 1 otola
opietol we to NuLdBportopa Twv PoBuwtov Téoewv TapdAAnAo ko k&BeTaL 6TO Loy VITIKO
medlo.

Y tn ouvéxeia, pe TN éBodo yevikeupuévwv Suvapnooelp®v Tapdyovtal avoAuTikd ADoeLg
¢ vevikevpévne e&iowonce Grad-Shafranov, pe Pdon Tic omoiec kataokevdlovtal Loop-
poTie¢ TAAONATOG O OXEON ME TOV MOLYVNTIKO oxnuatiopd ‘evdo stellarator’. To ‘euBd
stellarator’ amoteAeitow amd kohd oplopévec, évBetec, EAKOELBMC CUMMETPLKEC ALY VITLKEC
etLpdvelec e ouBaupéto oxfuo oloeldolc Siotourc, oL oToiec TeplPdANovTal ad oTa-
Bepd olbvopo. Ou oxnuotiopol outol €xouvv pn-pundevikh otpédm ko Teptypdpouvv Tpooey-
YIOTIKE 0TO 6pLo TIOAD peydAov AdYou ddewv TO CUOTNUO OLYVNTLKOU TEPLOpLopoU Stel-
larator. Ou véec avalutikéc AOoelc pe KATAAANAN €TWAOYT CUYKEKPLLEVWV TOLPUUETPWY
peTaTiTttouy ot Yvwotéc ot PLpAloypapior Aoelg ekppoopévec oW KAALOIKOV CUVOLPTHOEWV.

Katédmv peletdtan m emidpaomn 1600 Thc pofic 600 Ko TNG AVLCOTPOTHAG TNE THETTC
OTOl XOPOKTNPLOTIKA TWV VEWV LOOPPOTILOV HECW PYUOLK®V Toocothtwy. ‘Ocov aupopd Tig
MOLYVNTIKEG LBLOTNTEC TOu TAKOMATOC SlaToTt@veTow 4TL 1 aviooTpoTial TNe Tieong Spa
elte mapopayvnTikd 6tav P > Py, elte Slapayvnuikd étav P < P, aveédptnra amd
v Ttopovoia pofic | un. ATmovoiat mAektpikol Tediov N TopdAANAN cuvioT®oa TNS PoTnc
Bpat TToLpopaLy vinTikaL ko olBpoLoTikd e TNV aviootpoTia Tieong yia o4 > 0. Qotdoo, v
potj Tuyaioc dLevBuvong n un TopdAANAN cuvioTdoa TN ponc, N otmota oxetileTal pe T
NAekTPLKS Tedio, Spal SLootyVINTIKA, e TNV TAPAAATAT poT| val evioy Vel TNV SLOYLOLY VITTLKT
ovutt emidpoon. Emilong, t600 1 por) 600 kol M aviCOTPOTILAL TILEONG £XOUV OTUOVTLKY
eTi8poon T6CO GTNV TUKVOTNTA PEVRATOG GO0 KOl OTNV TOYXUTNTA, OTNV TAPAUETPO [ Kol
OTOV TAPAYOVTA ALOPAAELOLC.

Eninpdofetor peletdvrol eldikéc TEPLTITMOOELS LOOPPOTILOV OTLC OTOLEC TO MOLYVNTLKS
Ttedio, M TaXOTNTA, 1 TUKVOTHTA PEVMATOC Kol 1) oTPOPLASTNHTA LkatvoTtoloVy avd 800 eldikéc
oyéoelc petal Toug, eved e€etdlovtal oL avTioTolXeC ENKOELSDOC CUMMETPLKEC LOOPPOTILEC
ue Bdon tnv eldikh popet| tTne yevikevpévne e€iowong Grad-Shafranov oe kdBe mepimtwon.

Y to 8elTepo kVpLo pépoc Tne dratpPric ota TAaiola Twv povtéAwy avikic MTA ko
CGL peletddvTon oL eTaoX NUATIOOL ouppeTpiog Bogoyavlenskij. Tuykekpipéval, yevikebov-
TOlL OL LETALOYMULATIOMOL Ttovu epappdlovton oe apyikh MT A wooppoTio pe ocovpTieotn pom
TPEAANAN oto payvntikd Tedio ko opdyouv véae MTA tooppoTio e €V YEVEL CUUT-
LeoTh pon, oTnV Tepimtwon avodtponne Tmieone. Ou véol petaoymuotiopol epopudlov-
tow oe opykn tooppotiioe CGL pe aovpmicotn TapdAANAN pofy otnv omoiat 1 cuvdpTnoN
aviootpoTiag oy HeTafdANeton pe oTabepd TPdTO MAVW OTIC HAYVNTIKEC YPOUMES KO
BnuLovpyolv eTtavaAnmTikd véeg kA&oelg LooppoTiiwv CGL otig omoieg téoo M ouvdptnon
TukvéTNTog pdloc 400 Kol ) CUVAPTNON ALVLOOTPOTILALC UTToPoUV VoL peToEANovTon Ttévw
OTLG LOLYVNTIKEG YPOUUES. (20TOC0, 1) POT) TWV LETAOXNLATIOUEVWY LOOPPOTILLV TLOLPOLULEVEL
aovutieotn. Ou LETAOYMUOTIONOL QLUTOL UTTOPOUV VO EYAPHOCTOUV OF ALPXLKE OTOLTLKY
LoOPPOTILaL KO VoL dNpLovpyioouV VEEC LOOPPOTIEC e POT), BLATNPOVTAC TNV TOTIOAOYiX TWV
MOLYVITLKWV YPOULILGV TNG OLPXLKTIC LOOPPOTILOLG.

AkoloVBwc, e€etdleton M Souf Twv avbaipetwv Pabuwtdv cuvapthoswv oL oToieg
EUTIAEKOVTOUL OTOUG ETULOY MLALTLONOUG, 0 OX£0T E TNV TOTLOAOYiOL TOV poaryvntikol Tediov
TNG OLPXLKTC LOOPPOTILALG KOl TNV UTIOLPET LY VITIKQOV ETILPaveLdV. Atodeikvietow 6TL o€
OAEC TIC TIEPLTITAOOELG LETAOYNLATLOMDV, N YEWIETPLKT) CUUMUETPLOL JLOLS YVWOTHC LOOPPOTILOLG
ptopel va topafrootel éow auTV av ko dvo av auTh EXel TPEAANAT POT| KO OUULYMC
TohoeLdéc oy vitikd Tiedio, v o€ k& Be dANT TepiTTWOT OL LETAOYNULATLOUEVEC LOOPPOTLLEC
Slatnpolv TNV apxikh cuppetpio. TNV TepimTwon outh kartookevdleTon TpLodldoToTn
LooppoTiaL AUTtd YVWOTTH, AEOVIKE CUUMETPLKT QLPXLKT LOOPPOTLLQL.



‘Ocov aopd otnv cvoTdBela, peleTdTow 1) YPOUUMULKY Vo TABELaL LooppoTIL®OVY e poh
pélog ko vodTpoT Tiieon o oX£0M ME TLC PokpookoTikéc aotdBeleg o e&eNicoovton
otnv taxeio kAipako xpdvou tng avikne MTA kow eiva oG emikiviuveg yiow Tov Te-
poptopd tou TmAdopatoc. Kipla ouvelopopd tTng meAéTne oLUTHC elvoll M TPy WY HLOLC
oxetikfc tkaviic ouvBikne svoTdBelog pe epappoyt) o Evepyeiaknic Apxnc. H ouvBikn
vt elval Apeco eQapLOoLun Ot OTIOLASTIOTE LOOPPOTILL e OLOUUTILEDTT poT) TAPAAANAN
oTo poryvntikd medio, otabepn TukvéTnTA Pdloc ko otabepr ocuvdptnon avicotpoTiac,
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1 Introduction

“Plasma seems to have the kinds of properties one would like
for life. It is somewhat like liquid water -unpredictable and
thus able to behave in an enormously complex fashion. It
could probably carry as much information as DNA does. It
has at least the potential for organizing itself in interesting
ways.

Friemann Dyson

1.1 Plasma, the fourth state

Upon the primary stages of mankind, man was already familiar with matter in its two first
states, solids and liquids, to very later discover the gases. It was only in the early 20" century
to realize that matter exists in an additional form arrising as the next natural step from solid
to liquid to gas, and with significantly different properties than these states. When a gas
is heated up to the degree that the kinetic energy of its atoms becomes so high that when
they collide with each other their electrons can be stripped away in the process, matter is
formed as a collection of electrons and positive ions, as well as neutral particles. Plasma
constitutes the fourth fundamental state of matter defined as an ionized gas, which is globally
neutral and displays collective behavior. It is the most abundant form of ordinary matter in
the cosmos, as it is estimated that more than 99% of baryonic matter in the visible Universe
is in plasma state, including the Sun and all the stars, as well as the interplanetary, interstellar
and intergalactic medium. On Earth plasmas can be found in a series of natural phenomena,
like the lightning strikes, the electric sparks and the aurora borealis, as well as in numerous
technological applications, including neon lights, plasma displays and thermonuclear fusion
devices. In practice, however, the transition point between the gas and the plasma phase is
not unique, but it is considered that 0.1% degree of ionization gives clear plasma properties,
while 1% degree of ionization means approximately perfect conductivity. In fact, plasma is
typically a good electrical conductor. The degree of ionization for a gas is given by the well
known Saha's equation [1, 2], which implies that it increases rapidly with the temperature,
while it is inversely proportional to the density of the ionized atoms in connection with the
recombination effect. This explains the fact that the plasma state is less common in the lower
atmospheric levels of our planet.

Plasma consists of a mixture of free oppositively charged particles and strongly interacts
with electromagnetic fields, either applied externally or created by the plasma itself, i.e. charge
separation between ions and electrons give rise to electric fields and charged particle flows give
rise to currents and magnetic fields. A fundamental characteristic of a plasma is its ability to
shield out applied electric fields. Despite the existence of localized charge concentrations, there
are approximately equal numbers of positive and negative charges distributed, so that overall
plasma is quasi-neutral. However, the distribution of these different kinds of particles are not
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necessarily uniform in space and so charge density gradients and fields can still exist within
the plasma. In fact, quasi-neutrality is plausible in large scale lengths, while deviations from
charge neutrality can develop in shorter scales. The limiting distance over which significant
charge separations can occur is the Debye length, which is the smallest macroscopic scale in
the plasma with respect to the dimensions of the system. Whenever external potentials are
introduced, they are shielded out in the Debye scale, so that the plasma is neutral enough
but not to the rate that all the electromagnetic forces vanish. Although in some domains the
Debye length is estimated to be in the order of less than millimeter, i.e. in solar corona and
tokamak discharge, in others, like the solar wind, it can have macroscopic values, and in order
for it to be a statistically valid concept there must be a large number of particles inside the
sheath region.

Plasmas are characterized by a large spectrum of density and temperature values. Indeed,
in the plasma state one can find densities similar to those in all different states of ordinary
matter. However, a fundamental property of the plasma, that distinguishes it from them,
concerns the way in which particles interact with each other. The particles of a neutral
medium mainly interact with direct binary collisions and in a short distance. In contrast, the
charged particles in a plasma predominantly interact through long-range Coulomb collisions,
due to electrostatic interaction. Each particle is simultaneously influenced by a large number
of surrounding particles, and therefore its trajectory is governed by a collective field. When
an electric field is applied to a plasma charged particles will start to move responding to this
field; however, their motion will be slowed down after a transient because of the presence of
collisions, leading to a steady state. This overall dynamics can be represented as an effective
resistivity of the plasma. In a relatively short time scale electrons, which are highly mobile,
will collide with ions as well as with other electrons, therefore leading to an isotropization of
their distribution function, which tends to a Maxwellian. In addition, collisions between the
heavy ions tend to a thermalization of their distribution function in larger timescales, leading
to a momentum exchange. Furthermore, on a much longer timescale, the electrons and the
ions that have thermalized with each other will exchange energy and tend to reach the same
temperature. According to Spitzer's law [3,4] the resistivity of a plasma is proportional to the
effective electron-ion collision frequency, which in turn decreases with the electron temperature.
Although fully ionized gases are mainly dominated by Coulomb collisions, in weakly ionized
ones collisions with the neutral particles should also be taken into account. However, in order
for an ionized gas to be chacterized as plasma collisions between charged and neutral particles
must not be too frequent.

The earliest studies in plasma physics date back to the 1920's when few isolated scientists,
among which Irving Langmuir, were performing research both on ionospheric plasmas, because
these were affecting radio transmission, and on gaseous electron discharge tubes at the same
time. Some years later, another pioneer working on plasma physics, Hannes Alfvén, discovered
the fundamental magnetohydronamic waves and proposed that these have an impact on the
dynamics of astrophysical plasmas. Since then, plasma physics has been expanded to the key
physics for the study of several astrophysical phenomena, such as the behavior of the aurora,
the Van Allen radiation belts, the effects of magnetic storms, the formation of astrophysical
jets, the accretion discs of black holes and numerous other. However, the largest development
of plasma physics came after the second world war as an offshoot of the nuclear weapons
programme, when it was proposed that the nuclear fusion reaction that occurs in the stars
could be controlled to make an effective reactor on our planet. Therefore, the strongest drive
to the study of plasma physics has been the production of a clean and sustainable energy
source that could cover the needs of a growing world population.
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1.2 Thermonuclear fusion and magnetic confinement

The global demand for energy and especially electricity, has been increasing and will continue
to increase rapidly, due to the development of civilization, due to population expansion, as well
as due to climate change. As a consequence, the demand for fossil fuels, especially petroleum
and gas, is everyday growing, and it is estimated that after it reaches a peak in the near
future, their world reserves are going to be depleted within a century. At the same time, the
renewable sources of energy, towards which an enegy shift is taking place, are not expected
to have practically the potential of completely covering the fastly growing energy needs. On
account on these facts, it seems that nuclear energy has a key role to play in our energy future
as a stable and always available source, even when the wind is not blowing and the sun is not
shining. Fission reactors are already being exploited and have an important contribution to
the world energy reserves. However, the waste produced in vast amounts from such nuclear
power stations are radioactive and their safe disposal is very difficult and expensive. Although
experts are working on designing safer and more efficient fission reactors, the quantities of
the related fuels would still not be enough, if a time span of several centuries is considered.
A possible alternative, into which the scientific- and not only- community is vast devoting, is
nuclear fusion.

Nuclear fusion is the same process that powers the sun and every other star in the universe,
which can be viewed as ‘natural fusion reactors’. In a fusion reaction, two light atoms fuse
together to make a heavier one. To make the nuclei come close enough to each other and
overcome the electrical repulsive forces they need to collide at a very high speed. This means
that the plasma needs to have a very high temperature. Once the nuclei fuse, the process
releases a large amount of energy which is potentially inexhaustible because it uses the most
abundant element in the universe, hydrogen. In the sun 600 million tons of hydrogen is fused
into helium each second due to the huge gravitational pressures and high tempreratures that
exist there, and it is the energy from this process that sustains life on our planet. Since
scientists first figured out what was causing the sun to shine they were inspired of harnessing
this energy as a clean source, by achieving thermonuclear fusion in a controlled manner on
Earth. However, in laboratory the hydrogen-hydrogen reaction would be impractical since it
would require too much energy, and thus, lighter isotopes, such as Deuterium (D) and Tritium
(T), are used. The D-T reaction, 2D + 2T — 3He (3.5 MeV) + (n(14.1 MeV), has the
highest cross-section and is the one to be undertaken in the first stages of development; this
process needs a temperature of 100 to 150 million degrees Centigrade, which are higher than
the temperatures in the core of the sun, and in which temperature matter is in plasma state.
Despite the important advantages of nuclear fusion such as the abundance of fuel (Deuterium
and Tritium are extracted and generated by sea water and lithium), the absence of greenhouse
gas emissions, and the absence of hazards such as dangerous accidents in power plants and
long-lasting radioactive waste products, achieving controlled thermonuclear fusion still remains
an open issue.

The efficiency and self-sustainment of a nuclear fusion reaction relies on the simultaneous
achievement of very high plasma temperature, T', at which the charged particles can overcome
their repulsive forces, of sufficiently large density of fuel ions, n, as well as of sufficient energy
confinement time, 7., which can be interpreted as the time of the retainment of energy before
being lost. Maintenance of these conditions relies on the ratio of the thermal energy per
unit volume, nT', which decreases by heat condunction and by particle losses, as well as on
the power input. The Lawson criterion [5] states that in order for a fusion reaction to be
energetically favourable the rate of the produced energy must be higher than the energy loss,
and has to be satisfied for a successful operation of a fusion reactor. The fusion energy is
three orders of magnitude higher than the mean thermal energy, and thus, 7. has to be not
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Figure 1.1: The combination of toroidal, By, and poloidal, B,, magnetic fields results in a
twisted, helical magnetic field which is essential for confinement in toroidal geometry.

less than 102 of complete burn time. As a result, for the D-T self-sustained reaction, and for
a temperature of 7" ~ 10 keV/, the necessary condition n7, > 10?°m=3s has to be satisfied.
The reduction of energy and of particle losses, and the achievement of sufficiently high energy
confinement times, indicate that the plasma should be heated and confined in a bounded
volume. However, no known material enclosing the plasma volume can withstand the huge
temperatures into which the plasma is heated.

At present, the major research effort in the area of controlled thermonuclear fusion is
focused on the magnetic confinement fusion (MCF) technique, in which strong magnetic
fields are used to confine the hot plasma, isolating it from the cold vessel walls. The MCF
devices most actively studied are the toroidal configurations not having an open end. Toroidal
geometry came as a replacement of the first studied linear (cylindrical) devices, which suffered
from plasma leaking out at their ends. In the simple toroidal field, ions and electrons drift in
opposite directions due to the gradient of the magnetic field, B*. This drift causes charge
separation that induces an electric field, E*, directed parallel to the major axis of the torus.
If the magnetic field is purely toroidal, then a drift velocity perpendicular to the resulting
subsequent E* x B* field will result, which will point horizontally. So the plasma will very
quickly drift straight to the outer walls of the device. In order to mitigate this tendency, it
is necessary to connect the upper and lower parts of the plasma by lines of magnetic force
thus leading to a short circuit of the separated charges along these field lines. Therefore,
the combination of poloidal and toroidal fields tends to reduce the tendency of the plasma to
drift to the walls, that would exist due to the non-uniform toroidal field, and the geometry
enables longer confinement times for the plasma. Consequently, a twisted, helical magnetic
field as that shown in figure 1.1 is essential to the equilibrium of toroidal plasmas. Such a
field is characterized by the so called rotational transform, which can be roughly defined as
the poloidal twist of the field lines round the short direction of the torus, while revolving round
the long way around it. Toroidal devices may be classified according to the methods used to
generate this rotational transform.

The most promising devices, into which the major scientific research is focused, are the
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Tokamak and the Stellarator, both of these concepts being studied for almost half of a century.
In a Tokamak device the twist of the magnetic field is produced by a toroidal plasma current
driven inductively by an external coil. Although this fact leads to a simplified geometry,
since the Tokamak is axisymmetric, the generation of the toroidal current by a transformer
action makes it difficult to operate in steady state, as well as vulnerable to current driven
instabilities. On the other hand, in a Stellarator the rotational transform is produced by
external non-axisymmetric coils. Every Stellarator has its own symmetry, consisting of a
different number of identical parts that are connected together, denoting the number of field
periods, and of a non-planar magnetic axis. Each of the external helical windings has to be
designed and positioned properly in every one of these field periods. Despite its complex
geometry, a Stellarator is inherently current free, and thus, able to operate in steady state.
A general comparison between Tokamak and Stellarator devices can be found in [6,7]. The
largest Tokamak device, ITER, is now being under construction in Cadarache, France, and
is expected to start operating within the next decade, while the largest fusion device of the
Stellarator type is the Wendelstein 7-X (W7-X), being already in operation in Greifswald,
Germany. Both of these devices are characterized as experimental fusion reactors and not as
functioning power plants, but their possible success is expected to bring humanity a step closer
to achieving the dream of controlled thermonuclear fusion.

1.3 Plasma modeling

A plasma consists of charged particles which move under the effects of the electric and mag-
netic fields that they have themselves generated, as well as under the effects of externally
applied fields, so that in general the equations of motion together with the Maxwell equations
determine its dynamics. The Maxwell equations in Sl units are the following

V. E'=2, (1.1)
€o
V.B =0, (12)
oB*
VxE =—-—— 1.3
a *
V x B* = pgJ”* + Eoko (1.4)

where E*(r,t) and B*(r, ) are the electric and the magnetic field, while @(r,t) and J*(r, )
are the charge and the current density in terms of position and time; &g, o are the electric
and magnetic constant permeabilities, satisfying the relation ¢ = (gouo)™*. In order for
such a system to be closed the sources (w, J*) have to be specified in terms of the fields
(E*, B*). According to the Newton's law, once the forces, F;, that act on each plasma
particle, j = 1,2,..., N, are known, then the velocity, v;, and the position, r;, of all the
particles are also known; therefore the charge density and the current density of the plasma

can be evaluated
N N
=Y gi(r—r;), T =) quidr-—r;). (1.5)
j=1 j=1

In fact, solving self-consistently the kinetic equation together with equations (1.1)-(1.4) is
much more tougher because the spatial dependence of the fields appearing in the Lorenz
force is not known from the outset. One could expect that this description would be able
to represent the evolution and the motion of all the charged particles consisting the system
in the most complete way, once a given set of initial conditions are given. However, such a
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description is non practical, since it is impossible to determine the position and the velocity
of the huge number of particles being present in a fusion experiment, even by using advanced
supercomputers. In fact the self-consistent solution of equations (1.1)-(1.5) is much more
complicated because the magnetic force depends on the particle velocity, v;. Also, such a
description lacks rigorous treatment of various atomic processes, i.e. radiation emittions, as
well as of phenomena for which quantum description is required. For this reason approximation
schemes based on the application of different self-consistent or less self-consistent models, valid
for different time and length scales, are employed to describe plasma dynamics.

1.3.1 Kinetic description

Kinetic theory provides a statistical description of the very large number of interacting particles
constituting the plasma by the means of smooth distribution functions. From a microscopic
viewpoint the description of the collective behavior of the plasma accounts on the treatment
of the particles in the continuum limit as a whole, called also microfluid by averaging over
all possible microstates, and not individually. The distribution function f,(r, v, t) determines
how the particles of each species-a,, o = i, e, for an ion - electron plasma, are distributed in
the six-dimensional phase space (r, v) at an instant in time. Note that in general, there may
exist different species of ions, with different charges and different masses in a plasma. The
evolution of the distribution function is described by the Boltzmann's equation

aa o * *
a—£+u-vrfa+;—a(E +u X BY) - Vo fa = Clfal. (1.6)

where q, and m, denote the charge and the mass for each species, while C[f,] is the so-
called collision operator that is associated with the evolution of the distibution function due to
the particle collisions. The Boltzmann equation (1.6) states that the derivative, with respect
to time, of the distribution function, depends on the streaming of particles in configuration
space, on the streaming in velocity space due the long-range electromagnetic forces, and on
the short-range forces that are associated with collisions. Therefore, kinetic theory provides
a distinction between the effects of long-range and short-range interactions. As concerns the
collision operator, it is usually constructed by taking into account that particles of one species
interact with particles of the same as well as of different species, but its form is not unique. It
is an objective of kinetic theory to specify C[f,] in order for the respective effects to be taken
into account in collisional plasmas. Examples of exact expressions of the collision operator
are the Landau [8], the Lenard-Balescu [9, 10], and the Bhatnagar-Gross-Krook (BGK) [11]
operators. As already mentioned, while in some plasmas as the low density, weakly ionized
ones, collisions may play an important role, in highly ionized ones they can become negligible.
Also, recall that the Spitzer law implies that the collision frequency decreases with the plasma
temperature, specifically as 773/, and thus, in high temperature plasmas as the ones in
nuclear fusion, collisions can be neglected. In such applications the collision term of equation
(1.6) can be approximated with zero, and the evolution of the distribution function for each
species can be accurately described by the Vlasov equation

%Jrv-vrfaJr??l—i(E*JrvxB*)-V,,,fazo. (1.7)

Equation (1.7) does not imply the absence of interactions; it implies that the charged particles
interact through the dominant long-range Coulomb collisions.

Either for a collisional or a collisionless plasma, the solution of the Boltzmann (1.6) or
the Vlasov (1.7) kinetic equations for the distribution function is not sufficient to completely
describe the dynamics of the system. In order to complete the equations the following closures
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for the sources are necessary
w = ZQQnou J' = ZQQnavan (18>
o o

where n,, and v,, are the particle density and average velocity for each species, and which have
to be expressed in terms of f,. Therefore, equations (1.1)-(1.4) and (1.8) together with either
(1.6) or (1.7) complete the kinetic theory equations. The kinetic description is very detailed
and captures effectively most of the physical phenomena in a plasma. However, solving the
kinetic equation self-consistently with the Maxwell ones is a tough, complicated task which
even numerically becomes extremely expensive (in time). As a result, there is the need to
come up with simpler models, such as fluid-like models, in order to describe the dynamics of
a plasma.

1.3.2 Fluidistic description

In a fluid description the plasma is treated as a continuous medium and is described by well-
defined macroscopic quantities, such as density, pressure, mean velocity and temperature,
which are indeed measurable in related experiments. Different models employed in such an
approach are the multi-fluid model, upon which the plasma is considered to consist of two
or more co-existing fluids for each different particle species, and the magnetohydrodynamics
model, in the framework of which the plasma is treated as a single electrically conducting fluid.

The multi-fluid equations are derived by taking the moments of the Boltzmann equation and
are obtained upon properly chosen velocity dependent functions, weighted by the distribution
function, and integrated over the velocity space. These equations include a number of fluid
variables for each species «, as the particle number density, n,, the average velocity, v, the
thermal pressure tensor, P*, and the heat flux tensor, T, defined as follows

!

na(rat> :/fa(r,’l),t)d’l),
Vo(r,t) = i/vfa(r,'U,t)dv,

Na

(1.9)
Pr =mq, /(’U — Vo) (U — vy folr,v, t)dv,

To =mg /(U — Vo) (Vv = Vo) (U — vy) fa(r, v, t)dv.
By taking the zeroth, first and second order velocity moments of the Boltzmann equation, we

come up with a continuity, a momentum, and an energy equation for each species, respectively.
These are of the form:

8;; LV (nava) =0, (1.10)
Dv,,
manaﬁ - Qana<E* + Vo X B*) + v : PZ = Mgy /(U - Va)c[fa}dv’ (111)
3 DK, . 1 )
EnaTt + Poz . VVa + \V4 Qa = 2ma/ |’U Va| C[fa]dv, (112)
where .
Q. = éma / lv — va|2(v — Vo) falr, v, t)dv, (1.13)

is the heat flux vector, defined through contracting with the third-rank tensor T,, which
represents the energy flux as observed in a frame moving with velocity v, and K, = 2= [ |v—

3Na
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Va|?fa(r,v,t)dv is the kinetic energy due to the spreading around fluid velocity, properly
normalized; D/Dt = 0/0t + v, - V is the convective derivative. The terms on the right-hand
side (RHS) of equations (1.11)-(1.12), involving C|[f,], represent the viscous forces due to the
collisions and the heat generated by such forces, therefore implying that the collision operator
has yet to be determined. However, the contribution of the related integrals are usually thought
to be negligible based on general conservation laws involving the collision term, i.e that the
collisions characterized by C[f,] are purely elastic Coulomb collisions such that the energy and
the momentum between both like and unlike particles are conserved; also, inelastic collisions
related with phenomena such as ionization, alpha production, recombination etc., are not as
dominant as Coulomb collisions in fusion plasmas. The continuity equation (1.10) was derived
upon the assumption that the number of the total particles is conserved; however, this may
not be the case when fusion reactions take place.

The above multi-fluid equations were evaluated under the assumptions that the Boltzmann
equation is valid, and that the acting forces are the electromagnetic ones, such that the Maxwell
equations are also valid; however, gravitational forces may also be included in related plasmas.
In such a multi-fluid model some microscopic properties, arising from the separate treatment
between the different species, are accurately described, i.e. ion/electron skin depth.

The simplest model to describe the dynamics of plasmas interacting with an electromag-
netic field is the one-fluid magnetohydrodynamics (MHD) in the framework of which the
plasma is treated as a continuous single conducting fluid, by the means of a single mass den-
sity, 0%, a single mean fluid velocity, V*, a charge density,  and a current density, J*. These
single-fluid macroscopic variables are defined from the respective quantities of the two-fluid
model, which can be thought as the degenerate multi-fluid model when the plasma consists,
among with the electron fluid, of only one-kind ion fluid, such that o = i, e; they are of the
form
Za:i?e NaMaVa

)

2 a=i e MaMMa (1.14)

w = e(ne — ny), J* =e(nv: —nv)).

0" = Z NaMe, V' =

a=t, e

The derivation of the single-fluid equations that describe the dynamics of magnetized plasmas
is based on the key assumptions that MHD involves low-frequency and large spatial scale
phenomena. In fact, the MHD length scales, L, are much larger than the Debye length,
Ap/L < 1, and as described earlier the plasma is quasi-neutral in such macroscopic length
scales. Owing to quasineutrality, for a fully-ionized plasma the electron and the ion number
densities are assumed to be approximately equal, i.e. for a hydrogen plasma it holds n, ~
n; = n, where n is defined as the common plasma density. As a result the charge density
of equation (1.14) vanishes, @ ~ 0, and the quasineutrality condition accurately substitutes
the Poisson’s law (1.1), which is no more considered for an MHD description. Also, the
MHD related frequencies are much less than the plasma frequency and the electron cyclotron
frequency. On account of this assumption the electrons respond very fast to acting forces,
such that the heavy ions dominate the fluid quantities (1.14), m./m; < 1, which therefore
can be written to a good approximation as: ¢* &~ m;n, V* &~ v}, and J* = ne(V* — v?).
Equivalently, the electrons are asymptotically assumed to be massless, and thus, their inertia
can be neglected and the displacement current can be dropped from the Amprere's law (1.4),
which therefore reduces to

V x B* = p0J*. (1.15)

By combining the continuity equations (1.10) of the two-fluid model, under the above
described assumptions, we obtain the following continuity equation for the single fluid
a *
a_i+v.(g*v*) -0, (1.16)
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together with the equation
V-J =0, (1.17)

which implies that the single-fluid current density is divergence-free. Furthermore, by combin-
ing the respective two-fluid momentum equations for the two species we obtain the following
momentum equation for the single-fluid

. DV*
Dt

where D/Dt = 9/0t + V* -V, and P* = P; + P*, can be interpreted as a single-fluid
pressure tensor, which in general is not diagonal; in fact, the respective pressure tensors for
each particle species can be written in the form P} = P’ T+1I; ., where L is the unit tensor,
while the scalars P, denote the diagonal elements of Pl . and the tensors IT; . consist of
the non-diagonal parts of P; ., involving quantities such as the fluid viscocity. In addition,
from the two-fluid momentum equations we obtain the following generalized Ohm’s law for
the single-fluid

0 —J*xB* - V.P*, (1.18)

1 ~
E'+V*'xB"'=—(J"xB"—V-P})+nJ", (1.19)
en

where 7] is defined as the resistivity of the fluid. Whenever the terms consisting the RHS of
equation (1.19) are not negligible, the dynamics of the related plasma is described by different
versions of the ordinary MHD model, namely, the resistive MHD (RMHD), the Hall MHD
(HMHD), and the Extended MHD (XMHD) models, depending on which of these different
terms is being considered important. Finally, as concerns the energy equations of the two-fluid
theory, under the MHD basic assumptions employed above, these can be cast into the following
forms

30" D ([ P?
— (= Qi+ 1II;: VV* = 1.2
5 Dt( M)+v Q+1I;:V 0,  (1.20)
30" D [ Pr J* 1 P
II, Vi-_ ) -—J.V =0, 1.21
2 Dt( )+V Qe v( en) en (Q”) (120)

containing both the single-fluid variables and two-fluid effects, but can be properly manipulated
in an one-fluid form. Note that we have neglected all integrals including the collision operator.
From the above analysis it follows that both the multi-fluid and the MHD models are not
complete since the pertinent equations consisting each of these models do not form a closed
system of equations. In this respect, either the multi-fluid equations (1.9)-(1.12) or the MHD
ones (1.14)-(1.20) should properly be called moment equations rather than fluid equations.

Closure of the fluid equations

Every fluid model suffers from an “autoimmune” problem known as the closure problem, since
any fluid equation obtained from the N** moment of the Boltzmann equation also contains a
quantity of its (N + 1) moment, so that each time an additional equation for the evolution of
this moment is required to close the system. Specifically, in deriving the multi-fluid equations
the 0" moment yields the continuity equation (1.10) which contains the species velocity,
V,; the 15" moment gives the momentum equation (1.11) in which the second rank pressure
tensor, P?, appears, while the 2" moment yields the energy equation (1.12), containing the
heat flux vector Q,, related with the third rank tensor T, which can be thought as an unknown.
Obviously, taking further moments of the kinetic equation does not cure the problem since each
time a higher rank tensor will appear, thus, making calculations more and more complicated
and only delaying the problem.

Two main closure schemes are usually employed to close the fluid equations; these are
either an asympotic approach, which involves the kinetic equation itself in some degree by
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expanding the distribution function with respect to a small parameter of interest, i.e. [12], or a
truncation scheme in which higher order moments are expressed in terms of lower ones or simply
are assumed to vanish. In the framework of the single-fluid description of plasmas, a truncation
up to the second moment is being considered, such that the pertinent equations are closed up
to an energy equation, i.e. by assuming either adiabatic, isothermal, or incompressible flows.
In this respect, specific equations of state describing the evolution of the pressure tensor have
to be employed. Along the lines of the present thesis special emphasis will be given to the Ideal
MHD [13] and the Chew-Goldberge-Low (CGL) [14] models, which were established within
different assumptions for plasma collisionality. In the framework of these models the plasma
is treated as a perfectly conducting fluid completely described through single-fluid variables,
i.e. information concerning the different species pressure tensors P; _ is lost from the coupled
energy equations (1.20)-(1.21), and the respective equations are closed under the imposure of
the adiabatic or the double-adiabatic equations of state.

1.3.3 Ideal MHD and CGL frameworks

Ideal MHD is the simplest model than can describe the plasma as a conducting fluid and
is valid under specific length and timescales. The key assumtpion made to close the MHD
equations is that both the ions and the electrons are collision-dominated. More presicely, this
means that the mean free path of both the ions and the electrons is small relative to the
chacteristic scale length of the system, L, as well as that the collision time for the ions and
the electrons is short compared to the characteristic timescales of MHD which equals to the
inverse of the characteristic MHD frequency, w. In fact, the ions that are heavy and moving
slowly are dominated by collisions with other ions, in timescales 7;;, while for the electrons
that are higly mobile collisions with both ions and with other electrons are important, for the
timescales of which it is estimated that 7o; ~ 7ee ~ (m;/m.)”"/?7;. Therefore, the high
collisionality assumption can be described by the relation

o\ 12
(—2> 0Ty < 1, (1.22)
m@
which justifies the accuracy of the assumption that the energy transfer terms involving the
collision operators are neglected from equations (1.20)-(1.21). Owing to the high collisionality
the plasma tends to have an isotropic velocity distribution. This is because the collisions
between the particles lead to a randomization of their respective distribution functions which
tend to be Maxwellians. As a consequence the off-diagonal elements of the pertinent pressure
tensors are negligible, IT, . = 0, such that the total pressure tensors can be replaced by
respective scalar pressures, and the plasma can be accurately described by a single-fluid MHD
scalar pressure P*:

P; — P, P: — P, P* =P’ + P (1.23)
With the use of (1.23) it is straightforward that the momentum equation (1.18) in the ideal
MHD limit reduces into the form

DV*
* =J"xB" - VP*. 1.24
D J* % \V4 ( )

In addition to the assumption of high collisionality, two more conditions, related with the
ion gyroradius, 7., and the resistivity, 77, have to be satisfied in order for the ideal MHD
model to be valid. Recall that the MHD is characterized as a low-frequency theory because its
characteristic frequencies are slow relative to the ion cyclotron frequency. This is equivalent to
the requirement that the ion gyroradius is small compared to the characteristic length scales
in plasma

0

rL,

L

<1, (1.25)
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which is well satisfied in fusion related experiments. Furthermore, within the ideal MHD
framework, the conductivity of the plasma is considered very high, or equivalently the resistive
diffusion is thought to be negligible:

nJ”|

_ 1. 1.26
|[V* x B¥| < ( )

As a consequence, the magnetic field lines are frozen into the plasma and do not diffuse due to
the resistivity, which is very low. Such a condition is well satisfied for high temperature fusion
plasmas owing to Spitzer's law, but this condition puts a further restriction on the smalness of
the collision time related with the high collisionality assumption (1.22). However, the resistivity
term may be important in some astrophysical plasmas in which magnetic reconnection occurs.

On account of the above conditions, the terms in equations (1.19)-(1.21) related with the
resistivity, the Hall term, the electron inertia and the viscosity terms, are negligible, and thus,
the ideal Ohm's law has the following form:

E* + V* x B* = 0. (1.27)

The above equation implies that the electric field, E*, can be calculated from the velocity
and the magnetic field. Also, recall that due to the quasineutrality assumption the Poisson’s
equation (1.1) is not included in the MHD equations. Therefore, the electric field can be
entirely eliminated once the ideal Ohm's law (1.27) and the Faraday's law (1.3) are simplified
to one single equation
oB*
ot~
That is E* in ideal MHD is not considered a dynamical variable, and as a result its component
parallel to B* is always zero.

Finally, as concerns equations (1.20) and (1.21), under the conditions (1.23)-(1.26) these
can be simplified to a single energy equation in terms of one fluid variables of the form

D (P 2
Dt <Q*V) T 37 (V-Q =0, (1.29)

Vx (V¥ xBY) = (1.28)

where the single fluid heat flux related variable is defined as, Q = Q; + Q., and is proportional
to the existing temperature gradients [15]. In fact, the heat flux is stronger in the direction
parallel to the local magnetic field since the particles stream freely in this direction. The closure
usually adopted in the framework of the ideal MHD model is that of adiabaticity, Q = 0. That
is, there is no heat conduction between the system and the environment as well as between the
elements consisting the system. In this case the plasma is governed by the ideal gas equation
of state

*

- = const., (1.30)

Q*
where ~ is the constant ratio of specific heats, and which equation completes the set of
ideal MHD equations. An alternative to the adiabatic equation of state, is the assumption of

incompressible fluid motion
V-V* =0, (1.31)

implying that the fluid elements do not suffer any compression due to the external pressure
forces, and the plasma density remains homogeneous. In fact, the incompressibility condition
(1.31) corresponds to a singular limit of the adiabatic equation of state for v — oo, and can not
be formally considered as an equation of state since the pressure is no longer an independent
dynamic variable. In general, the dynamics of the plasma can be assumed incompressible once
the velocity and the frequency are also small compared to that of the propagating compressional
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waves [16, 17]. Incompressibility is a reasonable assumption for the motion perpendicular to
the magnetic field and will be considered as the key closure along the lines of the present
thesis.

Fluidistic description of a system near to thermodynamic equilibrium requires a certain
degree of collisions, and in this respect the collision-dominated ideal MHD model should
properly describe plasmas as fluids. However, the region of validity of ideal MHD is limited
since for many important hot plasmas, as that related to fusion experiments, the mean free
path and the collision time is so long, that the high collisionality assumption (1.22) is never
satisfied. Such plasmas should be better described as collisionless rather than collisional, and
in general are anisotropic owing to the presence of a strong magnetic field.

Collisionless fluid modeling

A plasma can be considered as collisionless whenever length scales shorter than the mean free
path and timescales smaller than the collision time become not important, such that collisions
between charged particles can be completely ignored. Comprehesively, collisionless plasmas are
described by the Vlasov equation (1.7), which comes from the respective Boltzmann equation
(1.6) once the collision operator vanishes. It would appear that for such plasmas a fluid
description would not be appropriate. However, in the direction perpendicular to the magnetic
field the gyroradius, which is usually very small, plays the role of the effective mean free path,
restricting particle motion, and thus, the magnetic field itself plays the role of collisions [18].
Also, even in the absence of Coulomb collisions turbulence can result to dissipation such that
in general the related distribution functions do not relax to Maxwelians, while it turns out
that gradients of the distribution function in the direction parallel to the magnetic field are
much weaker than in the perpendicular direction [17]. Therefore, for large-scale motions of
collisionless plasmas the possibility of a fluid description is restored.

The establishment of a collisionless fluidistic description is based on pertinent fluid equa-
tions obtained upon taking the velocity moments of the Vlasov equation (1.7) in a procedure
analogous to that of deriving the respective MHD equations. Note that the MHD equations
were derived from the Boltzmann equation (1.6) without a specific prescription of the collision
related term, which later was neglected due to the ideal approximation. Therefore, it follows
that the MHD equations can also be derived from the Vlasov equation in a straightforward
way. However, both the multi-fluid models as well as the single fluid MHD (ideal or not) are
implicitly highly-collisional once a scalar pressure, corresponding to a Maxwellian distribution
function, is forced. However, in magnetized collisionless (or weakly collisional) plasmas the
distribution functions depart from Maxwellians and become anisotropic, and thus, cannot be
accurately described by a single scalar pressure. In this case, pressure fluctuations in the direc-
tions along and across the magnetic field are different even if no mean temperature anisotropy
exists in these directions. In this respect, a collisionless fluid model is one derived from the
moments of the Vlasov equation (1.7) and for which two different pressure evolution equations,
parallel and perpendicular to the magnetic field, hold.

Macroscopic, single fluid, equations for a collisionless plasma in the presence of a strong
magnetic field, with the Lorentz force playing a role analogous to that of the collision term,
were derived in [14]. Such a derivation is formally based upon an asymptotic expansion of
the distribution function in powers of the Larmor radius (or gyroradius), 71, = macva/q.B",
which is very small relative to the macroscopic physical length scales, i.e. f,(r, v, t) =
foo+O(rL,); in fact, that derivation is based upon considering the lowest order approximation,
fa ~ fay, also called gyrotropic approximation. By taking the first-order moment of the
Vlasov equation, with respect to the definitions (1.9), we obtain a momentum equation for
each species analogous to (1.11) but with zero right hand side. Such an equation contains
the anisotropic pressure tensor, P*, an equation for the evolution of which is obtained from

!
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the second velocity moment of (1.7) of the form:

OP?,

5tV (VaPL Qo) P VVa (P Vva)T
Yo
B*x P, —P., xB")=0 1.32
e (B'xPL-PLxBY)=0 (13

where the superscript T indicates the transpose of the respective tensor. On account of the
smallness of the gyroradius the last term of equation (1.32) is dominant to the lowest order,
such that it reduces to the form

B* x P, =P xB". (1.33)
The most general solution satisfying equation (1.33) is the following
P%, =PI (I-=Db"b") + P b'b", (1.34)

where | is the unit tensor; b* = B*/|B*| is a unit vector pointing in the direction of the local
magnetic field, while /" (r,¢) and P7_(r,?) are the scalar pressure tensor elements for each
species along and across this direction, defined as

=M /(’U — Vo - b*)? fo,dv,
(1.35)
* mOé

PJ_Q = 7/|’UJ_ — Val|2fa0dlv,

with respect to a velocity decomposition in the directions parallel and perpendicular to b*. It
readily follows that, to the lowest order, the pressure tensor is diagonal in a local rectangular
system one of whose axes points along B*:

P;. 0 0
Prli=( 0 P, 0 |. (1.36)
0 0 P

[l

We recall that this approximation is acceptable only at spatial scales very long compared to the
gyroradius and frequencies very low relative to the gyrofrequency. However, at length scales
comparable to the gyroradius, higher order corrections to the pressure tensor may become
significant and must be taken into account. In this case the entire pressure tensor is of the
form

P = Pg, + Mo, (1.37)

where, 1, is called the gyroviscous stress tensor or Finite Larmor Radius (FLR) tensor, con-
taining all non-gyrotropic corrections to P}, [for a detailed review see [19]]. For the purposes
of the present study the FLR corrections described by I, will be assumed negligible. In this
respect, from now on the subscript 0 will be dropped, and henceforth P will be referred to
the gyrotropic part of the entire pressure tensor, also called as CGL pressure tensor.

Introducing the variables, Py (r,¢) =>_,_, B}, Pi(r,t)=>,_; P, and on account
of the definitions (1.14), we come up with a single fluid description of the pertinent collisionless
plasmas. Thus, a momentum equation of the form (1.18) holds, in which the CGL pressure
tensor is defined as

P*(r,t) = P{(I— b"b*) + P/b*b". (1.38)
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It is clear that P} represents the thermal energy associated with gyration, while P measures
the thermal motion along the magnetic field. A more convenient form for equation (1.38) is

P* = Prl+ QB*B*, (1.39)
Ho

where the dimensionless function

*

(P — P1)
O.d =

BT (1.40)
is a measure of the pressure anisotropy between the parallel and perpendicular motion. It is
clear that particle collisions equilibrating parallel and perpendicular energies lower the value of
0, and therefore a highly collisional plasma is described accurately by a single scalar pressure,
P*. In view of this fact, when pressure anisotropy is present it is useful to introduce an effective

isotropic pressure,
Pr+ Py

P(r,1) = 5 (1.41)

that reduces to P* in the absence of anisotropy.

In addition, in the ideal approximation, in which the resistivity and the Hall term are
negligible, the ideal Ohm law of the form (1.27) is valid, while two evolution equations are
obtained for the scalar pressures parallel and perpendicular to the magnetic field, of the form

D P B*Q B*2

Dt\ o (1.42)
D [ P: 1

(=) =——— V- (Q.b b,

Dt (Q*|B*|) Q*‘B*’ [v (QJ_ )+QJ_V ]

The above equations are derived by combining the respective equations (1.32) for each species
in a form containing only one-fluid variables, and decomposing the gyrotropic pressure tensor
and the gyrotropic part of the heat flux vector into the parallel and perpendicular directions.
In this respect, @ and @, are defined as the elements of the gyrotropic part of the one
fluid heat flux variable, i.e. Qo = >_,_; . Qa, (all non-gyrotropic FLR effects having been
neglected). Equations (1.42) were first derived in [14] [see equations (31) and (32) therein],
their exact form (1.42) being recovered by the substitutions ¢, = Q| —3Q 1, ¢ = Q. , therein
[see [19]]. Therefore, the dynamics of an ideal collisionless anisotropic plasma are described
macroscopically by the equation of continuity (1.16), the equation of momentum (1.18), the
Ohm's law (1.27), and the energy equations (1.42), along with the Maxwell equations (1.2),
(1.15) and (1.28). However, this system of equations still remains incomplete since two
additional equations (for the heat flux vector components) are required in order to be closed.
Two such equations are the double adiabatic equations of state, associated with the CGL fluid
model [14], which are recovered from equations (1.42) under the assumption that there is no
heat conduction in neither of the directions parallel and perpendicular to B*, Q) = Q. = 0;

they are of the form
D <P|r|B*|2> 0
Dt\ o3 | T
¢ (1.43)

D ( Pl _,

Dt \ o*|B*|)
implying that the first and second adiabatic invariants are conserved. In connection with the
present study, however, we will assume incompressible flows (see equation (1.31)) together
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with the condition
B*- Vo, =0, (1.44)

in order to close the fluid equations. Equation (1.44) implies that the anisotropy function is
constant on the magnetic field lines. The motivation for this choice will be explained later.

To summarize, we present below together all the equations derived above, which describe
the motion of an ideal collisionless plasma:

DV*
* —J*xB*—V.p* 1.4
0 D J* x \Y , (1.46)
oB*
Vx (VO xBY) = (1.47)
V-B* =0, (1.48)
V x B* = p1oJ", (1.49)

where P* is defined through equations (1.39)-(1.40). Recall that in the limit ¢} = 0, the scalar
pressures parallel and perpendicular to B* equilibrate. Therefore in this case the pressure tensor
becomes isotropic [P*];; = P*l, such that the plasma state in the presence of many collisions
can be accurately described by a scalar pressure, P*(= P* = PH* = P7). In this respect,
the ideal MHD model equations are recovered from the respective equations (1.45)-(1.49) by
setting o = 0. In fact this substitution takes effect only into the momentum equation (1.46),
since the rest of them are not dependent on the anisotropy function. Therefore, we will further
refer to an isotropic plasma as one described by the set of equations (1.45)-(1.49) for o = 0.
We note that although the CGL collisionless model and the ideal MHD model are established
through different physical assumptions for the particle collisions, the form of the equations
they consist of are identical, such that passing from the one set of equations to the other is
mathematically convenient.

1.4 MHD equilibrium and stability elements

Plasmas are, in general, found to be unstable once large amounts of energy are concenrated
in a limited volume of a laboraty device. For favorable confinement a potential magnetic con-
figuration must meet the following criteria: (i) it must operate in steady state and thus, the
plasma should be in equilibrium state, (ii) once established, an equilibrium must be macroscop-
ically stable, and (iii) the loss of plasma energy to the surrounding walls, arising from heat and
particle transport, must be reduced. In principle, the examination of the problem of stability or
instability of a physical system is based upon the establishment of a background equilibrium, so
that the construction of such an equilibrium is the basis of stability and transport studies. Such
low entropy states are susceptible to numerous instabilities as strong ideal pressure and current
driven modes, resistive instabilities often associated with magnetic reconnection, and kinetic
micro-instabilities which occur when the distribution functions depart from Mawxellians. Also,
certain instabilities are a source of turbulence, which can drive transport. Investigation of
macro-instabilities is usually performed within the framework of MHD, since this model is a
good approximation in describing the plasma as a macroscopic fluid and capturing most of the
physics of the force balance. Although microscopic instabilities -the study of which requires
kinetic theory- may sometimes become important, it is the MHD instabilities that are more
dangerous for a successful confinement [20].
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1.4.1 Equilibrium

The ideal MHD equilibrium states of a plasma with flow and anisotropic pressure are governed
by the following counterpart to the set (1.45)-(1.49) time-independent equations:

V- (gV) =0, (1.50)
o(V-V)V=JxB-V.P, (1.51)
V x (VxB) =0, (1.52)
V-B=0, (1.53)

V x B = poJ, (1.54)

where the absence of the superscript * denotes equilibrium and therefore not dependence on
time. In this sense, the equilibrium variables, B(r), V(r), J(r), o(r), as well as all quantities
related with the pressure, are functions only of the spatial variables. In this respect, the
equilibrium related pressure tensor of equation (1.51) is

B 04 ~ pol[B)(r) = Pu(r)]
P(I‘) = PJ_I + %BB, O'd<I') = ‘B|2

(1.55)

In particular, the so called force-balance equation (1.51) describes the balance of the forces
associated with the anisotropic pressure tensor, V - P, the convective flow term, o(V - V)V,
and the magnetic one, J x B. We recall that an important physical property of ideal MHD is
the magnetic flux conservation associated with the frozen of the magnetic field lines in the fluid
elements. Despite its simplicity, MHD is very accurate in examining configurations of complex
geometries, with emphasis on the magnetic-field shaping which is essential for confinement.

A magnetic field line before closing to itself may either cover a surface, if such a surface
exists, or fill a volume. Any surface that is traced out by a number of magnetic field lines is
called magnetic surface. In plasmas of fusion devices, however, the name is usually reserved for
nested toroidal surfaces. The generic structure of the magnetic field can be either “open”, in
the sense that it closes to itself through infinity, as for example in magnetic mirror, screw pinch
and earth’s magnetosphere, or closed if it remains in a spatially finite region, as for example in
the central region of tokamak and stellarator. It can be proved that if the magnetic field lines
lie on some closed surfaces contained in a bounded region and do not have any singularities,
then they must be toroids (topological tori) [21-23].

The lines of force lying on nested toroidal magnetic surfaces encircle the magnetic axis.
This encirclement is characterized by the rotational transform which is defined as the ratio of
the number of poloidal transits (the short way around the toroid) to the number of toroidal
transits (the long way around it) of a field line. If the rotational transform is a rational number
then the magnetic field lines close upon themselves on surfaces that are called rational surfaces,
leaving finite parts of them with vanishing magnetic field. If not, the surfaces are ergodic (or
irrational) and the field lines cover them densely everywhere. In systems without geometrical
symmetry there might exist stochastic regions in which the magnetic field lines do not lie on
any surfaces but are chaotic, e.g. near a separatrix. Such regions are undesirable for MHD
equilibrium and stability. If the symmetry of the field is violated, for example by superimposing
a perturbation, then magnetic surfaces may no longer be uniquely defined or be defined at
all [24].

The form of the Ohm-Faraday law (1.52) implies that

V x B =Vo(r) = &) = /r(v x B) - ds, (1.56)

ro

where the scalar function @ is the electrostatic potential. Therefore, it follows that in the ideal
MHD framework, the plasma velocity and the magnetic field share common surfaces, i.e. the
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electrostatic potential is a flux label, & = ®(1)), whenever magnetic surfaces ¢ = const. can
be defined. Also, for static isotropic plasmas the momentum equation (1.51) reduces into the
form

JxB=VP=B.VP=J.VP=0, (1.57)

implying that the total kinetic pressure is a flux label, or equivalently P is constant on the
magnetic surfaces ¢ = const., i.e. P = P(1). However, this is not the case in the presence of
flow and/or pressure anisotropy, because of the respective additional terms in the force-balance
equation (1.51), which can be cast into the useful form:

V2 B |B|?
oV|—=—]—-0oVxQ2=(1-07)JxB—-VP—-—(B-Vo,)+ - —Voy, (1.58)
2 o 2410
where, € is the vorticity, defined as
Q=VxV, (1.59)

and P is the equilibrium effective pressure given by

_P||+PL

P 2

(1.60)

To derive equation (1.58) we employed the relations (1.55) together with the identities:
V- (fGG)=[V-(fG)IG+[(fG) - VIG,

VF-G)=(G-V)F+(F - VIG+Fx (VxG)+Gx (VxF).

In [25] it was proved that all smooth steady MHD equilibria with field-aligned incompressible
flows possess (open) magnetic surfaces, with possible exception the force-free or Beltrami
equilibria. Also, in [26] it was proved the existence of (open) magnetic surfaces of three-
dimensional (3D) equilibria with field-aligned flows.

A fundamental quantity that measures the efficiency of plasma confinement by the mag-
netic field is the plasma beta, 3. There is no unique definition of 3 in the literature and
various definitions are distinguished by different geometric factors in connection with the as-
pect ratio and cross sectional shape of a given configuration. The plasma beta is locally
defined as the ratio of the thermal pressure to the magnetic pressure, i.e. for isotropic plasmas
this corresponds to 3 = P/(B?/2u). Recall that in the presence of pressure anisotropy we
represent the plasma pressure by the effective pressure, so that the plasma beta can be defined
in this case as 3 = P/(B%/2p), where P(r) is the equilibrium effective isotropic pressure
(1.60). Using the relations (1.55) and (1.60), the equilibrium scalar pressures parallel and
perpendicular to B are given by

P P [BI
r) = Og—o
i(r) =P+ o oy
BJ? '
P bl

PL(I‘):/P d2,u0'

A more practically useful equilibrium figure of merit is the average beta, defined as the ratio
of the average plasma energy to the average magnetic energy

_ P
Bav = ) 2 )
< Bf + B2 > [2u

(1.62)
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where B; and B, correspond to the toroidal and poloidal components of the magnetic field,
the presence of both of each is essential for toroidal confinement, and P(r) is the average
plasma pressure, defined as

1 _ P+2P

2
P::§TT(P) =P - BF

. 1.63
3 e (1.63)

In general, high values of plasma beta are desirable for fusion reactor economics and technology.
However, there is a maximum allowable value of 3 set by MHD related instabilities driven by
the pressure gradients.

1.4.2 Linear stability

In order to investigate the stability of a hydromagnetic system being initially in an equilibrium,
one must examine the system's reaction to displacements from that equilibium. In general,
if those displacements shortly burn out, such that the system returns to its initial state, then
the system is said to be stable; on the other hand, if the displacements evolve in time, such
that the system deviates more and more from the background equilibrium state, then it is
said to be unstable. There are two main methods for studying ideal MHD stability: first,
for small perturbations from the equilibrium, linear stability is examined by the normal mode
analysis which can calculate the perturbation growth rate and second, the use of variational
principles, involving perturbations of arbitrary amplitude and therefore covering the nonlinear
regime, in connection with the sign of the perturbation potential energy. Both methods are
briefly presented below.
The method of normal mode analysis examines stability as an initial value problem within
a linear framework as follows. Assume that the initial equilibrium state of interest, originated
in a position r, is perturbed to a position r*(r, ¢) through the Lagrangian displacement vector
&(r,t), defined as
£=r"—r, (1.64)

such that all physical quantities at the new position r*, denoted by 9t*(r, ¢), are given by
N = N(r) + N (r, 1), (1.65)

where () correspond to the respective equilibrium physical quantity, and 91 (r, ¢) is the small
initial perturbation, in the sense that [9t#/91] < 1. Upon substituting (1.65) for all physical
quantities into the dynamical MHD equations (1.45)-(1.49) and by keeping only first-order
terms involving the perturbations, a linearized system of the respective equations is obtained
in which all quantities 91* are then expressed in terms of &. The resulting linearized equation
of motion is of the form R

L = Fe], (1.66)

where L is a differential operator involving derivatives with respect to time, e.g. for static
initial equilibrium (V = 0) it has the form L = 0(82/0t2), and F is the so-called force oper-
ator, which is self-adjoint [27]. Furthermore, by adopting in connection with the linearization
a time evolution for the displacement vector of the form &(r,t) = £(r)e™! the problem of
linear stability reduces to an eigenvalue problem which has to be solved together with appro-
priate boundary conditions. That is, stability is determined from the independent solutions
(eigenvectors), &;(r), so-called normal modes, each of them corresponding to a respective
normal frequency (eigenvalue), w;. It follows that if for every w; it holds w? > 0, then [£| is
bounded, and the system is stable, thus oscillating around the equilibrium position. In contrast,
if there exists at least one w; for which it holds, w? < 0, then the respective normal mode ¢&;
grows exponentially, and therefore the equilibrium is characterized unstable. In general, the
determination of the eigenvalues of equation (1.66) is a difficult task.
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The Energy Principle offers a more direct approach to the investigation of the stability of
an ideal MHD equilibrium configuration, based upon a variational formulation. Such method
relies on the fact that in the ideal framework the total energy of the perturbation is conserved,
E = K + W = constant. Here, K is the kinetic energy of the perturbation, given by

1 0?
K= 3 / 0 <8_t§) d’r, (1.67)

and W is the perturbation’s potential energy,
1 ~
W= —§/§-f[§]d3r, (1.68)

where integrations are perfomed throughout the system’s volume. Suppose that W} is a
total maximum of the potential energy, such that when the equilibrium is perturbed into a
neighboring position it happens that 6WW = W — W, < 0. Owing to the energy conservation,
K+ W = Kq+ Wy, where Ky is the initial kinetic energy originated by a small perturbation,
one finds that K = K — K > 0, implying that the system has a tendency to further depart
from its equilibrium state, and therefore is unstable. On the other hand, if 1/ consists of a
total minimum, then 0 K’ < 0, so that the system remains localized around equilibrium position
and can be characterized stable. Since K is quadratic in velocity, and therefore non-negative,
stability is related to the sign of 1. That is, for stability the relation W' > 0 must be satisfied
or equivalently

/g - Flg)dPr < 0, (1.69)

for all possible displacements £&. When the background equilibrium is a static one, V = 0, if
there exists a displacement & for which the integral of equation (1.69) is positive, then the
system is unstable. However, this is not the case in the presence of equilibrium flows, in which
situation the above condition is only sufficient. Although the Energy Principle is not suitable
in establishing the existence of an instability, since the exact form of the kinetic energy is
not known, it is a powerful technique capable of answering the important question of stability
of a given equilibrium, and which can in general be applied to more complex and realistic
configurations.

The safety factor

A key parameter for plasma confinement in toroidal devices is the safety factor Q, which plays
an important role in determining stability and is also involved in transport theory. The safety
factor is defined as the ratio of the times a magnetic field line travels around the toroidal
direction (the long way around the torus) to the respective times around the poloidal direction
(the short way around the torus), and is a measure of the helical twist of the field lines. An
alternative expression for Q is obtained in terms of the magnetic fluxes when nested toroidal
surfaces, i.e. 1 = const., are defined. In such case the safety factor can be defined as the rate
of change of the toroidal magnetic flux, v, with respect to the poloidal magnetic flux, 1,, as

d@bt(r)
Q= i (1.70)

dipy(r)
Note that the safety factor is usually employed in tokamak devices, while in stellarators the
rotational transform, defined as the inverse of the safety factor: « := 27/Q, is commonly

used for analogous considerations. Plasmas that rotate equal number of times along both
toroidally and poloidally are susceptible to certain instabilities and, in general, higher values
of Q are desirable for an equilibrium to be stable. In order for a tokamak equilibrium to be
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stable with respect to current driven modes there exists a necessary condition known as the
Kruskal-Shafranov criterion, which implies that @ must be higher than the unit: Q@ > 1. A
clarification on the Kruscal-Shafranov limit is given in [28] [see paragraph 2.4.3(b) therein].

1.5 Helical symmetry

The establishment of a specific equilibrium within the framework of ideal MHD relies on the
solution of the pertinent system of equations (1.50)-(1.54) together with appropriate bound-
ary conditions. In practice, however, this consists of a 3D and fully nonlinear problem, the
solution of which is not guaranteed in the most general case, in connection of the existence
of well defined toroidal magnetic surfaces. Also, although 3D codes offer an efficient tool
in performing numerical equilibrium calculations, their success is often limited because of the
current computers efficiency, particularly when highly complicated geometries are considered:;
also, from a physical point of view, there is usually no self-consistent treatment of the equi-
librium problem within a totally computational framework. However, when the system under
consideration is invariant under a specific group of uniparametric transformations its dimen-
sionality can be reduced. That is the case when the geometry of a magnetic configuration
possesses a continuous symmetry in which an ignorable coordinate exists, and thus the system
is described as two-dimensional (2D).

The most general known kind of continuous geometrical symmetry is the concept of helical
symmetry, which can be visualized as the motion along a helical (or screw) axis as a result
of the combination of a rotation around a fixed axis and a simultaneous translation along
this same axis. If the ratio of the values of the speeds of the respective rotational and
translational motions is constant, then the resulting helical motion is called ordinary and the
pertinent surfaces formed by the respective helical curves are called ordinary helical surfaces.
There is a number of phenomena for the description of which helical geometry is employed.
More spefically, helical geometry is used to model flows arising behind propellers and wind
turbines [29, 30] and general fluid flows [31,32], particularly, inside helically symmetric pipes
[33—43], related with engineering applications of fluid mechanics. Also, blood flow inside the
aorta [44,45] and helical configurations of chain molecules of polymers, i.e. of proteins, nucleic
acids etc. [46-48], are studied within such a framework. In addition, helical symmetry is widely
employed in astrophysics for the modelling of the structure of astrophysical jets [49-52]. As
concerns space physics, according to recent observations, the emitted plasma outflow from
stellar and galactic jets is described as helically symmetric [53, 54].

In connection with magnetic confinement fusion, helical symmetry is used towards a first
step understanding of the Physics of stellarators, since it can approximately describe a ‘straight
stellarator’ configuration without toroidal curvature [55-57]. The geometry of a stellarator is
inherently 3D, and such a complex geometry makes the theoretical analysis of MHD equilib-
ria and stability complicated. Stellarator equilibrium configurations may be divided into two
classes based on the magnetic axis formation: first, conventional stallarators in which the
magnetic surfaces surround a central planar axis, and second, stellarators with a non-planar
axis following large helical excursions from the center. The ‘straight stellarator’ configuration
is acquired in the limit of very-large-aspect-ratio expansion of a non-planar axis stellarator,
which is well approximated as helical invariant. Therefore, helical symmetry corresponds to
2D configurations with constant torsion and without toroidicity. The free-boundary equilibrium
problem for such systems was studied in a number of papers, e.g. [58-60].

For both analytical and numerical computations of equilibrium, stability and transport of
toroidal plasmas, the use of appropriate curvilinear coordinates is important. The basic ele-
ments of such general systems of coordinates are presented in Appendix A. For the description
of a helical system we introduce the non-orthogonal system of helical coordinates r = (7, u, (),
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Figure 1.2: The coordinate surfaces of the helical system (r,u,() defined in (1.71). The blue
and green-colored surfaces ( = constant and r = constant respectively, are the same with the
usual cylindrical surfaces. The red colored surface u = constant is a helicoid, at every point of
which there is a helix lying on the helicoid which passes through that point.

given in terms of the usual cylindrical coordinates (p, ¢, z), as

r=p,
u=ma¢o—kz, (1.71)
(=2,

where m, k are real constants, and u can be interpreted as a ‘helical angle’. It may be seen that
these coordinates are not well defined on the z-axis (since neither the cylindrical coordinates
are well defined therein). However, helical coordinates are convenient since in this system
a helix is a straight line parallel to the (-axis, simply defined by the parametric equations:
r = constant, u = constant. Therefore, a helical scalar function is a function which has
invariance along a helix, or equivalently: a scalar function f : R® — R is helically symmetric if
and only if it is independent of (: 0f /0 =0 =- f = f(r,u). In this respect, a vector field is
helically symmetric if and only if all its components in basis of the helical coordinates defined
in Appendix B.1 are helically symmetric scalar functions [61]. The characteristic coordinate
surfaces of the helical system are illustrated in figure 1.2. We note that each helix described
by the equations (r = rq = const., u = ug = const.) has a pitch length 19 = 27(|m/k|), and
a constant torsion, 7o = km/(k*r2 + m?). Certain details are given in Appendix B.2. The
effect of the torsion on helical pipe flows were studied in a series of papers [62-66].
At this point we define the vector

h = mgg, = q(rke +mz), (1.72)
where g is the (-covariant basis vector, and
q:= (K*r* +m?*)~. (1.73)

It follows that the helical vector h is tangent to the helix (r = const.,u = const.) and points
along the direction resulting from a rotation around the z axis and a parallel translation along
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Figure 1.3: A helically symmetric tube composed of nested helicoidal surfaces of arbitrary
cross-sectional shape. The innermost of these surfaces degenerates to a helical magnetic axis
(red colored helix). The shape of the cross-section remains invariant along the helical direction.

the same axis. Also, the helical vector satisfies the relations

V-h=0, (1.74)
V x h = 2kmgh, (1.75)
h-Vf=0 V= f(ru), (1.76)

which imply that h is a divergent-free, Beltrami vector.

Helical symmetry consists of the most general case of continuous geometric symmetry and
includes axisymmetry, which describes an ideal tokamak, and translational symmetry, in which
the system is unbounded along the symmetry direction, as limiting cases. We note that the
latter category can represent a ‘straight tokamak’ when the magnetic field is periodic along the
direction of symmetry and therefore can be considered as a toroidal field, since a single period
of such a field is topologically equivalent to a torus. In specific, in the limit (k = —1,m = 0)
it follows that the condition of axisymmetry is recoved, i.e. 0f/0¢ = 0V f(r, z), since in this
case u — z and h — —V¢, while in the limit (k = 0,m = 1) we obtain, u — ¢ and h — 2,
and hence the system is translationally symmetric, i.e. 9f/0z = 0V f(r,¢). For this reason,
although a helix can be characterized by just one parameter, for instance k/m, it is convenient
to keep both m and & in order to discuss these limiting cases.

Hamiltonian theory assures the existence of magnetic surfaces in all three kinds of con-
tinuous geometrical symmetry [67], namely: helical symmetry, axisymmetry, and translational
symmetry. For such systems the magnetic surfaces are nested and well defined by the level sets
of a function v(z!, x?), with the third spatial coordinate, 23, being ignorable because of the
symmetry condition. Such a nested helical surface of circular cross-sectional shape is shown in
Figure 1.3. In general, however, the shape of the tube's cross-section is arbitrary, and remains
invariant along the helical direction. The innermost of these nested surfaces degenerates to
single curve defining the configuration’s magnetic axis, which in the helically symmetric case
is a helix, e.g. (r = ro,u = u,) cf Appendix B.2. Recall that two important directions
are defined in closed toroidal systems; these are the toroidal direction (the long way round
the torus), and the poloidal direction (the short way around). For example, in axisymmetric
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systems, a toroidal field is the one pointing in the symmetry direction, @, while a poloidal
field is the one that lies on the plane (r,z). In this respect, for the helical configurations of
interest we shall refer to a helicoidal field as a field pointing along the direction of symmetry,
h, and to a poloidal field as that lying on the plane transverse to this direction. To this end,
the cross-section of a helicoidal surface shall be refered as poloidal cross-section.

1.6 Thesis objectives and outline

Understanding the equilibrium properties of magnetically confined plasmas in one of the most
important tasks of fusion research, since such steady states can be starting points of stability
and transport studies. Within the framework of ideal MHD the equilibrium states of general
2D plasmas are governed by a pertinent equilibrium equation for the poloidal flux function,
obtained from the reduction of the 3D and fully non linear MHD equations, owing to the
existing continuous geometrical symmetry. In specific, the MHD steady states of static ax-
isymmetric plasmas are governed by the well known Grad-Shafranov (GS) equation [68, 69].
The most widely employed analytic solutions of this equation are the Solovev solution [70] and
the Hernegger-Maschke solution [71,72], the former corresponding to toroidal current density
non vanishing on the plasma boundary and the latter to toroidal current density vanishing
thereon. Also, exact global solutions of the Grad-Shafranov equation were obtained in [73,74]
which model static, axisymmetric astrophysical jets and solar prominences. In addition, the
ideal steady states of static helically symmetric plasmas are governed by a respective GS-
type equation, also called helical GS equation or Johnson-Frieman-Kulsrud-Oberman (JFKO)
equation [75]. Different families of closed form analytic solutions of the JFKO equation were
obtained in [51,52,76-79]. Both the GS and the JFKO equations contain two scalar functions
associated with the pressure and the toroidal/helicoidal current, and which functions in the
static case, i.e when the convective flow terms is neglected in equation (1.51), depend only
on the poloidal flux and therefore are flux labels. However, this is not the case in the presence
of equilibrium flows.

In the last thirty years there has been an increasing interest in equilibria with mass flows
which are created in plasmas of various fusion devices mainly as a result of auxiliary heating.
More specifically, mass flows can be driven externally with either electromagnetic waves or
neutral beam injection for plasma heating and current drive, or can be created spontaneously
(zonal flows). For example, plasma flows as a result of heating with neutral beams have
been observed in stellarators [80]. These flows are usually associated with radial electric fields
which play a significant role in the transitions to improved confinement regimes such as the
L-H transition [81] and the formation of internal transport barriers [82-85]. An additional
effect of external heating, depending on the direction of the injected momentum, is pressure
anisotropy. For tokamaks and stellarators the MHD pressure is usually considered isotropic.
However, plasma heating by the neutral beam injection, ion resonance waves and electron
cyclotron waves can produce strong plasma anisotropy [86—90]. Thus, pressure anisotropy is
present in strongly magnetized plasmas and may play a role in some astrophysical ones [91-100]
as well as in several magnetic fusion related problems [101-113].

In a series of papers (e.g. [51, 85, 105, 114-138]) ideal MHD equilibria both static with
pressure anisotropy and with mass flow, either isotropic or anisotropic, were investigated under
various symmetries. In connection with the present thesis, we particularly mention [114] on
axisymmetric equilibria with incompressible flow and pressure anisotropy and [115] regarding
helically symmetric equilibria with incompressible flow and isotropic pressure. In the presence of
mass flow the equilibrium satisfies a generalized Grad-Shafranov (GGS) equation together with
a Bernoulli equation involving the pressure (see for example [117,139,140]). For compressible
flow the GGS equation can be either elliptic or hyperbolic, depending on the value of a Mach
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function associated with the poloidal velocity, and is coupled with the Bernoulli equation
through the density which is not uniform on magnetic surfaces. Note that the toroidal velocity
is inherently incompressible because of the existing continuous geometrical symmetry. For
incompressible flow the density becomes a surface quantity and the GGS equation becomes
elliptic and decouples from the Bernoulli equation; consequently one has to solve an easier
and well posed elliptic boundary value problem. In particular for fixed boundaries, convergence
to the solution is guaranteed under mild requirements of monotonicity fot the free functions
involved in the GGS equation [141]. In contrast to the static isotropic GS equation, in the
presence of flow and/or anisotropic pressure the free functions involved in the GGS equation
are more than two. For plasmas with anisotropic pressure the equilibrium equations involve the
function o, associated with this anisotropy [equation (1.55)], such that in this situation the
pertinent GGS and Bernoulli equations are coupled through the anisotropy function (together
with the density for stationary anisotropic equilibria). Therefore, to get a closed set of reduced
equilibrium equations an assumption on the functional dependence of this function is required
(cf. [102,106,124,125,129,142,143] for static equilibria and [103-105,107,114,116, 128, 130,
133] for stationary ones).

In [115] a GGS equation governing helically symmetric equilibria with incompressible flow,
generalizing the static JFKO equation, was derived. Furthermore, in [114] a GGS equation
governing axisymmetric plasma equilibria with incompressible flow and anisotropic pressure,
under the assumption that the anisotropy function is constant on the magnetic surfaces, was
derived. The latter equation reduces to the original GS equation [68,69] in the absence of
anisotropy and mass flow. Both of the above equations were obtained upon the reduction of
the 3D MHD equations in a self-consistent way.

The main motivation of the present work was the extension of the results of [114] to the
more generic case of helical symmetry, or alternatively the exention of the results of [115] to
the case of anisotropic pressure. In other words, it was the derivation of a GGS equation which
would govern the equilibrium states of stationary, anisotropic plasmas, with potential gener-
alization of the respective GS or GS-type ones governing all kinds of geometrically symmetric
equilibria, either static, and/or with flow and pressure anisotropy or not. Since as already
mentioned in nowadays and future experiments in toroidal devices the external momentum
sources employed for heating and current drive usually induce both plasma flow and pressure
anisotropy, understanding their combined effects is of practical importance. To this end, once
a pertinent helically symmetric equilibrium is constructed in connection with a ‘straight stel-
larator’, then one can examine the impact of anisotropy on its characteristics and compare
with that of the flow.

Another important motive of the thesis is the investigation of the stability properties of
such kind of equilibria, particularly in the presence of anisotropic pressure.

The well known Energy Principle [27] is a powerful tool for deriving necessary and sufficient
conditions for the linear stability of static MHD equilibria, e.g. for such a stability criterion
for symmetric equilibria see [144]. In the presence of flow, however, the problem of stability
becomes much tougher because of the anti-Hermitian convective flow term in the momentum
equation. As a result, only sufficient conditions for the linear stability of stationary equilibria
were previously obtained [145-149]. Particularly, in connection with the present study, the
derivation of a sufficient condition for the linear stability of ideal MHD equilibria and plasmas
of constant density, isotropic pressure and incompressible flow parallel to the magnetic field, was
initiated in [147,148] and completed in [149]. A key element to obtain this condition is that the
pressure perturbation remains arbitrary, that is, there is no need to express that perturbation in
terms of the Lagrangian displacement vector. Also, pressure anisotropy is usually responsible
for various instabilities, such as the fire-hose and the mirror instability [150-155]. Therefore,
investigation of the stability properties of anisotropic plasmas, either static or stationary, is
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also a significant objective. Thus, a further incentive was the potential generalization of
the sufficient stability condition derived in [149] for the case of anisotropic pressure and its
application to the constructed helically symmetric equilibria in order to investigate their stability
properties as well as the impact of the flow and pressure anisotropy on them.

Before proceeding to the outline of this thesis, we note in passing that equilibrium solvers
have also been developed to model helically symmetric systems [156,157] as well as 3D configu-
rations in connection with stellarators [112,158-162]. In these studies equilibrium construction
is based, among others, on the widely applied 3D MHD, free boundary codes VMEC [163] for
isotropic pressure and its extension ANIMEC for anisotropic pressure [164]. These codes use
a variational principle to minimize the plasma energy functional. In the presence of pressure
anisotropy this functional consists of the magnetic energy and the parallel pressure energy. The
parallel pressure consists of a thermal-particle part and a hot-particle contribution calculated by
means of a bi-Mawxellian distribution function. The perpendicular pressure is not determined
as a moment of the distribution function but by employing the MHD force-balance parallel to
the equilibrium magnetic field; in this respect the code is based on a hybrid (kinetic-MHD)
model. In this respect, it should be understood that although 3D equilibrium codes provide a
more realistic description, they may lack self-consistency.

The derivations and main results of this thesis are presented in four leading chapters,
namely

e Helically Symmetric Equilibria: Generalized Grad-Shafranov Equation (Chapter 2).
e An Analytic Class of Helically Symmetric Equilibria (Chapter 3).

e Symmetry Transformations for Ideal MHD and CGL Equilibria (Chapter 4).

e Stability of Anisotropic Incompressible Equilibria (Chapter 5).

In more detail, in Chapter 2 a GGS equation with pressure anisotropy and non-parallel flow
governing helically symmetric equilibria is derived by employing helical coordinates described
in Section 1.5. This equation involves six arbitrary surface quantities and recovers known
equations as particular cases. Together we obtain a Bernoulli equation for the effective isotropic
pressure. For the derivation we assume that the function of pressure anisotropy is uniform on
the magnetic surfaces. Also, under the assumption of well defined 3D toroidal magnetic
surfaces we examine the properties of special ideal MHD equilibria with incompressible flow
and pressure anisotropy, such that any two of the velocity, magnetic field, current density and
vorticity vectors are parallel one another, including the cases of magnetic-field aligned flows,
force-free, in the sense that the magnetic force vanishes, Beltrami, and complex-lamellar
equilibria. In each of these cases we employ specific forms of the GSS equation governing
respective helically symmetric equilibria. In Chapter 3 adopting the most generic linearizing
ansatz for the free functions involved in the derived GGS equation we obtain a new class of
exact analytical solutions describing a ‘2D straight stellarator’. Moreover, on the basis of the
constructed solutions we examine the impact of flow and pressure anisotropy on the equilibrium
characteristics. Parts of the results presented in Chapters 2 and 3 were published in [165,166].
Also, the results presented in Section 2.2 consist of a generalization of that published in
[167]. Chapter 4 deals with the important sets of equilibrium transformations, known as
Bogoyavlenskij transformations, previously introduced in the literature, and which are proven
very useful in constructing new families of MHD equilibria. Specifically, we introduce a set of
transformations that can be applied to any known anisotropic CGL equilibria with field-aligned
incompressible flows (or static equilibria) and anisotropy function constant on magnetic field
lines, and produce an infinite family of anisotropic equilibria with collinear velocity and magnetic
fields, but density and anisotropy functions that may remain arbitrary; these transformations
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consist of a generalization of the respective Bogoyavlenskij transformations concerning field-
aligned MHD equilibria with isotropic pressure. In addition, we prove that all these sets of
transformations can break the geometrical symmetries of a known given equilibrium, static or
with field-aligned flow, if and only if its magnetic field is purely poloidal. Then we construct
3D equilibria by applying the introduced transformations to a known class of axisymmetric
equilibria. The results presented in Chapter 4 were published in [168]. In Chapter 5 we
derive a sufficient condition for the linear stability of plasma equilibria with incompressible flow
parallel to the magnetic field, constant mass density and pressure anisotropy, such that the
pertinent anisotropy function remains constant. This condition is applicable to any steady state
without geometrical restriction and generalizes the respective condition for MHD equilibria
with isotropic pressure and constant density previously derived in [149]. On the basis of this
condition we prove that if a given equilibrium is linearly stable, then the ones resulting from
the application of Bogoyavlenskij symmetry transformations are linearly stable too, provided
that a parameter involved in those transformations is positive. In addition, we examine the
impact of pressure anisotropy, flow, and torsion of a helical magnetic axis, for a specific class
of analytic equilibria. The results presented in Chapter 5 were published in [169]. Finally, in
Chapter 6 the main results of the aforementioned chapters are summarized and the overall
conclusions are presented. Also, potential projects for future research are briefly outlined.



2 Helically Symmetric Equilibria: Gen-
eralized Grad-Shafranov Equation

“In order to understand the phenomena in a certain plasma
region, it is necessary to map not only the magnetic but also
the electric field and the electric currents. Space is filled with
a network of currents which transfer energy and momentum
over large or very large distances. The currents often pinch to
filamentary or surface currents. The latter are likely to give
space, as also interstellar and intergalactic space, a cellular
structure.”

Hannes Alfvén

2.1 Derivation of generalized Grad-Shafranov equation
in the presence of pressure anisotropy and plasma
flow

The ideal MHD states of plasma flows and anisotropic pressure are governed by the set of
equations (1.50)-(1.54) and (1.55) presented in Section 1.4. From the reduction of these
equations we obtain a GGS equation under the condition of helical symmetry, by using helical
coordinates presented in Section 1.5. The derivation of the GGS equation has been organized
as follows: first, we express the divergence-free fields, the magnetic field, the current density
and the mass flow in terms of helical scalar functions. Second, we identify some integrals
of the system in the form of surface quantities, and third, by using these integrals we derive
a GGS equation together with a Bernoulli equation for the effective pressure, under specific
assumptions for the density and the anisotropy function. This derivation procedure is presented
below in detail.

2.1.1 Divergence-free fields

Owing to equations (1.50), (1.53) and to the equilibrium counterpart of equation (1.17),
V -J =0, it is obvious that each of the magnetic field, B, the momentum density field, oV,
and the current density, J, can be expressed as the ‘vorticity' of a pertinent vector field, or in
other words, each of B, ¢V, J, can be expressed as the curl of a respective vector field. In
specific, as concerns the magnetic field, with respect to equation (1.53) it can be expressed in
terms of a magnetic vector potential, denoted by A, as

B=VxA. (2.1)

27
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Under the assumption of helical symmetry, the above equation yields

— | . - U - ¢l o

B p— —_—
r | Ou &r or g or ou

(2.2)

where A;, i = (r,u, (), are the covariant components of the magnetic potential and which are
helical scalar functions. Furthermore, by expanding B in the covariant base, as

B = B'g, + B'g, + B'g, (2.3)

and substituting this form into equation (1.53) we obtain

= 0. (2.4)

At this point it is useful to introduce the stream function ), defined through the {-covariant
component of the magnetic potential as

P(r,u) == —mAc(r,u). (2.5)
On account of the definition (2.5), by comparing equations (2.2) and (2.3) it readily follows
that
1 oY 1 oY
Br——-2%% g % 9.
rou’ ror’ (2.6)

under which equation (2.4) is trivially satisfied. Then, on account of the equations (2.6) the
magnetic field in equation (2.3) can be re-written in the form

B = BCgC + Bp’ (27)
where B,, is the poloidal magnetic field defined as
B, :=m gt x V. (2.8)

Therefore, the stream function v is related to the poloidal magnetic field through the poloidal
magnetic field components (B”, B*). However, the expression (2.7) for the magnetic field
involves both the covariant and the contravariant basis vectors g anb g¢. This in fact dictated
us to make use of the helical vector h, which also points along the symmetry direction g (see
equation (1.72)), and show that the field on the plane normal to h is related to the poloidal
magnetic field as
o

hxVy =B, — quagc. (2.9)
As a result, by the substitution of equation (2.9) into (2.7) we obtain the following compact
expression for B in terms of helical scalar functions

B =Th+h x Vi, (2.10)
where (7, u) relates to the helicoidal magnetic field and is defined as

B¢ kro B-h
_ B krdv_Beh

I = — = 2.11
mq m Or q ( )

Note that from equation (2.10) it also follows that
vy = Bxh (2.12)

q
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Along the same lines, on the basis of the continuity equation (1.50) the momentum density
field is expressed in terms of helical scalar functions as

oV =6h+h x VF, (2.13)
where the function ©(r, u) is defined as

oV kO Vo

mq m or q

O:

: (2.14)

while F'(r,u) is a stream function for the field oV, in analogy with ), for which it holds

VFZQV;h. (2.15)

In addition, upon the substitution of equation (2.10) into the Ampere law (1.54) we derive
in a straightforward way the following expression for the current density, involving the scalar
functions ¢ and I

3= (v + 2kmgl)h — ~h x VI, (2.16)
Ho Ho
where the operator L is defined as
1o - 10 0 1 02 , 0

That is, we have expressed the divergence-free helical fields, B, ¢V, and J, in terms of the
helical scalar functions ¢, I, ©, and F, as indicated by equations (2.10), (2.13) and (2.16).
We have to note that the force balance equation (1.58) involves another divergence-free field,
and that is the vorticity, 2 = V x V, having the following form in helical geometry

F F\ 2%k
Q= |—LyY+ (—) !V¢\2+Lq@ h—th(Q) : (2.18)
0 0 0
where the prime implies differentiation with respect to v, " := d/di). However, the use of this

vector is not necessary in deriving the GGS equilibrium equation.

Physical interpretation of ¢) and [

Owing to the helical symmetry and on account of the relations (1.74)-(1.76) the following
important equation arises from (2.10):

B- Vi =0, (2.19)

which indicates that the magnetic field lies on well defined nested helicoidal surfaces, ¥ (r, u) =
const., henceforth called magnetic surfaces. Note that a representation for the magnetic field
(and as a result for all the divergence-free fields) as that in equation (2.10) is possible in all
kinds of continuous geometrical symmetry, including axisymmetry and translational symmetry,
which consist of reductions of the general case of helical symmetry employed here. For example,
under invariance with respect to the cylindrical coordinate ¢, the axisymmetric magnetic field
is usually expressed in terms of the scalar functions .. (p, 2) = —pAs(p, z) and I..(p,2) =

pBy(p, z), as ,
Bax = — (Iazé¢> + é¢ X Vwam) , (220)
p
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where By and A, denote the toroidal components of the axisymmetric magnetic field and
magnetic potential with respect to cylindrical coordinates. In addition, under the condition of
translational symmetry, the magnetic field is usually expressed in the form

Btr = Bz(ﬂa ¢)éz + éz X thr(pa ¢)7 (221)

where ¥y, (p,¢) = —A.(p,d), B.(p, ), are respective translationally symmetric functions.
It can be shown from equation (2.20) that in axisymmetric equilibria the magnetic field lies
on nested toroidal surfaces 1, (p, z) = const. (B, - Vibe, = 0), and that the function v,
relates to the poloidal magnetic flux, 1, ., through a disk lying on the plane z = const., as
Yp,., = —2T1,,. Respectively, in the case of translationally symmetric equilibria, there exist
well defned nested cylindrical surfaces ¢y,.(p, ) = const. in which the magnetic field lie on
(By - Viby, = 0), the function 1y, in this situation being related to the poloidal magnetic flux
Yy, passing through a section ¢ = const. of a cylindrical surface of height L, as v, = L.

Considering equations (B.11), (B.14) and (B.24) it follows that the (-covariant helical
component of the magnetic potential is expressed through its respective components in the
cylindrical base as A; = (rk/m)A, + A., and as a result equation (2.5) yields

P(r,u) = kg + miy,. (2.22)

Therefore, the helical stream function 1) is decomposed into two parts each of them recovering
the respective axisymmetric and translationally symmetric stream functions as limiting cases.
Recall that the stream function 1) is related with the poloidal magnetic field as indicated
by equation (2.8). In order to calculate the poloidal magnetic flux consider the coordinate
transformation (r,u,() — (¢(r,u),u, ) with Jacobian, J = (r/m)/(0¢/0r). Then the
magnetic flux through a helical surface of height L = N7, n = (2rm)/k being the pitch and
N is an integer, and of surface area ds = Jdid(g", is calculated:

%:/Bp.ds:%/Ozpdw/OLdg:wp:%w (2.23)

Thus, the helical function v is indeed the poloidal flux per radian, and which reduces to the
respective axisymmetric and translationally symmetric poloidal fluxes, owing to the decompo-
sition
¢p - _prax + wptr' (224)
In addition, from equation (2.16) it readily follows that

J.-VI=0, (2.25)

and therefore the current density lies on nested helical surfaces I = const., which need no
coincide with the magnetic surfaces. Note that, additional kinds of pressure surfaces, on which
P, Pj, P, take constant values, can be defined; although for static isotropic equilibria these
sets of surfaces are identical (e.g. see equation (1.57)), in the presence of flow and anisotropic
pressure, in general, they do not coincide. In an analogous way, it can be shown that the
function I, which is related to the magnetic field component in the direction of symmetry, can
be decomposed into the respective functions employed in the limiting cases of axisymmetric
and translationally symmetric equilibria, 1,.(p, 2) = pBy and I, (p, ¢) = B., as

I=kI,, +ml,, (2.26)

and its physical interpretation is indeed the net poloidal current per radian

2N I
I:/J_dsz_ , 2.27
p p k,uo ( )
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which can be further decomposed as I, = —N1I,  + I,.; here the specific relations for the
axisymmetric and translationally symmetric poloidal currents are given by I, = (271..)/ 10
and [,, = —(LB,)/uo. Finally, as concerns the function F, it turns out that it is related to
the poloidal flux of the momentum density field.

2.1.2 Integrals of the system

Equations (1.50)-(1.54) can be reduced by the means of certain integrals of the system, which
are shown to be surface quantities. These integrals are obtained by the projection of the
Ohm'’s law in the directions h, B, V), and of the momentum equation along h, using the
relations (2.10), (2.13) and (2.16). In particular, expressing the time independent electric field
in terms of the electrostatic potential, E = —V®, with ® being a helical scalar function, and
projecting the Ohm's law, in the form (1.56), along the helical direction, h, yields

h- (Vip x VF) =0= F = F(1)), (2.28)

implying that the function F' is a surface quantity. This is reasonable since in the absence of
resistivity V and B share common surfaces; therefore, the velocity field lies on the magnetic
surfaces ¢ = const.. Furthermore, projection of the Ohm's law along the direction of the
magnetic field implies that the electrostatic potential is also a surface quantity

B-Vd=0= & =d(1)). (2.29)

An additional integral is found from the component of the Ohm’s law perpendicular to

a magnetic surface; i.e. the derivative of the electrostatic potential with respect to ¢ is a
surface quantity

6:%uﬁ—@y (2.30)

In addition, by substituting the above equation into (2.13) leads to the following useful relation
for the velocity

/

M, o

V=_"2B_ _h, 2.31

Vv Ho@ q (231)
where M, (r) denotes the poloidal Mach function, defined as
Vol _ [ po(F7)?

M, =2l o RS T 2.32

p VA 0 ( )

P

with V4, = [B,|/(\/Ho0) being the Alfvén velocity associated with the poloidal magnetic field.
Equation (2.31) implies that V is decomposed into a component parallel to B and a non-
parallel one associated with the electric field in consistence with the Ohm's law. Therefore, in
the absence of the electric field, ® = 0, the velocity is aligned with the magnetic field, V || B
(field-aligned flows).
To identify another integral of the system, we project the momentum equation, in the form
(1.58), along the direction of h; this yields the following surface quantity
_wa:u—nd—M@f+miF. (2.33)

From equation (2.33) it follows that, in general, in the presence of mass flow and anisotropic
pressure [ is not a surface quantity, since it holds

X — ;L()CP/FI
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The condition that for static, isotropic equilibria the current surfaces coincide with the magnetic
surfaces is recovered from (2.34), since for © = F = M, = o4 = 0 it reduces to [ =
X (v). Furthermore, by combining equations (2.30) and (2.33) the following expression for
the function © arises

XF — (1—04)0%®’
O,7) = (2.35)
p

We note that from equations (2.33) and (2.35) it follows that helically symmetric equilibria with
purely poloidal flow, non-parallel to the magnetic field (© = 0, F" # 0,®" # 0) cannot exist
(1=0a)o®’
. . 4 . aF
implying that X has an explicit dependence on r, while it has been shown earlier in equation
(2.33) that X is a surface quantity.

because of the following contradiction: from equation (2.35) it follows that X =

2.1.3 GGS-Bernoulli system

In order to obtain a reduced set of equilibrium equations we project the momentum equation
(1.58) along the direction of the magnetic field as well as along V. In particular, the
component of (1.58) along B yields the following equation:

2 (I)’ BQ
B. {v (V— 49 ) L YP vad} =0, (2.36)
2 0 0 2o 0

which may be interpreted as a Bernoulli equation for P. Before proceeding to the next step,
we first put the terms —pV x Q and J x B, involved in equation (1.58), in a more useful
form. On account of equations (2.10), (2.13) and (2.16), these terms are calculated as

/ 1 /

—oVxQ = {—V- (@V@D) + %]VQ&F — 2kmq2®TF} Vi
OF 1 0\’
hx V) V([ )| h= g0V [~ 2.37
+{(><¢) (Q)} 2q9<g), (2.37)
IxB = —L(£y+2kmql) Vi) — V- (A x VI)h — — VI
o 2410

Subsequently, projection of the momentum conservation equation (1.58) perpendicular to the
magnetic surfaces, together with the use of the relations (2.37), yields the following GGS
equilibrium equation

/ /"

{V (1= 0a = M)gVY] +q [uFf IVY[* + Vi - vgd} + 2/~cmq2X} V[
2 2 2 2

+po § oV (V—> 4 oV (9) - (1- ad)E + VP — (B—) Vaog p -V
2 2 0 Ho 2410

= 0. (2.38)

Therefore, the equilibrium of helically symmetric plasmas with flow and anisotropic pressure is
governed by the equations (2.36) and (2.38) which are valid for generic (compressible flows),
being coupled through the density o(r) and the anisotropy function o4(r). For compressible
flow these equations remain coupled and the pertinent differential equation can be either
elliptic or hyperbolic in connection with specific transition points of the poloidal Mach function
M? [103,104,170]. Also, equation (2.38) has a singularity when o4+ M7 = 1 and so we must
assume that o4+ M]f = 1. For isotropic pressure this corresponds to the Alfvénic value of the
poloidal Mach function (M} = 1). In [171] it was found that sub-Alfvénic and super-Alfvénic
regions separated by this Alfvén singularity can be smoothly connected by the Hall-effect.
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2.1.4 GGS equation for incompressible flows and uniform anisotropy

To reduce further the equilibrium equations two assumptions for the arbitrary functions o and
o4 must be made in connection with the closure problem of the MHD equations. At first,
an equation of state is required such as isentropic or isothermal magnetic surfaces, associated
inherently with compressible flow, or alternatively incompressibility. Since experimental poloidal
velocities lie within the first elliptic regime incompressibility associated with ellipticity is a
reasonable approximation [172]. Indeed incompressible flow, V- V = 0 (see equation (1.31)),
which we henceforth consider, implies that the mass density is a surface quantity

0= o(v), (2.39)

as it follows from the mass conservation equation (1.50). Therefore, from equations (2.28),
(2.32) and (2.39) it also follows that the Mach function is a surface quantity

M, = M, (). (2.40)

However, it should be clarified that compressible equilibrium flows permitting variations of o
and M, on magnetic surfaces represent better the actual experimental situation. In addition,
following [51,114,124,125,128] we adopt the condition (1.44) which implies that the anisotropy
function is uniform on the magnetic surfaces

04 = O'd(w>. (241)

For static equilibria this follows from equation (2.33), which becomes X (¢)) = (1 —04)I, if in
the presence of anisotropy the current density remains on the magnetic surfaces (I = 1(¢))),
i.e. for low-pressure plasmas (P} /B* < 1) and/or weakly anisotropic ones (P — P, < B?)
[173]. Since M, = M, (%)), the same implication holds for parallel incompressible flow (" = 0)
as well as for purely helical flow (F' =0, © # 0). Also, the hypothesis 0, = 04(1), according
to [124], may be the only suitable for satisfying the boundary conditions on a rigid, perfectly
conducting wall.

Owing to the assumptions (2.39)-(2.41), equations (2.36), (2.38) decouple one another as
follows; first equation (2.36) can be put in the form

V2 XF'o' (1 —04)0(®)?
B- — - = 2.42
N R w— v v S (242)

N J/

=f

which implies that the scalar function, under the above gradient term is a surface quantity,
f = f(¥). As a result, we obtain in a straightforward way a Bernoulli equation for the effective
pressure in the following form

V2 (1 —O'd)(q),)2

—P.()) — o | — — , 2.43
P=Pw) | i (2.43)
where P, := f(¢) — 1_);1;/3\/42. Therefore, in the presence of flow the magnetic surfaces in

general do not coincide with surfaces on which P, and as a result P, P, lie on'. In this
respect, the term containing P,(1)) is the static part of the effective pressure which does not

Tn fact it will be shown that the Py and P, surfaces do not coincide with the magnetic surfaces
irrespective of the flow.
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vanish when V = 0. Then by substituting the expression (2.43) into (2.38), the later reduces
to the following elliptic differential equation

/7

Iy LT VIR O T SUN
(1 (oF] Mp)£¢ + 2(1 0d Mp) |V"M +2 1_0d_M5 +
o {(1—%)@(@')2 /
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Equation (2.44) is the GGS equation that governs the equilibrium of helically symmetric plas-
mas with pressure anisotropy and incompressible flow. It contains six arbitrarily specified
surface quantities, i.e. the poloidal Alfvén Mach function, M, (%), the pressure anisotropy
function, o4(1), the density, o(¢), the electrostatic potential, ®(1), the static part of the ef-
fective pressure, Ps(7)), and the function X () associated with the helicoidal magnetic field.
Note that this equation contains a term involving the quantity V|2, It is also noted that
while in numerical studies, e.g. [156,157], P, and P are prescribed as functions of ) and B,
here, since the anisotropy function is uniform on the magnetic surfaces because of incompress-
ibility, we only have to prescribe the pressure P (1)) which explicitly appears in (2.44). Then
P, and P can be calculated from the relations (1.61).
Under the transformation

Y
U = [ 1= ade) = Mpladdg, M +ul < 1. (2.45)

the GGS equation (2.44) reduces to the simpler and more compact form

1dZ® | podP, | po dF

LU 4+ 2kmqgl + ——— —— =0 2.46
temek o T Ay Tagar (2.46)
where the surface functions Z and F are defined as follows
X
I(U) = (2.47)

1/1—0}1—]\437

Ao\
FU):=(1—0q)o (w) . (2.48)
Transformation (2.45) does not affect the magnetic surfaces, it just relabels them by the flux
function U, and is a generalization of that introduced in [174] for isotropic equilibria with
incompressible flow (o, = 0) and that introduced in [125] for static anisotropic equilibria
(M? = 0). Note that no quadratic term as [VU|* appears anymore in (2.46). Also, note
that transformation (2.45) involves the square root of 1 — oy — M2, and therefore our study is
restricted to the sub-Alfvénic region (| M, + 04| < 1), this constraint however being practically
insignificant because it is well satisfied in laboratory fusion plasmas. The GGS equation (2.46)
is the most general equation governing the ideal steady plasma states of equilibrium configura-
tions pocessing a continuous geometrical symmetry, either helical, axial or translational, since
all these equations, static or stationary and/or isotropic/anisotropic, consist of limiting cases
of (2.46) as presented below.

e Helical Symmetry

- In the absence of pressure anisotropy (o4 = 0) equation (2.46) reduces to the re-
spective equation governing helically symmetric equilibria with incompressible flow and
isotropic pressure derived in [115] [see equation (27) therein].
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- In the static isotropic limit (o4 = M} = 0) it reduces to the JFKO equation [75] [see
equation (30) therein].

e Axisymmetry

- In the limit (k = —1,m = 0) the respective equation governing axisymmetric equi-
libria with pressure anisotropy and incompressible flow derived in [114] is recovered [see
equation (34) therein].

- For vanishing flow (Mg = 0) it reduces to the respective equation governing static
anisotropic axisymmetric equilibria derived in [124] [see equation (9) therein].

- In the absence of anisotropy (0, = 0) it reduces to the respective equation governing
axisymmetric equilibria with incompressible flow and isotropic pressure introduced in
[174] [see equation (17) therein].

- In the absence of both flow and pressure anisotropy (o4 = M} = 0) equation (2.46)
reduces to the well-known GS equation [68,69].

e Translational Symmetry

- In the limit (k = 0,m = 1) equation (2.46) in the absence of pressure anisotropy,
o4 = 0, reduces to the respective equation governing cylindrically symmetric incom-
pressible equilibria derived in [174,175] [see equation (8) in [174]].

Once a solution of the GGS equation (2.46) is found, the equilibrium can be completely
constructed in the U-space by using (2.45) and the inverse transformation

b(U) = / (1 - 0ulg) — M2(g))"V2dg. (2.49)

Thus, the equilibrium quantities of interest, presented above, are written in the following forms
in U-space:

V2 (1—o0y) [dD)*
P=PU) -0 o5 ( 7 d <w) ; (2.50)
X(U)=(1-0q— M) |(1—0q4— M)'?T + % ( M’;Q) (@) , (2.51)
B=Th+(1—04—M)"?h x VU, (2.52)
M d®\ h
V=—2LB—-(1-0¢ —M21/2(—>—, 2.53
Voo ( a 2 dU ) q (2:53)
LU (1— 04— M2)=372
qu—L_Ud_Mng 5 X
d(O’d+ MI?) 9
M d [ M,
Q= p 1 — . M2 _1/2£U el p 1 — . M2 —1/2 U 2
{\/uo@( 7= M) Tau \/uog( 7= My) VUl

, 2kmg® } b hx v (9) . (255)
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The safety factor in helical coordinates

Consider an infinitesimal annulus between two flux surfaces; with the use of the relations (2.7)
and (2.23) for the helically symmetric magnetic field, the expression (1.70) for the safety factor
yields

k d[ B¢
g k4] Bds

— 5N (2.56)

We apply the coordinate transformation (7, u, () — (¥(r, ), [,(r,u), () with Jacobian

-1
- gL | (00, 0Y Ol

J = [<V¢p X Vi) g } [r (87’ Oou  Ou Or ’ (2:57)
where ¢ is the usual poloidal flux function and [, denotes the length element along the poloidal
direction. Then equation (2.56) assumes the form

k
Q= %—ijBCdzp, (2.58)

where we have used ds = Jdidl,g*; here § dl,, is the line integral along the intersection curve

of the helicoidal flux surface with the poloidal plane. Moreover, we calculate the quantity
B, - VI, and find

RN
By va_r(@r Ju  Ou Or = (mJ)™ (2.59)

Furthermore, we represent [, as VI, = B,/ B, and obtain the following expression from which
the safety factor can be numerically calculated in terms of equilibrium quantities

b BS(r,u)
Q= N 7{ Boru) dl,,. (2.60)

2.2 Special ideal incompressible MHD equilibria with
anisotropic pressure

The GGS equation (2.38), valid for generic flow and anisotropy function, as well as its reduced
form (2.44), governing incompressible equilibria with anisotropy function uniform on magnetic
surfaces, were obtained from a reduction of the ideal MHD equilibrium equations (1.50)-
(1.54) under the condition of helical symmetry, in which the existence of well-defined magnetic
surfaces is assured. However, it is known that well-defined magnetic surfaces for 3D toroidal
equilibria in general do not exist [24, 176]; the existence of such 3D equilibrium states are
important for finite-beta stellarators. The aforementioned 3D equilibrium equations contain
the vectors V, 2, B and J, which in general are arbitrary. However, steady states involving
special relative orientations between two of these vectors have drawn particular attention. An
example of such special steady states are the force-free ones in which the magnetic force,
J x B, vanishes [177-183]; in this case the convective flow term is usually neglected in the
force-balance equation and therefore the plasma pressure is constant. Also, steady states
with Beltrami flows, in which the velocity V is parallel to the vorticity €2 are of particular
interest [182-186]. We will examine the properties of such kind of special 3D equilibria by
assuming the existence of well defined magnetic surfaces labelled by a smooth function ¥ (r),
on which surfaces both the fluid element velocity and the magnetic field lie on (see equation
(1.56)), as follows.
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2.2.1 Parallel flows (V || B)
In the special case of collinear velocity and magnetic fields related through
A(r)
Voo

with A\ an arbitrary dimensionless scalar function, the continuity equation (1.50) yields

V =

B, (2.61)

1 2
g(B.VQ) :_X(B.v)\). (2.62)

Then with the use of the relations (2.61) and (2.62) the momentum equation (1.58) for
field-aligned flows reads
B? B? B
l—o —)\QJXB:V(P+)\2—)+—V l—0g—XA)— = [B-V(1—0,— )],
( ‘ ) 240 240 ( ‘ ) Ho [ ( ‘ )
(2.63)

being valid for arbitrary functions ¢ and o4, and therefore for compressible flows. We further
assume that the anisotropy function is uniform on magnetic surfaces, o4 = 04(1), together
with incompressible flows, 0 = (). In this case equation (2.62), implies that the function A
is also a surface quantity, A = A(¢), and equation (2.63) reduces to

9 , B? o B2
(1—0q— NI xB=V (P42 ) — (04 +\2) V4. (2.64)

210 2110
The component of (2.64) parallel to B implies that P + A\2B?/(20) is a magnetic-surface
quantity, to be called P4(v)), in consistency with (2.43) for field-aligned flows given by (2.61);

consequently, (2.64) yields
J x B = g(¢y, BV, (2.65)
where B2
g(1, B*) = (1 —0oq— )" {73; — (04 + )@’Z} : (2.66)
0
Equation (2.65) implies that J lies on the magnetic surfaces, a property which was very useful
in obtaining the sufficient condition for linear stability in [149].

At this point let us mention the special class of isodynamic equilibria introduced by
Palumbo [187] in which by definition the magnetic field modulus is uniform on magnetic
surfaces. Thus, they may have favourable confinement properties because the VB drift van-
ishes. The latter equilibria are degenerate in the sense that irrespective of the choice of the
functional dependence of the free functions in the GGS equation the equilibrium configuration
is unique [188]. In this configuration the magnetic surfaces in the vicinity of the magnetic axis
have circular cross-sections and the outermost magnetic surface reaches the axis of symmetry
through a corner; this will be called Palumbo equilibrium. When the magnetic field magnitude
is a surface quantity, B> = B?(1), equation (2.65) can be put in the form J x B = VG(v)),
which in the isotropic limit is formally equivalent to the well known static ideal MHD equa-
tion. Consequently, the only isodynamic equilibrium with parallel incompressible flow is the
axisymmetric Palumbo one, as it was proved for static equilibria in [189]. This also holds for
anisotropic equilibria with 05 = 04(1)) as noted in [114].

2.2.2 Flows parallel to the current density (V || J)

Assume that the velocity and the current density vectors are collinear, related through

V = A(r)d, (2.67)
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with A being an arbitrary scalar function. This is physically plausible case too because certain
species of charged fluid elements should be in motion in order to create the current. For static
equilibria J is created by the electrons; for stationary ones the ions may also contribute. In
this case V, B and J have common surfaces by the Ohm’s law, which reads

JxB=\'V0o. (2.68)
Also, under relation (2.67) the continuity equation takes the form
o(J - V) = —\(J - Vo). (2.69)

Let us discuss here the physical meaning of A. Recall that the MHD momentum equation
is derived by adding the two-fluid momentum equations and using the relations for V*, J*
given in (1.14). Since V* = A\J* then we can compute the electron velocity in terms of the
ion velocity, i.e.
ne(m; + me)\ — m;

x_ melm ¥ MO . vi=p(\ n)ve. (2.70)
Therefore v} || v} as it was expected and in addition we conclude that A determines the
relative velocity of electrons and ions for a given particle density n. In particular, for [A| > 1
(i.e. for velocity magnitudes much more greater than the current density) the electrons are
moving nearly with the ion velocity (almost no current). For very small and reversed flow
velocity compared to the current density, the electrons are moving in the same direction with
the ions but much faster. Also, for small but positive (with respect to the direction of J) flows
the electron velocity reverses and the electrons move in the opposite direction with respect to
the ions. This case is not desirable since it is generally known that opposing beams of charged
particles drive the so called two stream instability. The threshold for electron flow reversal is
Ae = mylen(m; + me)] ™t

Assuming uniform pressure anisotropy, 0, = 04(1), together with incompressible flows,
0 = o(%), in this case equation (2.69) implying A = A(¢)) since J, B share the same surfaces,
the Ohm’s law is written in the form

I x B =¢(y) Ve, (2.71)

where ¢ := ®'/\ is the charge density. Furthermore the momentum equation in this case takes
the form

,J?
2

A2 J? , B2
(l—ad)JXB+Q>\2J><(VXJ):V(P+Q 5 )_(UdQ_’uO_i_(Q)\Q)

)v¢.@7m
The component of (2.72) parallel to J implies that P + (9A?J?)/2 is a surface quantity to
be called Ps(1), in consistency with (2.43) for flows parallel to the current density given by
(2.67); consequently, (2.72) yields

I x (V xJ) =g(4, B*, J) V¢, (2.73)
where
2 2 / 2 /(]2 / B2
B =— — (o) = —oy— — (1 — . 2.74
9(¢> 7<]) Q)\Q Ps (Q ) 2 O-d2,u0 ( O-d)g ( 7 )
From equation (2.73) it follows that the vector field V x J = —V?B/pq also lies on the

magnetic surfaces.
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2.2.3 Beltrami flows (Q || V)

This kind of flows have been thoroughly investigated in the framework of hydrodynamics.
The Beltrami condition, & = A(r)V, \ being an arbitrary scalar function, together with the
condition of divergence-free vorticity, V - €2, yield

AMV-V)=-V.V) (2.75)

which under the incompressibility condition implies that A = A\(¢). By further assuming that
04 = 04(1) the momentum equation takes the form

% V2 , B?
(1—09)JxB=V (73 + Q—) - (g —+ ad—> V. (2.76)
2 2 2110

Then projection of equation (2.76) along B (or J) implies that P + (9V?)/2 := P,(¢)) is a
surface quantity, and consequently equation (2.76) assumes the form

J x B = g(¢, BX V)V, (2.77)
with - B2
2 172y . L 2

9(¢>B 7V ) T 1 — 0y |: s 0 2 O—d2lu0} ) (278)

thus implying that all four vectors €2, V, J, B lie on the magnetic surfaces.

2.2.4 “Force-free” equilibria (J || B)
The force-free condition relates the current density with the magnetic field through
J = A(r)B, (2.79)

where \ is an arbitrary scalar function. This case has also been extensively investigated in the
literature in connection with relaxed states of astrophysical and fusion magnetically confined
plasmas. The most known example is associated with the Taylor conjecture [190, 191] accord-
ing to which a slightly resistive plasma surrounded by a fixed perfectly conducting boundary
relaxes to a state of minimum magnetic energy under the constraint of global magnetic helicity
conservation, a state which is deduced to the force-free with A = constant. For static isotropic
equilibria if the magnetic force is zero the pressure must be constant and therefore none force
is exerted on the fluid element, which justifies the term force-free. A physical reason that
many astrophysical plasmas relax to such a state is that if the current would not be parallel to
the magnetic field the resulting magnetic force should be so large that it could not be balanced
by pressure-gradient and gravitational forces. However, in the presence of plasma flow if the
magnetic force vanishes the pressure can not be constant because a V P-force is required to
balance the inertial flow one. This is the reason we use here quotation marks for the term
“force-free".

Since both J and B are divergence-free the “force-free” condition implies that A = A(v)).
Under the assumptions of incompressible flows and uniform anisotropy the momentum equation
takes the form V2 V2 B2

oVxQ=V (73 + g—) — <g’— + a;—) V. (2.80)
2 2 240
Then projection of latter equation along V implies that P + (0V?)/2 := P,(%) is a surface
quantity, and consequently equation (2.80) reduces into the form

V x Q= g(v, B>, V)V, (2.81)

with . - B2
B2 V%) =2 [P' —0— —o0. —} , 2.82
g ) |70 U (2.82)

thus implying that all four vectors 2, V, J, B lie on the magnetic surfaces.
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2.2.5 Equilibria with || B(Q || J)

Assume that the vorticity is parallel to the magnetic field through, Q = A(r)B; then owing to
both €2 and B being divergence-free, the scalar function X is a surface function, A = A(¢)).
For incompressible flows and uniform pressure anisotropy function, the force balance equation
takes the form

V2 V2 , B?
[(1 — O’d)J + Q)\V] xB=V (P + 97) - (Q 7 + O-dﬂ) V@D (283)
0

Then projection of the latter equation along V implies that P+ (0V'?2)/2 := P,(1)) is a surface
quantity, and consequently equation (2.80) reduces to

(1 — 00 + 0AV] x B = g(s), BX, V3V, (2.84)
with
1 ! /v2 ! B2
B2V == P — — . 2.85
gt ) . 0 o (2.85)

Also in this case the Ohm's law implies that

(0AD)

JxB= Vi, (2.86)

and thus, all four vectors 2, V, J, B share the same surfaces.

Now consider a different kind of equilibria in which the vorticity is parallel to the current
density, 2 = A(r)J; since both € and J being divergence-free, it follows that the scalar
function X is uniform on the current surfaces, S = const., on which the current density
lie on, A = A(S), assuming that such surfaces are well-defined. Under the condition of
incompressibility together with o, being uniform on the magnetic surfaces the momentum
equation takes the form

V2 V2 , B2
[0AV — (1 —0,)B] xJ =V (73 + g—) - (Q — + od—> V. (2.87)
2 2 2410

In order to further reduce the above equation we assume that the magnetic surfaces coincide
with the current surfaces, J - Vi) = 0, in which case the projection of (2.87) along J yields
that P + (0V?)/2 := P4() is a surface quantity, and consequently

[0AV — (1 —04)B] x J = g(v, B3, V)V, (2.88)
with
/ /V2 ! B2
2 2\ . _ _
9, BLVE) = |Po— g —oug (2.89)

2.2.6 Special helically symmetric equilibria

Here we examine the special helically symmetric equilibria with incompressible flows (o =
o(v), M, = M,(z)) and pressure anisotropy function uniform on magnetic surfaces (o4 =
c4(1))) respective to those of subsections 2.2.1-2.2.5 together with the cases of equilibria with
either complex lamellar V and complex lamellar B, as follows.
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Parallel flows

The poloidal component of relation (2.61) implies that A = M, = A(¢), in consistency with
(2.31). Also, equation (2.34) for ® = 0 implies that = X/(1 — 04— M2) = (1) and thus,
the current surfaces coincide with the magnetic surfaces. In addition, the helicoidal component
of (2.61) yields © = (M,1,/0)/+/fio in consistency with (2.30) for ® = 0. Consequently,
M, the helicoidal Alfvén Mach function, M, = V},/(B:/+/100), and the parallel Alfvén Mach
function, M = V/(B/,/H00), are equal one another. Since the electric field vanishes the GGS
equation (2.44) under the transformation (2.45) takes the following form in U space

1d[2 Mo dPS .

LU + 2kmgl + =2 4 1007 _
remal s ar T A

0, (2.90)

which is identical with the static isotropic JFKO equilibrium equation. Furthermore, the
Bernoulli equation (2.50) becomes P = P, — M?(B?/2y10). Therefore non-negativeness of P
sets a lower bound (approximately) for the plasma beta

B> M. (2.91)

Flows parallel to the current density

The helicoidal and poloidal components of relation (2.67) yield respectively

Ho©
= _9 I 2.92
L ) kmql, (2.92)
and /
ol V= —h x VI (2.93)

From the projection of (2.93) along V1) it follows that I = I(¢)). Compatibility with the
relation (2.34) implies that for the current density to stay on the magnetic surfaces the velocity
should be either helicoidal (M, = 0) or parallel to the magnetic field (& = 0).

In the isotropic axisymmetric limit (0, =0,P = P,k — —1,m — 0, u — 2z, ¢ — p~ ')
the pertinent equilibrium states are governed by the following equation

(M)

2

/

1/ X2\ o, [ (@)
2 - 2 L —
Vol + 5 (1_M3) FuopE 2 [1_M3} 0, (2.9

(1-— M;)A*@D —

while equation (2.92) takes the form

1o©
A*p = —. 2.95
vt (2.95)
Here, v = ¢(p, z), A* = p*V - (V/p?) and P, is the static part of the isotropic axisymmetric
pressure. In this case equations (2.94) and (2.95) imply that ) should satisfy a couple of

equations of the form

A = a(y) + pPax(¥), (2.96)
VP = as() + pPas(¥) + plas(v), (2.97)

where the functions a;, i = 1,...5, can be expressed in terms of X, P, M,, o, ®, and \. The
set of equations (2.96)-(2.97) describe a special class of isodynamic-like equilibria with non-
parallel flow [192] associated with the so-called Mawxellian condition, P + B*(2) = const.,
in connection with a hidden integrability of ideal MHD. It is also noted that alternative “side-
conditions” imposed on axisymmetric incompressible equilibria, as B? = B2(¢y)) or P = P(1))
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[193], lead to more generic isodynamic-like equilibria in connection with an additional term on
the RHS of (2.96) of the form pag(v)). For parallel flows it holds a5 = 0 and (2.96)-(2.97)
lead to the Palumbo configuration. The presence of non-parallel flow (®" # 0) modifies this
configuration, i.e. the magnetic surfaces in the vicinity of the magnetic axis can have elliptical
cross-sections elongated either parallel or perpendicular to the axis of symmetry [193].

Beltrami flows

The poloidal component of the Beltrami condition, £ = A(¢))V, reads

7

hx VO = (@79 - /\F'> h x V. (2.98)

Then projection of this equation perpendicular to the magnetic surfaces implies that © = ©(1)).
To be this compatible with the integral (2.30) it follows that ® = 0 and therefore helically
symmetric incompressible Beltrami flows must be parallel to B. Also, from relation (2.34) it
follows that in this case the current density remains on the magnetic surfaces, I = I(¢). The
GGS equation governing such helically symmetric Beltrami equilibria has the following form
under the transformation (2.45)

1d]2 Modps
LU + 2%mql + =2 4 Fo0%s
temal Ty T o

0, (2.99)

with P = P, — M?B?/(2), the parallel Mach function being equal in this case to M =

Vi®/ (D).

“Force-free” equilibria

Since in this case, 2, V, B and J share the same surfaces it should hold I = I(¢) and
© = O(¢)). Consequently compatibility with (2.30) implies, as in the Beltrami case, that the
flows should be parallel to B. In this case the pertinent momentum equation describes the
balance between the pressure tensor related force and the flow force, while the resulting GGS
equation governing the equilibrium is identical with (2.99).

Vorticity parallel to the magnetic field /current density

Consider the case €2 = AB. Projection of the poloidal component of this relation,

hx VO = (979 - QA> h x Vi, (2.100)

onto the direction of Vi) implies that © = ©(1)). Consequently, compatibility with (2.35)
leads to flows parallel to B.

Similarly, the VI-component of the relation €2 = A(¢)J implies that © is uniform on the
current surfaces, which in this case coincide with the magnetic surfaces, © = ©(1) = O(v).
This restricts one more the flows to be parallel to B.

Complex lamellar equilibria

Complex lamellar is a vector field, a, which is orthogonal to its own curl, ¢ = V x a. This
is related to the orthogonal decomposition of ¢ with respect to the direction of a: ¢ =
Ma+axw. When w = 0 the field a becomes Beltrami while for A\; = 0, a becomes
complex lamellar (a - ¢ = 0). In hydrodynamics all the two-dimensional flows satifying the
Navier-Stokes equation are complex-lamellar. The research of complex lamellar flow has been
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of great help to understanding the complexity and generality of the flow, e.g. [194-197].
Also, in helically symmetric MHD equilibria with purely toroidal (helicoidal) flow, inherently
incompressible because of symmetry, this flow is complex lamellar. Here we examine helically
symmetric and axisymmetric equilibria with complex lamellar flow.

Employing equations (2.13), (2.18) and (2.35) the condition V - 2 = 0 yields

(400 + €90 s + 2hmg () + 40 | - wrew)pio 3
" KAW) ¥ @) D' (1) - D(¥) (Aw) %)] VP =0, (2.101)
where A = (XM,)/\/foo(1 — o4 — M2), C := —(1 — 04)®' /(1 — 04 — M?) and D :=

M,/ \/too. Therefore the equilibrium is governed by the GGS equation (2.44) and (2.101). In
the special case of axisymmetry the corresponding equations can be cast in the forms

(@ () + PPas()) A + as(ib)p

P
dp
= Ay () + Aa()p* + As(¥)p" + Au(¥)p", (2.102)
(@ () + PPas () |V + b3<w>p§—ﬁ,
= By (V) 4+ Ba()p* + Bs(¥)p* + Ba(v)’, (2.103)

where a;, A;, B; are known functions of the surface quantities of equilibrium. Consequently,
the electric field gives rise to a class of non-isodynamic axisymmetric equilibria with complex
lamellar flow governed by equations (2.102) and (2.103). The construction of specific equilibria
can be pursued by a method introduced in [187] and employed in [193]. For parallel flow
(C' = 0) these equations reduce to

A" = dy(¢) + pPda (), (2.104)
IVO? = ur(¢) + pPua(t)), (2.105)

and thus, in this case the equilibrium becomes isodynamic. We note that the same result holds
for equilibria with complex lamellar magnetic field, B - J = 0.
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3 An Analytic Class of Helically Sym-
metric Equilibria

“There are endless planes of attention, endless realities and
endless mind states. They 're like collections of atoms and pro-
tons and neutrons, nuclei. They just go on forever. They're
plasma, they're fluid ... they're alive."

Frederick Lenz

3.1 Construction of analytic equilibrium solutions

The equilibrium of a helically symmetric plasma with anisotropic pressure and incompressible
flow of arbitrary direction is governed by the GGS equation (2.46), which is a non-linear, par-
tial differential equation of second order. In order to solve analytically that equation we first
have to linearize it for several choices of the free function terms Z(U), F(U), and Py (U).
These choices should correspond to reasonable profiles of the equilibrium surface quantities
X(U), o(U), ®(U), M,(U) and o4(U), since both Z(U) and F(U) depend on these quanti-
ties. In particular, to solve equation (2.46) we adopt the most generic linearizing ansatz for
the free function terms as

Z(U) = xo0+ x11(U—=Up),
o F(U) = oo+ en(U —Uy) + (U — Uy)?, (3.1)
poPs(U) = moo + m11(U — Up) + ma(U — Up)?,

where Xo0, X11, 700, 711, T22, ©00, P11, P22, Up are free parameters which will thereafter be
specified. In particular, the parameter U, refers to the outermost magnetic flux surface or
equivalently is the value of U on the plasma boundary. We note that for plasmas of magnetic
confinement fusion interest, both the mass flow and the pressure must vanish on the plasma
boundary; otherwise a well defined equilibrium may not be maintained, potentially leading to
catastrophic disruptions. In this sense, in connection with modeling of fusion related equilib-
rium configurations, we henceforth assume 7oy = (711 — 722U ) Uy, and oo = (011 — 922Us) Uy,
which imply that for U = U, the profiles of both the electric field term and of the static effective
pressure vanish thereon’. It is also noted that the first two choices of the ansatz (3.1) specify
the functional dependence of a couple out of the free functions X2(U), o(U), ®'(U)?, M,(U)
and o4(U). In this respect we choose these functions to be X? and (®')?; therefore the
solutions to be constructed are valid for any functions o4(U), M2(U) and o(U). Then under
the coordinate transformation
k2T2
1= (3.2)

'In the special case U, = 0 one has to assume that mog = pgg = 0.

45
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equation (2.46) takes the form

s 0°U n ﬁ@QU L8 ou
1+s0s> 4 ou?>  (1+4s)%0s

+ Y (s)U =T'(s), (3.3)

in connection with the following definitions:

A1 AT

T = A As3(1 3.4
() = s Pl 8) + s+ s (3.4)

4 6

mxi1 T2 P221
Al = T’ Agg 1= W’ Az 1= W’ (3-5)

T11 T A1

F(S) = —S8 |:T22+7'33(1+8)+ (1+S)2+(1+S>] , (36)

~ ~ 4 ~ 6

mXoo T11m ®11m

T11 = 7, Tog 1= W7 733 ‘= Wﬂ (3-7)
Xoo = Xoo — X11Up, T11 := (m11 — 2m22Up) /2, @11 := (11 — 2022Up) /2. (3.8)

Thus, the problem reduces into solving the non-homogeneous, linear PDE (3.3). The general
solution of (3.3) should be of the form

U(Sa u) = Uh<sv u) + Up(5)7 (39)
where U, (s,u) is the general solution of the respective homogeneous equation

s2 0?Up(s,u) ﬁ@QUh(s,U) LS OUL(s,u)
1+s 0s? 4 Ou? (1+s)2  Os

F () U, =0,  (3.10)

while U, (s) is any particular solution of (3.3) satisfying equation

s? d*U,(s) s dUy(s)
1+s ds? (1+s)? ds

+ Y(s)Up(s) =T(s). (3.11)
In order to first solve the homogeneous PDE (3.10) we apply the method of separation of
variables for Uy, (s, u):

Un(s,u) = H(s)T (u). (3.12)

Then substitution of the trial form (3.12) into (3.10) reduces the problem to a couple of linear
ODEs of the second order, in connection with a separation constant, n. The first for the
function T'(u) is

PT(u) | (2—n)2T(u) _o, (3.13)

du? m

having the periodic in u general solution

2 2
T(u;n) = Iy cos <ﬂ> + Iy sin (ﬂ> , (3.14)
m m

where [y, [5 are arbitrary coefficients. The second ODE satisfied by the function H(s) is

(1 + s)dQng) + sdléis) + <Z Tisi> H(s) =0, (3.15)
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where T;, i = 1, ..4 are functions of the free parameters and n defined as follows

Ty = —n2,

Ti = A+ AL+ Ao+ Mgz — 207,

Ty = A} + 2Ag0 + 3A33 — n?, (3.16)
T3 = A+ 3As3,

T, = As3.

Moreover, for the radial function H(s) we apply the transformation
H(s) = s"e ™ R(s), i i= =3, (3.17)
under which ODE (3.15) reduces further into a more compact one for the function R(s)

d*R(s)

ds?

dR(s)
ds

s(1+s) + (g00 + €115 + £2257) + (e33 +eus + Tus)R(s) = 0. (3.18)
Here the parameters appearing in the polynomial coefficients (which are analytic functions of

s except for s = 0 and s — oo) are defined as follows

goo = 1+ 2n, en =2(n — »), €99 1= —2,
£33 = Y1 — (n+ 2)—2nsx+n? eaq 1= To + 362 — 2nse. (3.19)

We note that the form of transformation (3.17) implies that one may consider different kinds
of solutions depending on the specific relation between the parameters »c and Y3. In particular,
if one assumes s = /Y3, T3 > 0, such that s be imaginary, then the radial solution will
possess an oscillatory part involving sines and cosines in terms of s. However, if one assumes
T3 < 0 such that s be real, then the solution will involve an exponential part either growing
or decaying with s, depending on the sign of s. Here we consider the latter case:

(Y3, ) €R, T3 <0< s (3.20)

In this situation, owing to the relations (3.5), (3.16) and (3.20) the following constraint for
the values of the parameters my5 and ¢o,, related with the non-linear with respect to U parts
of the effective pressure and non-parallel flow ansatz (3.1), arises

3g022m2
2

o9 + < 0, (321)
which in the absence of the electric field term becomes 79y < 0. Let us now find the general
solution of (3.18) under the above assumptions. Note that for the variable s it holds that
s > 0, since it is defined through the radial helical coordinate r by (3.2). Consequently,
s = 0 is a regular singular point of (3.18) while +o00 consists of an irregular singularity of
this equation. In the present thesis we solve (3.18) analytically in the neighborhood of an
ordinary point {sg| sy € Ry, sop # 0, +00}. In this case it is known that if sy is an ordinary
point of ODE (3.18) and p denotes the finite distance between s, and the nearest zero of the
polynomial coefficient s(s + 1) of d*R(s)/ds?, which is s = 0, then every solution of (3.18)
can be represented by a Taylor series expansion around sy of the form

R(s) = Z Wix!, x:=s— so, (3.22)
=0

that converges at least in the open interval (so — p, so + p). Such kind of solutions are
sufficient for describing helically symmetric plasma tubes of major radius sy = (k*r2)/m?,
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corresponding to the configuration's geometric center, i.e. the helix (r = ro,u = wug), and
minor radius related with the poloidal cross-section p < rq, as that illustrated in figure 1.3,
for which the origin s = 0 (or » = 0) lies outside of configurations of interest. In addition, in
Appendix C we derive an alternative analytical solution of (3.18) in the neighborhood of the
regular singular point s = 0 for completeness.

Substituting (3.22), together with its first and second s-derivatives, into the ODE (3.18)
yields the following relations

0- W0X72

+ (0-Wo+0-Wy)x !
+ [2teoWa + VoW1 + ZoWo x°
+  [6toWs + 2(t11 + Yo)Wa + (Y1 + Zo)Wh + ZiWo] x*
+ [12tgoWy 4 3(2t11 + Y)W + (2 + 2Y] + Zog) Wy + (90 + Z1) W1 + ZoWo] X2
+ > 06 = DiooWs + (= D [(G = 2t + Yo Wy +[( = 2)(j = 3)+
=5
(7 = 2)Y1 + Zo] Wj—a +[(j = 3)eas + Zi) W3 + ZoWja + TaW, 5} X7
— 0, (3.23)
where:
too = So(1+ so), ti1 =1+ 2sg,
Yo = oo+ E1150 + E225, Y1 := €11 + 2e9280, (3.24)
Zy = £33+ €480+ T4sg, 7y = €44 + 3T4s(2), Zoy := 3T 480.

In order for equation (3.23) to be satisfied all coefficients of x? must vanish; this evidently
implies that both W, and W remain arbitrary as well as that all coefficients W}, with j > 1,
can be expressed as a linear combination of W, W; of the form W, = WyB; + W1C;. As a
result, the general solution of the radial ODE (3.18) is written in the form

R(s) = WoRi(s;n) + WiRy(s;n), (3.25)
where R;, Ry are two linearly independent solutions of (3.18) given by
Ri(s;n) = 1+2Bj(j;n)(s—so)j, Ry(s;m) :ZCj(j;n)(s—so)j. (3.26)
=2 j=1

In the latter solutions the specific recurrence relations for the power series coefficients B;(j;n)
and C;(j;n) were calculated as

Z
BZ - __07
2too
1
B3 = T (2(t11 + Yo) By + Z4],
oo
By = — 12t [3(2t11 + Y0) By + (2 + 2V + Z0) By + 23],
00
1
B5 = _20t [4(3t11 —|— YE))B4 —|— (6 —|— 3}/1 + Zo)Bg + (2622 —|— Zl)BQ + T4] 5
00
1
By = — 50— [5(4t11 + Y0) Bs + (12 + 4Y1 + Zo) By + (322 + 21) Bs + 2B,
00
1
Bij=——F—{(—-1)[tu(j —2)+ Y] B,
J ti —1) {( ) [t (y ) + Yol Bj-1+

+ [0 =2)0 =3+ =2)Y1+ Z| Bj-a + [(j — 3)e22 + Z1] Bj3+
+ ZyBj_4+ Y4B, 5}, ji>1, (3.27)
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and
Cl = 17
Y,
02 _TO(),
1
C3 = . [2(t11 + Y0)Co + Y1 + Zy]
Loo
1
Cy=— or [3(2t11 + Y0)C3 + (2 +2Y1 + Zo)Cy + €22 + Z4]
00
05 = _20t [4(3t11 + 3/0>04 + (6 + 3Y1 -+ ZO)C3 + (2622 + Zl)OQ + ZQ] ,
00
1
06 = _30t [5(4t11 + 3/0>05 + (]_2 —+ 4}/1 + 20)04 + (3622 + Zl)CS + ZQCQ + T4] s
00
1
Ci=——F——1{( -1 [tin(j — 2 Yol Csi
J tOO](]_l) {(] )[11(] )+ 0] J 1+
+ =2 =3)+ (U —=2)Y1+ Z]Cja + [(j — 3)eaz + Z1] Cj 3+
+ ZC5_4 + T4Cj 5}, Jj=T. (3.28)

Therefore, we have found the general solution of the homogeneous equation (3.10), valid for
arbitrary values of the separation constant n; this is

2 2
Un(s;u;n) = s"e ™ [WoRy(s;n) + WiRy(s;n)] {llbl cos (ﬂ> + lysin (ﬂ)} .(3.29)
m m
For further treatment it is convenient to restrict the separation constant n to positive integer
values, n € Z., . Therefore, by applying the linear superposition principle the general solution
of (3.10), periodic in u, is given by

n
UL 2nu

Un(s,u) = Y s" [aan(s;n) cos < — ) + by Ry (s;m) sin (2%“) +

n=1
2nu 2nu
+ ¢, Ra(s;n) cos (—) + d, Ra(s;n) sin <—>} e, (3.30)
m m
where n,, is an arbitrary upper bound on the linear superposition and a,, b,, ¢,, d, are
arbitrary coefficients to be determined.
Then we proceed to find a special solution of the inhomogeneous equation (3.11). First

we write this equation as

s(s + 1)d2;]§2<8) + dUiiS) + (Z Kisi> Uy(s) = <Z Misi> , (3.31)

where
Ky = /\%1 + A1+ Ao + Ass,
K1 = )\%1 + 2)\22 + 3)\33,
K2 = )\22 + 3)\33,

K3 := A33, (3.32)
My = — (711 + Toz + 733 + T11M11)

My := — (2722 + 3733 + T A1)

My := — (199 + 3733)

M4 = —T33.
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Following again a procedure as that of solving the respective homogeneous equation we assume
a power series expansion for Us(s), around the regular point sy, of the form

Uy(s) = Z DX, X =S8 — So. (3.33)
=0

Upon substitution of (3.33) into (3.31) yields

0 Dox

(0-Do+0-Dy)x"

(2tooD2 + D1 + HoDo — L) X"

(600 D3 + 2(t11 + 1) Dy + HoDy + Hy Dy — L] X!

[12t00D4 + 3(2t11 + 1) D3 + (2 + Ho) Dy + H1 Dy + HaDy — L] X*
[20t00Ds + 4(3t11 + 1) Dy + (6 + Ho)Ds + Hy Dy + HyDy + HyDy — Ly] x°

oo

+ o+ + +

> {4+ 6)( +5)tooDjrs + (J+5) [(j + 4)trr + 1] Dygs + [(7 +4)(F + 3)+

=0
Hol Djys+ HiDjy5 4+ HyDjyo + HyDjyr } 7™
= 0, (3.34)
where the parameters H; and L;, i = 0,1, 2,3, are defined as
Hy := Ko+ K150 + Kasj + K35,
H, := K, + 2K5s0 + 3K35),
Hy = K5 + 350K,
Hj = K3,
Lo := My + Mysq + Maysg + Mssy,
Ly := My + 2Msysq + 3Mss),
Lo := My + 3s¢oMs,
Ly = M. (3.35)

From equation (3.34) it follows that both Dy and D; remain arbitrary and thus, without loss
of genereality we choose: Dy =0, D; = 1. Thus, we find that

Uy(s) = Z Dj(s — so)’ (3.36)

consists of a special solution of the inhomogeneous ODE (3.11), with coefficients D; satisfying
the following recursion relations:

Dl - 1,
Dy— —— (1= L)
2 — 2t00 0/
1
Dy =—— [2(2511 + ].)D2 + Hy — Ll] ,
Gtoo
1
Dy=— o7 [3(2t11 + 1)D3 + (2 + HO)DQ + Hy — Lg] , (3.37)
00
1
Ds = ~ 507 [4(3t11 +1)Dy+ (6 + Hy) D3 + HyDy + Hy — Ls]
00
1 4 4 4 )
Dj=—————{(—D)[tu(—2)+1Dj1 +[(j —2)(j —3) + Ho| D;j_»
tooj(j — 1)

+ H\Dj_3+ HyDj_4+ H3D;_ 5}, Jj = 06.
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To summarize, the general solution of the linearized GGS equation (3.3) for the flux function
U with respect to the ansatz (3.1) has the form

n
i 2nu

Ulr,u) =) s {aan(S;n) cos ( - ) + b, Ry (s;n) sin (27:1—“) i

n=1

2nu

+ coRo(s; 1) cos (2%“) + dy Ry(s; 1) sin (W)l e+ Uy(s),  (3.38)

in which the explicit forms of the power series Ry, Rs, U, are given by the relations (3.26)-
(3.28) and (3.36)-(3.37), respectively. As concerns the free coefficients a,, b,, ¢, and d,,
their values will be determined by imposing boundary (shaping) conditions, in connection with
the construction of pertinent, helically symmetric, equilibrium configurations.

3.1.1 Construction of straight helically symmetric equilibrium
configurations

The construction of a specific equilibrium relies on the values of the free coefficients a,,, b,,
¢n, d, in the general solution (3.38). These values are specified by the imposure of appro-
priate boundary (shaping) conditions related with physical and/or geometrical characteristics
of desirable configurations. In this work we are interested in “modeling” equilibria pertinent
to stellarator devices. However, the flux function U(r,u) is a helical scalar function, and as
noted before, helical symmetry corresponds to 2D ‘straight stellarators’, of constant torsion
without toroidicity, and not to the actual 3D devices. To this end we have to clarify that the
term “modeling” here actually refers to using values of geometrical quantities, e.g. major and
minor radius, in connection with specific stellarator-device characteristics.
Consider a spatial curve described by the vector

ro(f) = ro(r = ro = const.,u = ugy = const., (({) = mqéﬂé) (3.39)

in helical coordinates, where ¢ is the differential arc-length along this helix of reference (see
Appendix B.3). Employing the Frenet-Serret formulas we find that the tangent vector to this
helix is defined by

hy(¢)
0) = : 3.40
0= (3.40
where hj := h‘ro,uo; also, we obtain the first and second normal vectors to the helical curve
n(l) = —g"(¢), b(0) = —ro\/q08"(¢), (3.41)
where gy := q(r = ry). These vectors define the perpendicular plane (n,b) on each point

of this helix, henceforth called poloidal plane [198]. Then, the position of each point of
the poloidal plane, originated at a specific length ¢, is described by the system of intrinsic
coordinates (z,, xy, () as:

r(zy, 0, 0) = 1o(l) + zun(l) + zb(0) . (3.42)

poloidal cross-section

It is clear that x,, is the distance from the helix (r = ry = const.,u = ug = const.) in the
direction n and x;, measures the distance from that helix in the direction b; in this sense,
the coordinates x,,, x;, define a “Cartesian” plane at each point ¢ = ¢, (origin), and thus,
moving along the helix. Intrinsic coordinates are useful when imposing a specific boundary
and/or for considerations based on expansions near the magnetic axis [198]. We note that
(2, xp, £) do not form an orthogonal coordinate system (see Appendix B.3), and although these
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coordinates are useful when imposing rectangular boundaries, for circular or elliptical cross-
sectional shapes one has to consider alternative sets of coordinates. For such considerations,
following the arguments made in [62, 199, 200] we employ the “generalized intrinsic polar
coordinates” (p*,w) defined by the transfomations

T, = p"cos(w— 1ol),
xy, = psin(w — 7ol), (3.43)

where p* is the distance of any point on the poloidal plane from the reference helix, rg, of
torsion 79 = kmqg, and w can be interpreted as a rotational angle in the poloidal plane which
is related with the usual polar coordinate 6, measured from the principal normal n, as

¢
w=10+ / Todl. (3.44)
0

In contrast with the usual intrinsic polar coordinates (p*, 6, ¢) which are not orthogonal, the
generalized intrinsic polar ones (p*,w,f) form an orthonormal system of coordinates with
metric [62, 199, 200]:

dr - dr = dp** + p*?dw® 4+ [1 — kp* cos(w — 7ol)]?dl?, (3.45)

where « is the curvature of the helix of reference; however, the two systems of intrinsic polar
coordinates become identical at ¢ = 0. The coordinates (p*,w,¢) are widely employed in
hydrodynamics for investigations of the fluid flow through helically symmetric pipes of circular
cross-sectional shape [33,35,41,44,62,65,66]. A detailed description of that coordinate system
is given in Appendix B.3.1.

The transformation between the helical coordinates (r,u) and the intrinsic coordinates

(p*,w,0) is:

ro= \/[ro — p*cos(w — 1)) + p*2 sin® (w — Tol)m2qo,
0 = marccos (ro — p* cos(w — 1p¢)) cos(k\/%f)+
r(p*, w, )
p* sin(w — 1ol)m./qo sin(k/qol)

(. 0) — k\/qo(ml + krop” sin(w — 7of)). (3.46)

Based on the above transformation one can fully determine the solution (3.38) by imposing
boundary conditions pertinent to fusion magnetic configurations, i.e. of the form U(pg, w, {) =
U, = const. in circular geometry, implying that the flux function takes a constant value on
a circular boundary of radius p* = pj as well as that the flow and the pressures vanish
thereon. Such conditions involve the free parameters ro, k, m and pj, the values of which may
be assigned in connection with geometrical characteristics of specific stellarator devices. As
noted earlier, every stellarator device consists of a specific number of field periods, denoted
by N, with the shape of the cross-section being changed with the toroidal angle in each of
these field periods composing the closed toroid. In fact, in several stellarators the configuration
becomes poloidally symmetric only in toroidal angles w/N. However, for a ‘straight stellarator’
the equivalent N should satisfy the relation 27 Ry = Ny, where 1y = 2w|m/k| is the straight
helicoidal pitch length and Ry corresponds to the major radius of the respective 3D device. Due
to this analogy, we shall relate the parameters pj; and ry with the respective minor and major
radius of a stellarator of interest; in this sense the helix of reference, ry, denotes the geometrical
center of the corresponding ‘straight stellarator’ equilibrium to be constructed. In such a system
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v s

Figure 3.1: The straight helically symmetric equilibrium configuration of circular cross-section
obtained as a solution of the GGS equation (2.46) with W7-X parameters as described in the
text.

because of the helical symmetry the poloidal cross-section shaping remains invariant along the
direction of symmetry (helical axis) unlike the toroidal variation of the respective poloidal
shaping in 3D equilibria. Therefore, a cross-section obtained from the pertinent boundary
conditions at a specific arc-length ¢;, based upon the transformation r(pj, ¢y, w), u(pg, fo, w)
in (3.46), will remain (-invariant moving in the helical direction?.

In order to fully determine the function U we choose n,,, = 6 in (3.38), and thus we need to
solve a system of twenty four algebraic equations with equal number of unknown coefficients,
ai, as, ..., by, ..., bg, 1, ..., dq, ..., dg, arrising from the imposure of Dirichlet-type boundary
conditions in circular geometry, of the form

Ulr(pg, o, w), u(pg, lo,w)] = Us, Toly < w < 27 + 1pd)p. (3.47)

Figure 3.1 shows an example of the straight helically symmetric configuration constructed
having the following W7-X characteristics [201] (in pertinent S| units): ro = 5.5, pjj = 0.53
and m = 0.1, £ = 0.05 such that N = 5, 79 = 0.0584; also we have choosen to perform
the calculations at ¢y = 19/2 = 6.283. The constructed configuration is composed of nested
helicoidal magnetic surfaces of circular cross-sectional shape and has a finite length (in the (-
direction) equal to L = 5n9. The up-down symmetric cross-section of the constructed equilibria
are shown in figure 3.2 both on the plane (r,u) and on the poloidal plane (n,b). The values

2In general the coordinates £, p* can effectively desrcibe an unbounded region varying within the limits
—00 < ¥ < 00,0 < p* < oco. However, to describe a ‘straight stellarator’ bounded configuration extending
radially up to a finite helicoidal surface (boundary) and of finite length, L, we choose 0 < ¢ < L and
0<p* < py <ro.
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Figure 3.2: Poloidal cut of the nested helicoidal magnetic surfaces of up-down symmetric circular
cross-section of the equilibrium configuration obtained with W7-X characteristics as prescribed
in the text, on (a) the plane (r,u) and (b) the poloidal plane (n,b). The boundary represented
by the thick-blue line was prescribed analytically.
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Figure 3.3: The flux function U(r,u = u,) on the (r,u)-plane for the equilibrium of figure 3.2.

of the other constants used are (in pertinent Sl units): xo0 = 0.8, x11 = —0.002, p1; =
0.5, a9 = —0.08, 17 = 1.528, w9 = —0.103 and U, = 0. Therefore, the flux function U
vanishes on the boundary while it peaks on the magnetic axis, where U, = 0.01577. The
magnetic axis on the (n, b) plane is at the position of (x,, = —0.0097, 7;, = —5.67 x 1077),
while on the (r,u) plane it is at (r, = 5.5097,u, = 3.02 x 1078). The variation of U with
respect to the radial coordinate r, on the plane of magnetic axis, is shown in figure 3.3. We
note that the convergence of the power series appearing in the general solution was checked
by extensive numerical tests; for the construction of the specific equilibrium of figure 3.2 we
have included up to fifty terms in each of those series.

The intrinsic polar coordinates p*,w () are usually employed for investigating configura-
tions the magnetic surfaces of which possess circular cross-sections; in toroidal geometry these
coordinates are connected with the so-called Shafranov coordinates [202]. However, since
elongation and triangularity play an important role on confinement both in tokamak [203,204]
and stellarator [205, 206] devices, one may resort to more general coordinate systems which
permit the control of these geometrical parameters, and thus, greater shaping flexibility. Here
we introduce such a system of intrinsic coordinates (p*,w, () related with the coordinates
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Figure 3.4: Up-down symmetric equilibrium of (a) banana- and (b) triangular- like cross-section-
shape with W7-X geometrical characteristics, on the plane (r,u). The boundaries represented
by the thick-blue lines were prescribed analytically.

(2, xp) through the transformation

T, = p[1+0(p*)cos(w— 7)] cos(w — 7¥),
T, = epsin(w —71f), (3.48)

where

5(p") == + (e, (3.49)

and e, 71, 72 and fB; are arbitrary parameters related with the elongation and triangularity
of the magnetic surfaces. These coordinates do not form an orthogonal system; however, for
v =2 = 0 and e; = 1 they reduce to the orthogonal ones given in (3.43). The coordinate
system (3.48) is simpler than others employed for similar considerations, i.e. in describing D-
shaped magnetic surfaces [203,204], because it does not involve highly non-linear composite
trigonometric functions of the form cos(sin(f (e, #)), where the parameter ¢ is connected with
the triangularity. These coordinates consist of a more general form of the ones introduced
in [207] to study the impact of the elongation and the triangularity on respective axisymmetric
equilibria (7 = 0), i.e. they reduce to the ones in [207] for 2 = 0, in which case the parameter
71 is indeed the triangularity. Note that in general alternative functional forms for §(p*) may
be chosen.

Following the same procedure as above, we have constructed up-down symmetric equilibria
of banana- and triangular-like cross sectional shape, with W7-X parameters, by employing the
relations (3.48). The magnetic surfaces of these equilibria are shown in figure 3.4. For the
configuration of banana-like cross-section presented in figure 3.4(a) we have used the following
values: p§ = 0.35, e; = 2.68, 73 = —0.45, 72 = —0.8, 81 = 1/2, while for the triangular-
like equilibrium of figure 3.4(b) the values: pjj = 0.53, ¢; = 1.03, v, = —0.15, 75 = —0.34
and 5; = 1/2, respectively. We note that the analytical solutions obtained here permit the
construction of equilibria with desirable poloidal cross-section-boundary shape by appropriately
assigning the arbitrary constants in the general solution (3.38) as well as in the relations (3.43),
(3.48) related with the applied boundary conditions. This shaping choice is as flexible as in
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the numerical equilibrium construction; an indication is that the configurations of figure 3.4
remarkably resemble the symmetric ones of W7-X on the poloidal plane corresponding to zero
and 7/5 toroidal angles [162] (figures 2(a) and 2(c) therein obtained with consistent ANIMEC
equilibrium), as it was also obtained by the VMEC code [208] (figure 6 therein). However, as
already mentioned in the helically symmetric equilibria constructed in the framework of this
thesis, pertinent to ‘straight stellarators’, the poloidal cross-section remains invariant along
the direction of the symmetry, irrespective of its specific shape.

Finally, it may be noted that we can obtain a more instructive relation for Q than (2.60),
in circular geometry with the use of the intrinsic coordinates (p*,w) given in (3.43). In this
coordinate system the length element of the poloidal cross section at any point ¢ = const. is
written in the form (see equation (3.45)):

dr - dr = dl2 = dp** + p*?dw® = dl, = dw | p** + (Ccllf: )2] 1/2. (3.50)
In particular, on a streamline U(p*,w, {) = const. it holds
AU = gg gU aa[z{ (3.51)
and thus, for a specific poloidal cross section ¢ = {; = const. the above relation yields
‘Cllf: . g: (3.52)

where U, d—g and U, = gU;. As a result, one can calculate the profile of the safety factor

by performing an integration in the angle w around the poloidal cross-section, once first all
equilibrium quantities are expressed in terms of intristic coordinates, by employing the following

relationship:
2n+14o BC ) ) Uw 2
o, ()
77N ) Upr

3.1.2 Reduction to close form analytical solutions

1/2

dw. (3.53)

Ansatz (3.1) consists of the most generic one under which the GGS equation (2.46) remains
linear. Under those generic profiles for the free functions contained therein we have obtained
a class of analytic solutions of the GGS equation in terms of generalized power series and
constructed equilibria with pressure anisotropy and incompressible flow of arbitrary direction
in general. However, when one or more of the free parameters in the ansatz (3.1) vanish the
solution to the linearized GGS equations can be expressed in terms of well-known analytical
mathematical functions. Such special cases are presented below.

Linear profiles (a2 = @22 = 0)

This case corresponds to linear profiles for all surface functions Z(U), F(U) and Ps(U). We
shall also assume that moy = 711U, and g9 = 11Us, such that both the flow and the static
pressure vanish on the plasma boundary. Under these profiles, the radial ODE (3.15) for the
function H(s) reduces to

52(1 +S)d2H(8) +8dH(S) + <Z T181> H(S) =0, (354>
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where T, i = 1,..2 are given by the respective forms (3.16) for Ay = A33 = 0. ODE (3.54)
admits the exact general solution, in terms of the first order Bessel functions of the first and
second kind Js,, and Y5,,, of the form

H(s;n) = viH"(s;n) + vaH?(s;n), (3.55)
Y3 (Az _ n2)_n/2 —All d 11
H' = 23"%2(2n)! 11n+ ™ st - M o, | 4/48(A3, —n2) )|, (3.56)
n ()\2 _n2)n/2 B d
H2 _ 11 1-X11 7 )\11Y 45(\2, — n2 .
o1l n—om °ds | Y (VAL =Y )] (3:57)

valid for A2, # n?. Thus, is this case the general solution of the GGS equation (2.46) is
determined by the relations (3.9), (3.12), (3.14) and (3.55)-(3.57), where U, is any solution
satisfying the limiting form of ODE (3.31), (3.32) for A\ys = A33 = 0. We note that the
exact solution (3.55)-(3.57) was previously obtained in [76] upon solving the respective static,
isotropic helically symmetric GGS (JFKO equation). However, we have succesfully showed
that this solution is also valid for pressure anisotropic, stationary equilibria, and indeed for
flow of arbitrary direction since in our case ¢1; # 0. In the limit of parallel flows, ¢1; = 0,
implying that 733 = 0, an exact expression for the particular solution can be found of the form

Too — A11(A11711 + T22(1 + 5))
A%

Uy(s) = . (3.58)

T = constant (x11 = @22 = 0)

In this case, in the absence of pressure anisotropy and flow (o, = M, = 0) it follows that
the quantity X related with the integral (2.33) is constant. In addition, the function F(U),
related with the non-parallel component of the flow, becomes linear in U, while the static
effective pressure has the explicit form given in (3.1). Again we assume that these quantities
vanish on the plasma boundary, i.e. o0 = ¢11Up, o0 = (711 — m22Up)Up. On the basis of
these profiles the radial ODE (3.15) for the function H(s) reduces to

d*H(s)  dH(s)
ds? ts ds

s*(1+ s) + (1 + 8)*(N\ags — n*)H(s) = 0, (3.59)

since it follows that A\;; = A33 = 0. ODE (3.59) admits the exact general solution of the form

H(s;n) = viH'(s;n) + v, H?(s;n), (3.60)
N2
B = gnens L {es(”“*/E)lFl ((”H—A”)%z AQQSH , (3.61)
ds 2iv/ A2
d _ ; ~ (TL—FZ.\/ )\22)2 .
H2 — gnens & s(n+ivA22) =) 9 by .62
st [e U STV n,i\/ Aaas | |, (3.62)

valid for A2, # n2, where 1 F{ (¢, n, s) is the confluent hypergeometric function and U (¢, n, s)
are two independent solutions of the Kummer's differential equation:

S

d*W (s) o S)dW(s)

- —Z W (s) =0, (3.63)

Thus, is this case the general solution of the GGS equation (2.46) is determined by the relations
(3.9), (3.12), (3.14) and (3.60)-(3.62), where U, is any solution satisfying the limiting form
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of ODE (3.31), (3.32) for A\;; = X33 = 0. Note that for m» = 0, corresponding to linear
dependence of P on U, the linearly independent radial homogeneous solutions (3.61), (3.62)
reduce to

H'(s;n) = s"e™, H?(s;n) = s "e ™. (3.64)

The above exact solutions (3.60)-(3.64) was previously obtained in [76] upon solving the
respective static, isotropic helically symmetric GGS (JFKO equation). However, we have
again shown that this solution is also valid for anisotropic, stationary equilibria with flow of
arbitrary direction, since in our case 17 # 0.

A model for astrophysical jets (xoo = 711 = F = 0, mgo # 0)
In this case the profiles for the free functions in (3.1) simply become?

I(U) = Xlan
toPs(U) oo + ma2U?, (3.65)

where the absence of the electric field term (F = 0) implies equilibria with flow parallel to
the magnetic field. Under the substitutions: m — —m, k = —1 and my = —2w?, where w is
also a free parameter, on account of the ansatz (3.65) the helically symmetric GGS equation
(2.46) reduces to the following linearized form:

10°U 10 r  oU b%r 2x11m
r2o0u2  ror \r24+m?2 or r24+m?  (r2 + m?

7w ) U=0.  (3.66)

The above homogeneous PDE was solved analytically in [209] and the exact solution, polyno-
mial in the variable 7, obtained therein is

Usaoro = mo — 2) = €= { fsHos(v) + 1 Hy (0)[ey cos(pe/m) + dy sin(jau/m)]},
(3.67)
where §, i, v are arbitrary integers > 0 satisfying the condition 26 > 2v + y; f5, ¢, d are
arbitrary coefficients, and v = 2wr?. The form of the polynomial functions H,,(v) involve
derivatives of the Laguerre polynomials L, (v) as

dar drtt
HMV(U) = WLMJH/(U) - RWUWL#JW(U);
1 (3.68)
o = 5400 =) = = AT = P = 1603,

e.g see equations (3.7)-(3.8) in [209], and Hys is the respective polynomial for 1 — 0, v = § #
0. On account of solution (3.67), different classes of exact helically symmetric MHD equilibria
describing astrophysical jets with isotropic pressure (04 = 0) were constructed in [209]. For
such kind of equilibria both the magnetic field, the flow velocity and the current density fall
rapidly to zero at » — oo, while the pertinent isotropic pressure takes a limiting constant value
therein. As a result, the above solution is not pertinent in describing magnetically confined
fusion related plasmas. We have to note that solution (3.67) can also accurately describe
helically symmetric CGL anisotropic pressure equilibria, with o, being a surface quantity (or
constant), and incompressible flow. This is due to the fact that although the MHD and CGL
models are established through different physical assumptions for the particle collisions, the
respective generalised GS equations governing them are identical in form.

3We have assumed U, = 0 without loss of generality.
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3.2 Impact of flow and pressure anisotropy

To completely determine the equilibria we have to properly assign the remaining, unspecified
surface quantities appearing in the GGS equation (2.46) in terms of U; those are the plasma
density, o(U), the Mach function, M, (U) and the anisotropy function, o4(U). Here we choose
the following functional forms, peaked on the magnetic axis and vanishing on the boundary,

U—-0,\" , (U= \" U-0,\"
_ A R VB VY ) — g [ ——22) 3.69
Ud O—da (Ua _ Ub) Y P Pa Ua _ Ub ) Q Q Ua _ Ub ( )
where the parameters o, , Mgﬂ, 0, denote the pertinent maximum values on the magnetic

axis, while the parameters p, v, A are related with the shaping of the respective profiles. We
note that the above profiles are connected with on-axis heating sources. However, alternative
functional dependence on the flux function U, i.e. connected with off-axis heating sources,
can also be adopted for these profiles.

In the present Section we investigate the characteristics of the helically symmetric equi-
librium of circular poloidal cross-section of figure 3.2, constructed with W7-X parameters,
through physical quantities, on the basis of the obtained analytic solution (3.38) together
with the relations (2.50)-(2.55) and (3.69)*. In particular, we examine the impact of pressure
anisotropy and flow on the equilibrium through the variation of the parameters o, , associated
with the anisotropy, M}fu, associated with the parallel component of the flow, and ¢11, a2,
associated with the non-parallel flow component. For the rest of the parameters in the profiles
(3.69) we assign the following values:  =v =2, A =1/2, 9, =5 x 107" Kg/m?. From
the requirement of positiveness for all pressures within the whole plasma region, we find that
for the free anisotropy parameter it must hold: —6 x 1072 < o4, < 6 x 1073, both for static
as well as for stationary equilibria; here negative anisotropy implies that P, > P}, and vise
versa in the case o4 > 0. It is noted that both cases of anisotropy (P — P, ), either positive
or negative, are of practical interest for magnetic confinement systems [133,210,211]. For
field-aligned flow the same requirement for the above values of anisotropy parameter yields for
the Mach number 0 < Mga < 3 x 107*; however, in the presence of the electric field term,
associated with the non-parallel flow, the maximum values for the poloidal Mach number can
be almost one order of magnitude greater, 0 < Mga < 1073, Such values of Mza imply ro-
tation velocities of the order 10* — 10 ms~! which are good for large conventional tokamaks
on account of experimental evidence [212,213]. We note that the approximate maximum
permissible values of the free parameter o,, in connection with the non negativeness of the
pressures, are, in general, larger than the respective ones for Mﬁa.

To examine the impact of pressure anisotropy and flow on the equilibrium, employing
equations (2.47), (2.48) and (2.50)-(2.53), we find for the function I, related to the helicoidal
magnetic field, the magnetic field magnitude, B (:= |B|), and the effective pressure, P, the
following expressions in terms of oy, M;i and F(p11, p22):

z M,F'/?

VHo
I - a .
(r,U) (1—04— M5)1/2 ¢ (1—0q— M5)1/2(1 o)l (3.70)

’ L l—og— M2 q(1—04—M2)(1—04)
1/2
27\ /fig M, F'/?

U= M1 —og 2| (3.71)

4Since the topology of the magnetic surfaces remains unchanged in both planes of figure 3.2 we may
restrict our study on the (r,u)-plane (figure 3.2(a)).
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My ¢(T° + |VUP)
(1 — 04 — Mg) 2[&0
M,FY2(1—ag)'/? T e (1 M? )
(1—0oa— M2 oo 2q l—0g—M2)
Then, substituting (3.71) and (3.72) into equations (1.61), we come up with the following
relations for the parallel and perpendicular pressures as functions of o, , M]fa and F (11, pa2):

P(r,U) = Ps—

(3.72)

+ M) (7 2 M, F'*T
P (r,U) = Ps— (2 p)2 q(z"+ [VU] )+ o 5 e
(1—Ud—Mp) 2#0 M(l—a’d—Mpxl—Ud)
F M?
+— 11— P ] , 3.73
2q [ (1—0d—M}3)(1—0d) ( )
Py = Py M) d@HIVUR) (1= 20 M,
(1—0d—M5) 2,&0 \/%(1—0,1—]\/[3)(1—051)1/2
F (1 - QUd)MQ :|
+— |1 = p 3.74
2q [ (1—04—M2)(1—o0y) ( )

To begin with, we consider static equilibria (M, = p11 = @22 = 0). In the absence of the
flow equation (3.71) yields for the magnetic field magnitude

B(r,U) = \/Q(IQ + VU (3.75)

1—Ud

From the above equation it follows that pressure anisotropy acts paramagnetically for P > P,
since in that case the magnetic field increases from its isotropic values with o,, > 0, while it
acts diamagnetically for P; < P, since B decreases with 04, < 0, as shown in figure 3.5(a).
Observe that the magnitude of the magnetic field on the high-field side of the configuration is
B = 3T, which is very close to the value of the vacuum magnetic field of the W7-X device.
This behavior becomes more clear on the profile of the function I associated with the helicoidal
component of the magnetic field®, presented in figure 3.5(b); note that in the static case from
equation (3.70) it follows that 7 = I(U) and thus, the current density remains on the magnetic
surafces U = const. In fact, the above result for the impact of pressure anisotropy also holds
in the presence of equilibrium flows, since o; appears in the denominators of the respective
flow terms in equations (3.70), (3.71). This is consistent with the result of [114] in which only
the case o, > 0 was examined and with those of [211] about the impact of pressure anisotropy
on high-beta tokamak equilibria for either P| > P, or P| < P,. Also the impact of pressure
anisotropy for either o4 > 0 or o4 < 0 on certain equilibrium characteristics of tokamaks and
stellarators were examined in [133], including the limits P > P, and P| < P,. We note that
experimental observations of plasma paramagnetism in tokamaks have been reported in [214].

Furthermore, in the absence of the flow the effective pressure becomes a surface quantity,
P = P(U) = Ps(U), thus remaining on the magnetic surfaces U = const., as follows from
equation (3.72). The static effective pressure peaks on the magnetic axis and vanishes on the
boundary, while it does not depend on the pressure anisotropy parameter o4, , in consistence
with ansatz (3.1), as shown in figure 3.6. However, this result does not hold for the profiles
of the scalar pressures in the directions perpendicular and parallel to B which have the forms

o (> +|VUP)
(1—o04) 2410

oa 9T +|VUP)
(1—o04q) 2110
®Inspection of equation (3.75) implies that B is proportional to /g = 1/vk?r? 4+ m?

P (r,U) = PU)—-

, (3.76)

P(rU) = PU)+ . (3.77)
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Figure 3.5: (a) The magnetic field magnitude, B(r, u,), and (b) the function I(r,u,) related to
the helical component of the magnetic field, as functions of the anisotropy parameter o, , for
M, = 11 = p22 = 0.
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Figure 3.6: The profile of the static effective pressure, Py(U(r,u,)), for the equilibrium of figure
3.2(a), in consistence with that of the flux function U shown in figure 3.3.
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Figure 3.7: The impact of pressure anisotropy on Pj(r,u,) for (a) o4, > 0 and (b) o4, < 0, for
M,, = p11 = @22 = 0.
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Figure 3.8: The impact of pressure anisotropy on P (r,u,) for (a) o4, > 0 and (b) o4, < 0, for
My, = p11 = @22 = 0.

From the above equations it follows that although for static anisotropic equilibria the effective
pressure is a surface quantity, neither P, nor Py remain constant on the magnetic surfaces; in
fact the anisotropic scalar pressures never become uniform on the magnetic surfaces even in the
presence of mass flows®, as indicated by equations (3.73), (3.74). From the relations (3.76),
(3.77) it follows that raise of the parameter o4, > 0 makes P to increase and P, to decrease
from the respective isotropic pressure, while o, < 0 affects the scalar pressures in just the
opposite way. The impact of pressure anisotropy on P and P, is shown in figures 3.7 and 3.8,
respectively. Therefore, the families of surfaces on which either P or P, are constant do not
coincide with the magnetic surfaces. As indicated by figure 3.8(b), when o4 < 0 the profiles
of the perpendicular pressure peak close to the magnetic axis; in that case the topology of the
P, surfaces does not differ from that of the magnetic surfaces, i.e. the cross-section shape of
P, surfaces remain circular. However, when o4 > 0 the increase of the anisotropy noticeably
affects the topology of the P, = const. surfaces. Indeed, for o;, = 0.003 the pertinent
inner surfaces have a non-zero triangularity, thus deviating from circular. In addition, for
o4, = 0.006 it is found that the cross-sections of surfaces close to the boundary remain
circular, while the ones of the inner surfaces consist of two lobes and one saddle point (X-
point); the respective axes of the two lobes are located at (r = 5.852,u = 2.94 x 1077) and
(r =5.462,u = 1.46 x 1078), while the X-point is located at (r = 5.123,u = —1.49 x 1077).
These features are illustrated in figure 3.9. We note that analogous characteristics are found
for the P surfaces for the opposite values of oy.

6This happens only for static, isotropic MHD equilibria (o4 = 0) in which only a single scalar pressure
is defined.



Chapter 3. An Analytic Class of Helically Symmetric Equilibria 63

(a) [PAz;,=0.003

0.02} 1 o002}
0.0t} 1 ool

u 0.00f Ju ooof
—001} 1 oof
~0.02} 1 ooz}

5.0 5.2 54 5.6 58 6.0
r r

Figure 3.9: Poloidal cut of the helicoidal surfaces P, = const. for (a) o4, = 0.003 and (b)
o4, = 0.006, in constistence with the respective curves of graph 3.8(a).
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Figure 3.10: The impact of the parallel flow in connection with the parameter Mga on (a)
Py(r,uq) and (b) Py (r,uq), for p11 = p22 = 0, corresponding to the cases of figures 3.7(a) and
3.8(a).

For stationary equilibria with field-aligned flows (M, # 0, F = 0) equations (3.70), (3.73)
and (3.74) reduce to the forms
z

I(r,U) = L=y — )% (3.78)

(04 +M2) q(T?+ |VUP)

P (r,U) = Ps— L : 3.79

1(r.U) (1—0a—M2) 2y (3.79)

(04— M7) ¢(Z° + |VU]?)
(1—04— M2) 2110

P(r,U) = P+ . (3.80)

Inspection of the above relations implies that, in the absence of the electric field term, the
parallel flow associated with .Mp2 acts additively with pressure anisotropy for o4 > 0, with the
exeption of P in which it acts additively with o4 < 0. In fact, this also follows from the GGS
equation (2.44) for ® = 0, owing to the term 1 — g, — Mi. The impact of Mg on the scalar
pressures parallel and perpendicular to B is shown in figure 3.10. Consequently, it follows that
the parallel flow through the parameter Mga > 0 has a paramagnetic impact on the equilibrium
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Figure 3.11: (a) The impact of Mp2a on the function I(r,u,) associated with the helicoidal
component of the magnetic field, for o4, = 0.003, 11 = w22 = 0. (b) the cumulative paramag-
netic impact of the pressure anisotropy and the parallel flow in the absence of the electric field
term; the displayed curves correspond to the following values: Isostatic (black straight curve):
Od, = Mga = 0; Anisostatic (blue dashed curve): o4, = 3 x 1073, Mga = 0; Isoflow (red dotted
curve): o4, =0, Mga = 10~%; Anisoflow (green dotdashed curve): o4, =3 x 1073, Mga =104

as shown in figure 3.11(a). Although the pressure anisotropy for P > P, and the parallel
flow act cumulatively, the impact of the anisotropy is stronger since the maximum values of
the Mach number are one order of magnitude lower than those of o, ; it also follows that the
greatest paramagnetic impact is found in the presence of both the pressure anisotropy and the
parallel flow. These results are shown in figure 3.11(b). We note that for field-aligned flows the
current surfaces coincide with the magnetic surfaces, I = I(U) (see equation (3.78)), while
the surfaces on which the effective pressure is constant deviate from the magnetic surfaces,
P # P(U), in connection with the second term of equation (3.72) for F = 0.

Furthermore, for purely helicoidal flows the quantity / and the magnetic field modulus
become independent on F (cf. equations (3.70) and (3.71) for M, = 0). Therefore, it follows
that the non-parallel flow affects B only in the presence of the parallel component of the flow,
in connection with the respective flow terms in equations (3.70), (3.71). On the other hand,
it is found that the non-parallel flow affects both the parallel and the perpendicular pressures
in the same way, as implied by the expressions

o qZ*+|VUP)  F

_ p _ il 81

P.(r,U) = P, ool 2 (3.81)
oq  qI*+|VUP)  F

Pr,U) = Ps+ a _d0d> ( 2,U’o B 50 (3.82)

obtained from (3.73), (3.74) for purely helicoidal flow. In particular, it follows that the non-
parallel flow has a slight positive contribution on the scalar pressures as can be seen in figure
3.12.

For equilibria with flow of arbitrary direction, that is for flow with both helicoidal and
poloidal components, inspection of equations (3.70), (3.71) leads to the following conclusions.

(i) The non-parallel flow associated with the electric field related with the term F in (3.70)
has a diamagnetic impact, in connection with a decrease of I(r, U) as the parameter 1,
takes larger values, which can be seen in figure 3.13. Note that in that case the current
density J does not remain on the magnetic surfaces since I # I(U).

(ii) In contrast with the paramagnetic behavior of the parallel flow in field-aligned equilibria,
in the case of mass flows of arbitrary direction the second term in equation (3.70) implies
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Figure 3.12: The impact of the parameter ¢11 on (a) Py (r,u.) and (b) Pj(r,uq), for purely
helicoidal flows: M7 = 0, 22 = —0.08 and o4, = 0.003.
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Figure 3.13: The helicoidal component of the magnetic field for the equilibrium of figure 3.2(a)
for different values of the non-parallel flow parameter @11, for 2o = —0.08, Mga = 10"* and
oq, =3 x 1073
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Figure 3.14: The implicit diamagnetic action of parallel flow in the presence of non-parallel
one through the second term in (3.70) for ¢33 = 0.5 and @22 = —0.08. The displayed graphs
correspond to o4, = 0; however the impact of MID2 is similar for any o4, # 0.

Figure 3.15:
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The pressure anisotropy strengthens the diamagnetic impact of the non-parallel

flow for P| < P, and encounters that impact for P > P,. This figure corresponds to flows of
arbitrary direction: M7 =5 x 1077, @11 = 0.5, @2 = —0.08.

(iii)

that the stronger the diamagnetic effect of F is the higher M?; that is the parallel flow
enhances the diamagnetic action of the non-parallel one. This impact is shown in figure

3.14.

The second term in equation (3.70) implies that the pressure anisotropy strengthens
this non-parallel flow caused diamagnetic effect for 04 < 0 and weakens that effect for
o4 > 0, as can be seen in figure 3.15. This behavior is consistent with the diamagnetic
and/or paramagnetic impact of the pressure anisotropy for o, < 0 and/or o4 > 0 of

figure 3.5(b) for static equilibria.

The above results for the effects of the pressure anisotropy and the flow are also consistent
with their impact on the local plasma beta, which is defined as

Ba:

(

P

B2/2M0) ‘r:ra,u:ua

(3.83)

For field aligned flows the values of /3, are lower than the respective ones for static equilibria,
since Mg acts paramagnetically in that case. However, for purely helicoidal flows /3, is enhanced
since the non-parallel flow term has a positive contribution to both P and P, though not
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Figure 3.16: The overall impact of pressure anisotropy and flow on the local beta on the magnetic
axis. The displayed curves correspond to the values: Static: Mga = @11 = 22 = 0; Parallel flow:
Mga = 1074, p11 = @99 = 0; Helicoidal flow: Mga =0, p11 = 0.5, o2 = —0.08; Arbitrary flow:
M2 =107%, 11 = 0.5, g2 = —0.08.

affecting the magnetic field. In addition, for flows of arbitrary direction /3, takes noticeably
larger values when the non-parallel component of the flow has an implicit diamagnetic impact
in the presence of the parallel one. In all of the above kinds of equilibria, either static or
stationary, the pressure anisotropy strengthens j3, for o4 < 0 and weakens it for o4 > 0, in
accordance with its diamagnetic action in the former and its paramagnetic one in the latter
case. These features can be seen in figure 3.16.

Furthermore, we examine the influence of pressure anisotropy and flow on the physical
components of the flow velocity and the current density along the direction of the symmetry,
V¢ and J; [see equation (B.14) in Appendix B], which were calculated on the basis of equations
(2.53) and (2.54) in the forms

M7 1— 04— M2F
v qp<l_@ oU Jor )_\/( 70 = M)F (3.584)

1100 m /1T — a4 — M2 qo(1 — 04)
g VT LU (L oa = MR doa+ M)
¢ po |1 —o04— M2 2 dU
kr 81
F2kmgl + l—] . (3.85)
m or

It turns out that the static isotropic (-component of the current density monotonically increases
from the low to the high magnetic field side. However, in the presence of anisotropy there
exists a noticeable modification of the respective profile; in that case J; reverses in comparison
with its isotropic profile, thus exhibiting opposite behavior in the regions left and right of the
magnetic axis in both cases for 04, > 0 and o4 < 0. The impact of pressure anisotropy on
J¢ is shown in figure 3.17(a); we note that the parallel flow affects .J; in the same way as
o4 > 0, this impact being weaker due to the lower actual values of the parameter Mzi- It is
also found that the increase of the non-parallel flow through 1, results in a slight decrease of
the values of the current density component, as may be seen in figure 3.17(b). As concerns
the (-component of the fluid velocity, it is found that for field-aligned flows it peaks on the
magnetic axis, in that case the parallel flow through M} possessing a positive contribution
on V, as shown in figure 3.18(a). In the presence of the electric field associated with the
non-parallel flow, the increase of the parameter ¢, weakens V;, thus leading to a velocity
reversal, presented in figure 3.18(b), in that case the parallel flow counteracting the influence
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Figure 3.17: (a) The impact of pressure anisotropy on J¢ in the absence of the flow (M,ga =
©11 = w22 = 0). (b) The impact of the non-parallel flow on Jz through the parameter 11, for
04, =3x 1073, M2 =10"* and @y = —0.08.

of the non-parallel one, as can be seen in figure 3.18(c).

Finally, we examine the influence of pressure anisotropy and flow on the safety factor for
the constructed equilibrium of figure 3.2(a), the profile of which is computed on the basis of
equation (3.53), by using the intrinsic coordinates (p*,w) on the poloidal plane originating on
the geometric center helix; it takes the form

P 2
2m+T10lo p*2 + dU/aw*
e I CAON Sawf” ) do,
70 Jot a7 (50) + 52 (50)
M2(U)F(U) oU
Bi=mqL(U) —my| -2 gt 3.86
) \/uou—o—d(m) " or 350

This relation indicates that both the anisotropy and the flow have an impact on Q for flows of
arbitrary direction. It is found that the safety factor monotonically decreases from the boundary
to the magnetic axis, while both the parallel flow, associated with Mg, and the non-parallel
flow, in connection with the function F, weaken the values of @ and more drastically near the
magnetic axis, as shown in figure 3.19. Therefore, it turns out that the rotation velocity might
have unfavorable effects regarding plasma stability. We note that a similar result for the impact
of the parallel flow on the safety factor was obtained in [213] for axisymmetric equilibria with
toroidal mass flow (see figure 5 therein). It may be noted that pressure anisotropy for o4 > 0
have the same effect on Q as Mﬁ, while the opposite effect for o5 < 0, this impact however,

being negligible for the maximum permissible values of o4, due to the factor (1 — o;)~'/2.
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Figure 3.18: The impact on Ve of : (a) Mf, for field-aligned flows and isotropic pressure,

04, = 11 = w22 = 0, (b) the non-parallel flow in connection with the parameter ¢1;, for
oq, =3x1073, Mga =5x1077, g3 = —0.08, (c) the parallel flow in the presence of the electric
field term associated with non-parallel flow, for o4, = 0, @11 = 0.5, Y22 = —0.08.
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Figure 3.19: (a) The influence of the parallel flow through Man on the safety factor, for 17 = 0.5.
(b) The impact of non-parallel flow on Q in connection with the parameter ¢11, for Mga =
5 x 1075; Both figures correspond to the values ¢29 = —0.08 and o4, = 0.
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4 Symmetry Transformations for Ideal
MHD and CGL Equilibria

“On that night the sky laid bare its internal construction in
many sections which, like quasi-anatomical exhibits, showed
the spirals and whorls of light, the pale-green solids of dark-
ness, the plasma of space, the tissue of dreams ."

Bruno Schulz

4.1 Brief introduction to the symmetry transformations

As recognized earlier the establishment of a confined equilibrium is very crucial for stability
and transport studies. In connection with the ideal isotropic MHD and anisotropic CGL
models widely employed within the context of this thesis, one has to solve the sets of related
equations (1.50)-(1.54), together with appropriate boundary conditions, in order to create
pertinent equilibria. However, there do not exist any general methods for the production of
exact solutions to these equations in generic 3D domains [215].

In references [73, 153,209, 216-220] methods for constructing new continuous families of
equilibria in the framework of the above mentioned models, once a given equilibrium is known,
are introduced. More specifically, in references [73, 209, 216, 217] three sets of equilibrium
transformations in the framework of MHD model, commonly known as ‘Bogoyavlenskij trans-
formations’, were presented. The first set is applied to given equilibria with incompressible flow
of arbitrary direction, while the second one to both static equilibria and stationary equilibria
with field-aligned incompressible flow. The third set of transformations concerns plasma equi-
libria with compressible flow. In addition, in reference [153] symmetry transformations that
produce an infinite class of anisotropic CGL equilibria, on the basis of prescribed CGL ones
with flow of arbitrary direction are introduced; also in references [153,218-220] symmetric
transformations mapping static or stationary MHD equilibria into CGL ones are presented. All
these symmetry transformations depend on a number of scalar functions which have to be
constant on the magnetic field lines. This implies that the new equilibria resulting from the
transformations depend on the structure of the magnetic fields of the original ones, and thus,
the topology of the original equilibria is essential for these transformations.

In the present Chapter we make an extensive revision of the transformations presented
previously in references [73,153,209,216-220] concerning equilibria with incompressible flows,
and introduce a set of transformations that can be applied to any known anisotropic CGL
equilibria with field-aligned incompressible flows (or static equilibria) and anisotropy function
constant on magnetic field lines, and produce an infinite family of anisotropic equilibria with
collinear velocity and magnetic fields, but density and anisotropy functions that may remain
arbitrary. These transformations consist of a generalization of the ones introduced in reference
[216] for field-aligned MHD equilibria. We also prove that all transformations presented in
references [73, 153, 209, 216-220] can break the geometrical symmetries of a known given
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equilibrium, either static or with field-aligned flow, if and only if its magnetic field is purely
poloidal, and construct pertinent 3D analytic equilibria related with the symmetry breaking.

4.2 Transformations for ideal MHD equilibria with field-
aligned flows

In section IV of reference [216] transformations between MHD equilibria with parallel flows
are presented. Specifically, it is stated therein that if {B, V, P, o} is a solution of the ideal
MHD equilibrium system of equations with field-aligned incompressible flow (V x B = 0),
which consist of the counterpart to the set (1.50)-(1.54) for o, = 0:

o V-V)V=JxB-VP, V-B=0,

4.1
V- (0V) =0, VxB=pul, 1)

then {By, V4, Pi, 01} defined by the following symmetry transformations, that depend on
the arbitrary functions a4 (r), bi(r), c¢i(r), and A(r), consists of a new solution to the MHD
equilibrium set of equations with field-aligned flows:

B —h(t)B, V-2t g

ai(r)y/Hoe
B2 B?
r) = a?(r)o, P:C(P+—)——l, 4.2
o) =dro, P ) -5 (1.2)
bi(r) — ci(r)
C = 1_—)\20‘) = const. 7é 0.

The above special transformations are defined only when the velocity and magnetic field of
the original equilibria are related through V = (\/,/1100)B [equation (2.61)], and are also
valid in the static limit, V = 0. Their reductive form for constant a;, by, ¢;, and \ was first
derived in reference [73] from given axisymmetric equilibria found in reference [74]. According
to reference [216] the functions a4 (r), b1 (r), ¢1(r), depending on the topology of the original
equilibria may either (i) be constant on magnetic surfaces, or (ii) in case of symmetry involving
two dimensional dependence, depend on two transversal variables (i.e. variables not dependent
explicitly on the ignorable coordinate), or (iii) be constants in the case of force-free equilibria.
Also it is claimed therein that transformations (4.2) can break the geometrical symmetry of
the original equilibria (4.1) with general field-aligned incompressible flow.

4.3 Generalized symmetry transformations for anisotropic
pressure

In the present Section we first generalize the transformations (4.2) introduced in reference [216]
for CGL anisotropic equilibria with field-aligned incompressible flow and show that the only
situation in which the symmetry of the original equiliria can be broken is that for purely poloidal
magnetic fields. These considerations are summarized in the following theorem:

Theorem 1. Let {B, V, o, P, P} be a known solution to the CGL equilibrium system of
equations with field-aligned incompressible flows specially related through (2.61), and pres-
sure anisotropy function being constant on the magnetic field lines, B - Vo, = 0. Then
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{B1, Vi, 01, P, P}, } are given by the following transformations:

_hig oy, ety
P et T T aviee
Ql(r):a%(r)gv PLI—C(PL—FQB—MO) _QB_Mlo
B2 , B? (4.3)
Pu=0 (Pt )+ - 200 - o]
_[BR(r) — )] (1 —0a)
C= = oq— X2(1) = const. # 0,

where a;(r) # 0, bi(r), ¢1(r), and ny(r) # 0 are arbitrary functions, define a solution to the
CGL set of equilibrium equations with field-aligned flows, if and only if the functions

gi(r) = » o filr) = ar(r)e(r), (4.4)

are constant on the magnetic field lines of the original equilibria.

Proof. The original equilibria {B, V, o, P|, P} satisfy the CGL equilibrium equations with
field-aligned flows (V x B = 0):

oV-V)V=JxB-V-P, V-B=0, L5

V- (oV)=0, V xB=pugl, (45)
where the CGL pressure tensor and the function o, measuring the pressure anisotropy are
defined in (1.55). It is assumed that the flow is incompressible, V - V = 0, which by the
continuity equation implies that the mass density is constant on streamlines, V - Vo(r) =
0; it is also assumed that the anisotropy function is constant on the magnetic field lines,
B - Voy(r) = 0. It may be noted that for the given field-aligned equilibria, the vectors
V and B are collinear (parallel) and therefore the magnetic field lines are the same as the
velocity streamlines. It follows that the function A(r) must be constant on magnetic field
lines, B - VA(r) = 0. Also, the force balance equation of the set (4.5) can be cast into the
useful form

1 B2
(1 — 04 — /\2)—B X (V X B) + (O’d + /\2)V (—) + VPL = 0. (46)
Ho 2410
In order for the new solution (4.3) to be valid it must satisfy the following set of CGL equilibrium

equations:

Ql(Vl'V)V1:J1XB1—V'P1, V'B1:O7

(4.7)
V- (01V1) =0, VxB;=puly,

where

o P, - Py
Pi=P 1+ °%BBy, 04 =pp—te "t

Lo B2 =1—ni(r)(1 - oy). (4.8)

Note that systems (4.5) and (4.7) are reductions of the generic CGL equilibrium equations
since for field-aligned flows it holds V x B = V; x B; = 0, and therefore the electric field
vanishes by Ohm's law.
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Substituting (4.3) into (4.7) yields

na(r)
B - V(a(r)e(r)) =0, (4.10)
1 B?
C (1 — O0q — )\2)—B X (V X B) + (0d+ )\Q)V (-) + VPJ_:|
o 2410
1o, (bfmjuc?&) = 0. (4.11)
Ho n ax

With the use of equation (4.6) and assuming that o4 # 1 (in which case V; =0, C' =0 and
the transformations (4.3) are not invertible), equation (4.11) takes the form

B- (bfm + cf%> ~ 0. (4.12)
nq aq
Now with the aid of (4.4), equations (4.9), (4.10) and (4.12) assume the forms

BV (r) =0, 4.13)
B V/f(r) =0, (4.14)

C 1—0d—)\) ci(r) b3(r)
—B-V + B-V — B-V =0. 4.15
;] (T + B VA BV (4.15)

0

Since the first term on the left hand side of (4.15) vanishes, it is apparent that if equations
(4.13) and (4.14) are valid, then (4.15) is trivially satisfied. Thus, we conclude that in order for
transformations (4.3) to be valid, equations (4.13) and (4.14) must be satisfied, or equivalently,
both functions g;(r) and fi(r) have to be constant on the magnetic field lines of the original
equilibria; quod erat demonstrandum.

Therefore, the anisotropic CGL equilibrium system (4.5) possesses a family of intrinsic
symmetries since the constituent differential equations are invariant under the transformed
variables (4.3).

Remark 1. The symmetry transformations (4.3) presented herein are defined only when
the velocity and the magnetic field of the original equilibria are related through (2.61), and
transformations (4.2) introduced in reference [216] for field-aligned MHD equilibria consist of
a special case of them for 0, = 0 and n;(r) = 1. Although both sets of transformations (4.3)
and (4.2) can change the magnitude of the physical equilibrium quantities or create station-
ary configurations from static ones, they do preserve the topology of the magnetic surfaces,
b =const. (if such surfaces exist), since it holds B - Vi) = By - Vi = 0.

Let us now examine the structure of the arbitrary scalar functions in connection with the
magnetic field by first noting that the magnetic and velocity fields of the original equilibria lie
on the surfaces A(r) = const., B- VA(r) = V- VA(r) = 0, if such surfaces exist.

If the magnetic field lines are spatially bounded closed curves, labeled by [, then the surfaces
A = const. are defined in the neighbourhood of [, with [ being itself both a magnetic field
line and a streamline. In this situation, the function A depends on two transversal variables
which must define a plane normal to every point of . If the magnetic field lines are “open”,
i.e. they approach infinity in one direction, defined by a variable 23, then the magnetic field
should be finite as 3 — oo. The function A(r) should depend on two transversal variables
when the third one goes to infinity, A(z!, 2%, 23 — o0) = A(z', 2?%), and thus, must depend
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on these two variables in the whole plasma domain for magnetic surfaces A\(z!, z?) = const. to
exist. In both of the above kinds of magnetic field lines (bounded and “open”), the functions
g1(r), fi(r) have to be functions of two transversal variables, i.e. z' 2% One could suggest
that this does not restrict the functions a;(r), bi(r), ¢1(r), ni(r) to have the same two-
dimensional dependency (i.e. a(r) = A(z',2?)D(z?) and ¢;(r) = K(z',2?)/D(z?), such
that f1(r) = A(z!, 2?)K (2!, 2%)). However, equation V - (9, V1) = 0 yields B - Va,(r) = 0,
which means that a; = a,(z', 2?) and consequently ¢; = ¢;(z', 2%). Then from the definition
of the constant C' it follows that b; = b;(z', 2?), and as a result n; = ny(z', 2%). Thus, if
the magnetic field lines are finite closed loops or go to infinity in some direction, all functions
of transformations must, in general, depend on two variables transversal to this direction.

If the magnetic field lines cover densely everywhere (ergodically) closed magnetic surfaces,
A(r) = const. (which are toroids), then the functions g;(r), fi(r) must be constant on them,
and so must be all four functions of the transformations. In this situation, if the field possesses
some geometrical symmetry, with ignorable variable 23, the surfaces A\(r) = const. are nested,
with A = A\(z!, 22). Then all functions a;(r), by (r), c1(r), ni(r) have the same symmetry (i.e.
are functions only of z', z?). However, there exists an exception; the one when the original
equilibrium has some known geometrical symmetry with purely poloidal magnetic field to be
examined as follows.

Axial symmetry: Consider the case that the original equilibria are axially symmetric with field-
aligned incompressible flows and anisotropy function constant on magnetic surfaces [114].
Employing cylindrical coordinates (p, z, ¢) we have

~

. o M
B=-¢+—=xViY(p,z2), V= "B
/0¢ P G v Hoo

where the function I relates to the toroidal magnetic field and v (p, z) = const. labels the
magnetic surfaces. Thus, A(r) = A(¢) = My(v)), where M, = (1/1100|Vpot|)/|Bpat| is the
poloidal Alfvén Mach function, which for parallel flows equals to the total Mach function
(M = /moo|V|/|B|). To examine whether transformations (4.3) can break axisymmetry
we permit the transformation functions to depend, in addition to ¢, explicitly on ¢, i.e.

fi=fi(¥,9), g1 = g1(¥,¢). Then (4.13) and (4.14) yield
I (0g -
#(5) -0

I (0hY _
?<8_¢>>_0

Set (4.17) is satisfied either if functions g;, fi are constant on the magnetic surfaces, or
I = 0. The latter case implies that transformations (4.3) can break the axial symmetry
of field-aligned equilibria with purely poloidal magnetic field. The same statement holds for
translationally symmetric equilibria with field-aligned flows [118], while the more generic case
of helical symmetry will be studied separately below.

(4.16)

(4.17)

Helical symmetry: Consider now that the original equilibria are helically symmetric with field-
aligned incompressible flows and anisotropy function constant on magnetic surfaces for which
the following relations hold:

M)
Vg

where the function I is related to the (-contravariant component of B and the flux function 1)
through (2.11), as presented in Chapter 2 and with the aid of the helical coordinates introduced

B=/h+hxVy(r,u), V= (4.18)
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in Section 1.5. Also note that in this case the useful equations (2.7)-(2.9) hold. Now let us
assume that f; = f1(¢¥,(), g1 = g1(¢0, (). Then satisfaction of equations (4.13) and (4.14)
requires

4.19
CA o
¢
Similar to the case of (4.17), with the aid of (2.7)-(2.9), equation (4.19) leads to
B<=0:>I=ﬁa—w;»B=Bp. (4.20)
m Or

Thus, transformations (4.3) can also break the helical symmetry of the original equilibrium
with field-aligned incompressible flow and pressure anisotropy, if and only if the magnetic field
is purely poloidal.

Remark 2. The flow of the transformed 3D equilibria, obtained from the application of
transformations (4.3) to geometrically symmetric equilibria with purely poloidal and field-
aligned incompressible flow, is indeed incompressible, V - V; = 0. However, the transformed
mass density, o1, may vary on the magnetic surfaces since the continuity equation of the set
(4.7) is trivially satisfied for purely poloidal velocity, V.

Finally, it may happen that A = constant and consequently, VA = 0 in the whole plasma
domain. In this situation the force balance equation (4.6) is written in the form
B2 B2
(1—04—A)IxB=V (73 + /\22—> — —Voay, (4.21)
Ho

where P is defined through (1.60). In this case a family of magnetic surfaces w(r) = const.,
where w = 73—1—)\2% can be defined, in which both magnetic field lines and velocity streamlines
lie on, B-Vw(r) = 0. Analogous considerations can be made on the structure of these surfaces.

Now it may happen w = const. with Vw = 0 if J = y(r)B, that is the current density is
parallel to the magnetic field, or equivalently V x V = #(r)V, that is the velocity is parallel
to the vorticity. This is the case of force free or Beltrami equilibria. Then magnetic surfaces
y(r) = const. can be yet defined, B - Vy(r) = 0. But in the particular case y = const.
(everywhere) and therefore Vy = 0 (and then as well ¢ = const., with V¢ = 0), we finally
escape from the topological constraint that magnetic field lines lie on surfaces. The lines of
force may be chaotic (space-filling) in this case, and all functions a;(r), bi(r), ci(r), ni(r)
have to be constant.

The above conclusions lead us to formulate the following corollary:

Corollary 1. Transformations (4.3) can break the geometrical symmetry, either axial or
translational or helical, of the original field-aligned equilibria with incompressible flow and
anisotropy function constant on magnetic surfaces, if and only if its magnetic field is purely
poloidal. Otherwise, the transformed equilibria retain the original symmetry.

All conclusions derived herein concerning the validity of the transformations, the structure of
the arbitrary functions and the symmetry breaking, also hold for the respective transformations
(4.2) with isotropic pressure (cf Remark 1).
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4.4 Construction of 3D CGL equilibria with field-aligned
flows

Consider axisymmetric equilibria [114] with field-aligned incompressible flows, pressure anisotropy
and purely poloidal magnetic field. In this case the equilibrium quantities are expressed as

B=(l-04— Mﬁ)*lﬂ? x VU,
p

1d(0’d—|—M2)

+_—

pod == |(1—oq— M2)TV2A*U T PE(1—oq— M2 TAVUP| @, (4.22)

I

M, , B?
B, P=PU)- M-,
Voo ©) P 2p0

and the steady sates obey the following generalized GS equation

dP,
AU+ uop2£ —0, og+M2<1, (4.23)

V =

Here the elliptic operator is defined as A* = p?V - (V/p?); Ps is the effective pressure in the
absence of flow, and the functions g, o4, M, are uniform on magnetic surfaces, U(p,z) =
const. Assigning the surface function to be linear in U, Ps(U) = (p1U) /o with p; being free
parameter, equation (4.23) takes the linearized form

0*U 90U 10U 9

— = - —-—— =0. 4.24

o +55 R +p1p (4.24)
The partial differential equation (4.24), consisting of a reduction of the respective one found
in reference [221], admits a generalized Solovev analytical solution of the form

U=p (Z [wi, J1(jp)€* + wa; Ji (p)e ™" + ws, Yi(jp)e’

J

3
un, Yi(jn)e ] - %) | (4.25)

where J; and Y] are first order Bessel functions of the first and second kind, and j = 1,2, 3, ...,
while the coefficients w;;, i = 1,2,3,4 can be specified by appropriate boundary conditions.
To completely specify the equilibrium we choose the following peaked on-axis profiles for the
following free surface functions

U\ 2 U\ 2 7\ 12
04 = 0g, (?> , M; = Mga (7) , 0= 04 <7) , (4.26)

where the parameters o, M]?a, 04, and U, denote the values (in pertinent S| units) of the
respective functions on the magnetic axis. Imposing the condition that the plasma extends up
to the magnetic surface U = 0, such that both the pressure and the flow vanish thereon, we
construct the up-down symmetric with respect to the plane z = 0 configuration of triangular
magnetic surfaces shown in figure 4.1, the magnetic axis of which is located at the position
(pa = 2.16, 2, = —6 x 1075). The cross-section of the magnetic surfaces of the above
axisymmetric equilibria remain invariant along the toroidal direction, and the streamlines of its
purely poloidal B and V fields lying on those surfaces are presented in figure 4.2. Furthermore,

every physical quantity associated with equilibria (4.22) is ¢-independent. Figure 4.3 shows
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Figure 4.1: Poloidal cut of nested toiroidal magnetic surfaces U(p, z) =const. for the axisym-
metric equilibria (4.22).
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Figure 4.2: Topology of the purely poloidal magnetic field lines (left) and velocity streamlines
(right) for the constructed axisymmetric equilibria (4.22).

Figure 4.3: Both the pressure anisotropy function, o4, (left) and density, g, (right) of the original
equilibria peak on the magnetic axis, where o4, = 0.3 and g, = 5 X 107" Kg/m?, and vanish on
the bounding surface U = 0 for any toroidal angle ¢.
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Figure 4.4: The magnetic field magnitude vanishes on the magnetic axis and varies from the
high field-side (B = 0.68 T to the low field-side (B = 0.47T) uniformly for every any angle ¢.

how anisotropy and density uniformly change along the radial direction for every any angle ¢
on the plane z = z,, while the respective variation of the magnitude of magnetic field on the
same plane is presented in figure 4.4.

Applying the symmetry transformations (4.3), with A = M,(U), to (4.22) we find the
following expressions for the physical quantities of the transformed equilibria:

. — .
Ih:ﬁu—%—wym?xva wzﬁl_;ﬁu—%—mym?xvu

n p ar +/Ho0 P

d M?
1od) = {ﬁ ((1 — o — M2)TV2ATU + %(Jdd;[]p)(l — 04— M§)3/2!VU\2)
”1 : (4.27)
_ 8(1)1/”1) ¢ 8(bl/n1) _ vU
2\—1/2 2 2\—1/2

+(1_0d_Mp) /T‘VI” ;_8—¢(1_0d_Mp> / 77

B2
oo =aio, P1=CP,(U)—ci(l— Ud)ﬂ’ oq, =1 —n2(1 —0y),

0

where the functions aq, by, ¢, and n; may depend, in addition to U, on the toroidal angle
¢. However, if either of the functions n1(r) or a;(r) remains constant on magnetic surfaces,
the breaking of the geometrical symmetry of the original equilibria remains unaffected. Note
that the transformed current density J; has a component perpendicular to the magnetic
surfaces which is undesirable for confinement but this component vanishes when the function
g1 = bi/nq is ¢-independent. This choice, however, yields special equilibria with purely poloidal
magnetic field, B; = x(U)B and permits only 3D variations of velocity and pressure.

To construct a specific equilibrium let us make the following choice for the arbitrary func-
tions:

1—0’d—M3 1/2
1—0’d ’

c1(U, @) = sinh(cos(¢)) (

— oy — M2\ 2 4.28
b1(U, ¢) = cosh(cos(¢)) (1—p) 7 (4.28)

a1(U, ¢) = cosh(cos(¢))(1 — aq) /%, ny(U, $) = [cosh(cos(¢))]"? (1 — oq4) 2.

It is apparent that (4.27) together with (4.28) define exact 3D equilibria with purely poloidal
magnetic field and field-aligned flow by breaking the axisymmetry of the original equilibria
(4.22). We note that the above equilibria preserve the topology of the original magnetic field
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Figure 4.5: (left) The magnitude of the transformed magnetic field, By, does change periodically
along the toroidal direction. (right) Variation of B; along the radial direction on the plane z = z,
for different values of the toroidal angle ¢.
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Figure 4.6: While the original B at a poloidal point (chosen as the point (p = 1.8,z = z, in the
figure) is ¢-independent, the respective transformed Bj varies along the toroidal direction. The
magnitude of the transformed field is in general higher than the respective original one except
from some specific narrow toroidal regions.

lines and streamlines, By - VU = V; - VU = B-VU = V - VU = 0, and do not obey
a GS-like equation analogous to (4.23). Although the topology of the original field lines is
preserved, the strenth of the transformed magnetic field in now dependent on the angle ¢.
The magnitude of By is not constant along a specific field-line along the toroidal direction,
as shown in figure 4.5; it also differs from the magnitude of the original B, as shown in figure
4.6.

The flow of the transformed equilibria remains incompressible (cf Remark 2). However, on
account of the profile of the function a; (U, ¢) the mass density g; is not a surface function,
and its variation along the radial direction is not uniform for every toroidal angle ¢, in contrast
to the original density o, as shown in figure 4.7. In addition, the anisotropy function of the
transformed equilibria, 04,, does not remain constant on the magnetic surfaces, depending on
the toroidal angle ¢, in connection with the scalar function n,(U, ¢). In contrast to o4 which
is positive and peaked on axis, meaning that Pj > P, within the plasma region for every ¢,
the function o4, can take negative values along the toroidal direction; for specific values of ¢
it becomes zero, and thus, R, and P, equilibrate there. These features can be seen in figure
4.8.

Finally, on the basis of the choices for the arbitrary scalar functions (4.28) the function
g1 = by/ny depends in addition to U, on the toroidal angle ¢. Owing to this dependence,
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Figure 4.7: (left) The transformed density g1 (U, ¢) on the plane z = z, does not remain uniform
on the magnetic surfaces as the toroidal angle ¢ varies. (right) The value of p; on the magnetic
axis varies along ¢ and is higher than the respective value of the original o, which is constant
and maximum thereon.
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Figure 4.8: (left) The variation of the anisotropy function, o4, , of the transformed equilibria is
not uniform along the toroidal direction. (right) The perpendicular pressure of the transformed
equilibria is higher than the respective parallel one, except from the toroidal angles m/2 and
3m/2 for which Py, = Pi,, in contrast with the original oq which is always peaked on-axis and
positive for every ¢.
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Figure 4.9: The ¢-derivative of the function g; changes periodically sign with respect to ¢ at a
period 7/2, thus vanishing for ¢ = 65, 6 = 0,1,2,..., . This results in a similar variation of the
poloidal current density component from negative to positive values.
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Figure 4.10: The topology of the transformed poloidal -current-density lines for the toroidal
angles ¢ = T (left), and ¢ = 3T (right) .

the transformed purely poloidal magnetic field is no more axisymmetric but varies periodically
with ¢; therefore, the transformed current density in (4.27) has an additional component
perpendicular to the magnetic surfaces. Note that the direction of the transformed poloidal
magnetic field follows the behavior of the ¢-derivative of the function ¢;(U, ¢), which varying
sinusoidally changes periodically sign at a period 7/2 as shown in figure 4.9. As a result,
as ¢ varies the direction of the poloidal current density reverses from outwards to inwards
the magnetic surfaces, while it vanishes when ¢ = 67,6 = 0,1,2,..., at which angles the
transformed current density becomes purely toroidal (but not axisymmetric). The topology of
the poloidal current density component for different toroidal angles is shown in figure 4.10.

Though it is well known that toroidal plasma confinement is not possible with a purely
poloidal magnetic field [222], it is interesting that in that case transformations (4.3) can break
the geometrical symmetry and yield 3D equilibria. These equilibria may be of astrophysical
Interest.
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4.5 Transformations for flow of arbitrary direction

4.5.1 Review of transformations between MHD-MHD and CGL-
CGL equilibria

In references [153,216,217] symmetry transformations that produce an infinite family of MHD
(CGL) equilibria with arbitrary incompressible flow once a respective MHD (CGL) equilibrium
with incompressible flow is given, were introduced as follows.

MHD into MHD: In the case of isotropic pressure, suppose that {B, V| P, g} is a known
solution of the MHD equilibrium system with flow of arbitrary direction

o V-V)V=JxB-VP, V-(oV)=0,

(4.29)
VxB=puJ, V-B=0, VxB=V0,

where ® is the electrostatic potential. Note that the above set of equations consist of a
limiting form of the set (1.50)-(1.54) for o4, = 0. The flow is assumed to be incompressible,
0 = o(%), and the function 1) labels the common magnetic and velocity surfaces, if such
surfaces exist. Note that these two sets of surfaces should coincide for flows of arbitrary di-
rection because of the Faraday's and Ohm's laws. Then according to references [216,217],
{B1, V1, Py, 01} defined by the following symmetry transformations (depending on the arbi-
trary functions a;(r), by(r), c1(r))

(&1 (I‘) b1 (I‘)

B, = by (r)B + ¢, (r V, V, = B+ V,
=B oY, Vi= =B
B2\ B? (4.30)
_ 2 P = P _ 1
Ql(r) al(r)Qa 1 C ( + 2,&0) 2,&07

C = bi(r) — c(r) = const. # 0,

consists of a new family of solutions to the MHD equilibrium system.
CGL into CGL: For anisotropic pressure let {B, V, p, P, P} be a given solution of the
CGL equilibrium system of equations (1.50)-(1.54):

o V- V) V=JxB-V-.P, V-(oV)=0,

(4.31)
VxB=pud, V-B=0, VxB=Vo,

with arbitrary incompressible flow implying 0 = 0(¢), and anisotropy function constant on
magnetic surfaces, 04 = 04(¢). Then, according to reference [153], {B1, V1, 01, P1,, P}, }
defined by the following symmetry transformations

by (r) c1(r) /100 _ c1(r)v/1—o0q4 bi(r)
O VT T am)yme © am
2 B B*\ Bj
o) = ditrlo, P =C (Pt )

B1:

B? B?

Py=C (P +— 1—2n%(r)(1 — —L

1 C( L+ 21&0) + [ nl(r)( O’d)} 2u0’
C = b3(r) — c3(r) = const. # 0,

is also a solution. Note that transformations (4.32) depend on the arbitrary functions a;(r),
bi(r), c1(r), ni(r), and reduce to the respective ones for isotropic pressure given by the set
(4.30) when o4 = 0 and ny(r) = 1.

As stated in reference [153] the functions a;(r), b1(r), ¢1(r), n1(r) have to be constant on
the magnetic surfaces. Below we examine the validity of these transformations and whether
they can break the geometrical symmetry of the original equilibria.
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Validation of equilibrium equations for the transformed fields

In order for the new solution (4.32) to be valid it must satisfy the following set of CGL
equilibrium equations

V'(Q1V1) =0,
01(V1-V)V; =J; xB; — V- Py,
V x B; = pody,

V x (Vi x By) =0,
V-B; =0,

VixBy —V®&; =0,

(4.33)

where P and o4, are given by (4.8).
Expressing in (4.33) the transformed fields in terms of the original ones by means of (4.32)
leads to the following system of equations:

B- Vbl + AV . VCl - (blB + ClAV) . an = 0,(434)
n
AV Vb + B Vey + (AbV + aB) - Y% — 0. (4.35)
aq
B. (E N %) — 0,(4.36)
ap 1
V. (E N E) — 0,(4.37)
aq s

ny a1 ni a

AV . ( an b2 VCL1) + b161B . (m + E) +B- <b1V61 — Cva1) - 07(4'39>

ny a1 ny a1

“B. (bﬂnl E) b AV (m + E) +AV - (0,Ve, — e1Vey) = 0,(4.38)

where A = \/ligo//1 — 0y.

It is apparent that if all four functions appearing in the symmetry transformations are
constant on the magnetic surfaces, equations (4.34)-(4.39) are trivially satisfied; otherwise
the above system of six equations for the four functions a(r), b;(r), ¢1(r), ny(r) is in general
overdetermined. However, if the functions a;(r), b1(r), ¢1(r), ni(r) are chosen so that
)

Vay Vny (bl +

_ Ve _ , 4.40
aq ny (bl + Cl) ( )

being satisfied when

1
ay = —, ny = b1 + C1, (441)
ny

then (4.36) and (4.37) are trivially satisfied, while (4.34), (4.35), (4.38) and (4.39) reduce to
the single relationship:
(B — AV) . (61V01 - C1Vb1) =0. (442)

Since by # +c; for the transformation to be invertible, equation (4.42) is satisfied only for

parallel flows:
vV 1— (oF]
vV HoO

Note that the field-aligned equilibria (4.43) and (2.61) differ from each other, and thus,
transformations (4.32) introduced in reference [153] for flow of arbitrary direction are not

V:

B. (4.43)
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reducible into the respective transformations (4.3) for parallel flows presented herein (cf Section
4.3). This result also holds for the respective isotropic transformations (4.30) and (4.2) derived
in reference [216]. For the special equilibria with field-aligned flows satisfying (4.43) and a;(r),
b1(r), c1(r), nq(r) generally not constant on magnetic surfaces, transformations (4.32) reduce
to

B,=B, Vi=( +Cl)2V7 01 =p0/(by + 01)2,

B2
P||1 = CPJ_ -+ [C + 1-— 2(61 + 01)2(1 — Od)} -,
2410
B2 (4.44)
Plecpl—F(C—l)ﬂ, Udlzl—(b1+01>2(1—0'd>,
0

C = b2 — ¢] = const. # 0.

For equilibria with isotropic pressure satisfying (4.30), being recovered from (4.32) for o, =0
and ny = a; = by + ¢; = 1, the choice (4.41) leads to

B1:Ba V1:V7 01 = 0,
B2
P=CP+(C—1)—, (4.45)
2410
C = by — ¢y = const. # 0.

With the aid of (4.44) and (4.45) we observe that in the presence of pressure anisotropy the
transformed velocity and mass density differ from the respective, original ones.

Now suppose that the original equilibrium is the helically symmetric introduced in Chapter
2 for which the following relations hold

B =/h+h x Vi, (4.46)

M
V:9h+ L
0 v Ho@

1dd  IM, ©

- = - = 4.48
qdy oo o 448)
Then, equation (4.41) implies I = (/1 —04/\/100)(©/0) and d®/dy) = 0, and thus, the
above relations lead to the following one

I
M, —+1—04) =0, (4.49)
W ( p )
which implies either I = 0 or Mg + o4 = 1. It turns out again that symmetry breaking is
possible only for purely poloidal parallel flows (I = 0). The relation Ml? + 04 = 1 is connected
to the Alfvén singularity. The same conclusion holds for axially and translationally symmetric
original equilibria with or without pressure anisotropy.

h x Vi, (4.47)

Arbitrary functions constant on magnetic surfaces

In the above subsection we found that the symmetry transformations (4.32) (and the respective
transformations (4.30) for isotropic pressure) are valid when the arbitrary functions are constant
on magnetic surfaces, since equations (4.34)-(4.39) are trivially satisfied. Here we examine
the equilibria derived from a given geometrically symmetric one of this kind.

Let the original CGL equilibria (4.31) posses magnetic surfaces 1) =const. which both
B and V lie on. Also, suppose that respective surfaces 1); =const. are defined for the
transformed equilibria (4.32) which By and V; lie on. It holds that

C

Bix Vi =)

B x V, (4.50)



86 4.5. Transformations for flow of arbitrary direction

and thus, the magnetic surfaces through the transformation are preserved:

Y1 =W(y). (4.51)

This means that all vectors B, B, V, V; lie on the surfaces ¢» =const. As a result, if the
original equilibria has some known geometrical symmetry, the transformed equilibria will have
the same symmetry, too.

Consider now helically symmetric equilibria with incompressible flow of arbitrary direction
and anisotropy function constant on magnetic surfaces presented in Chapter 2, for which the
following relationships hold that we write here again for convenience:

B =Th+h x Vi{(r,u),
© M,

V=t s x Vi),
p0d = (L2p(r,u) + 2kmgl (¥, 7))h — b x VI(,7), (4.52)

V2 (1—0y) dd\”

2 q(1—oq— M2) \dy ’

Recall that the current density lies on well defined helicoidal surfaces I =const., while the
effective pressure is uniform on the surfaces defined by P =const., both of these two sets of
surfaces not coinciding with the magnetic surfaces. By applying the symmetry transformations

(4.32) with a; = a1(v), by = b1 (¥), ¢1 = ¢1(¢), n1 = ny (), we obtain the following class of
equilibria:

1 O 1 M,
B, — - (m N/ _> ht - (bl T —) h x Vi, (4.53)

m Vi-oq0) m V1i—0a4)
n G
1 V1= S} 1 V1= M
V, = — (Cl_‘”[+bl_>h+ (cl 9d 4 p——2 )hwi,(4.54)
ay Voo 0 a1+/ {100 VMoo V1—o0y4

dG

(CB? —niBi)

P1:C73+(1—0d) 2,u
0

.(4.56)

Note that although the magnetic surfaces are preserved, neither the transformed current den-
sity nor the transformed effective pressure remains on the surfaces of the respective original
quantities: J; - VI £0, Py # P.

Now since 1)1 = W(2)) and the original equilibria are helically symmetric the transformed
ones should retain that symmetry. This means that the transformed fields can also be written
in a form similar to (4.52); in particular for the transformed velocity we have:

ON M,

V,=—h+

o \/lTth x Vi (r, u), (4.57)

where
Vo, [° /I —og+ b M
MQ:#:n\/l—a P 4.58
o |Bp1 ’2//1@@1 ( ! d) bl\/ 1-— oq + ClMp ( )

Equality of the poloidal velocity components in (4.54) and (4.57) yields

din bVl =04+ M, _ v bi(x)v/1 —oalx) + cr(x)My(x)
= R A ) = /0 A e (459)
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Adopting (2.45) both for the original and the transformed helically symmetric equilibria,
equation (4.59) yields
dU(U)
dU

Therefore the transformed equilibria differ from the starting ones only by a constant factor
C'2 in agreement with the conclusions drawn in the previous Sections; the geometrical
symmetry of the original equilibria can break only for purely poloidal magnetic field, otherwise
the transformed equilibria retain the original symmetry.

=C'"? = U, = CVU. (4.60)

4.5.2 Transformations between MHD-CGL equilibria

In references [153,218,219] transformations that produce CGL anisotropic equilibria from given
isotropic MHD ones, are introduced as follows: If {B, V., P, o} is a known solution of the
MHD equilibrium system (4.29), then the following symmetry transformations

Coto
B, = fo(r)B, V;=g(r)v, = ——0,
1= fa(r) 1 = g2(r) 01 20
B2
PLl = C(),U()P + 01 + (O()Mo - fg(r)) 2—Iu07 (461)
B2
By, = CopoP + C — (Couo - f22(r)) 2_/v60’

where Cyy and C are arbitrary constants and f> and g are arbitrary scalar functions, produce
an infinite family of CGL equilibria satisfying (4.33). Transformations (4.61) are also valid in
the static limit, V = 0. Let us examine their validity.

Substituting (4.61) into (4.33) we obtain

oIvhm (462

V - Vgs(r)

Thus, in order for transformations (4.61) to be valid, the functions f5(r) and go(r) must be
constant on the magnetic field lines and velocity streamlines of the original equilibria, and
respective considerations on their structure can be made as those in Section 4.3. Therefore
it turns out again that the only way that the geometrical symmetry of the original isotropic
equilibria can be broken is if and only if the magnetic and velocity fields are collinear and purely
poloidal.
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4.5. Transformations for flow of arbitrary direction




5 Stability of Anisotropic Incom-
pressible Equilibria

“There are two kinds of mistakes. There are fatal mistakes
that destroy a theory, but there are also contingent ones,
which are useful in testing the stability of a theory ."

Gian-Carlo Rota

5.1 Energy principle and perturbation potential energy

The Energy Principle [27,223] is a fundamental technique in investigating ideal magnetostatic
plasma stability on the basis of a variational formulation of the pertinent equations of motion.
Its simpler mathematical formulation makes it advantageous over the normal mode analysis,
and thus widely employed for determing whether a system is stable or not rather than precise
growth rates for specific instabilities. The energy principle is based of the fact that the total
perturbation energy

1

1 . -
E:K+W:—/g£2d3r——/§-F§d3r (5.1)
2J)p 2J)p

is conserved, where K is the kinetic energy, W is the potential energy and £ is a vector related
to the displacement of an initial equilibrium. Stability is related to the sign of E. In fact,
since, K is quadratic in velocity and therefore non negative definite, stability is related to the
sign of the potential energy. More presicely, it is possible to establish instability by finding
a trial function € for which W < 0 as well as to obtain sufficient conditions for the linear
stability of a given equilibrium state for which it holds W' > 0. It must be noted, however,
that such sufficient conditions in general do depend on stringent hypothesis and their necessity
remains an open problem [224,225]. This is totally the case in the presence of equilibrium
flows where, though the force operator remains Hermitian, in that case the convective flow
term of the force-balance equation, (V - V)V, is antisymmetric (cf p.22 in [226]); as a result
only a few sufficient conditions for stationary equilibria have been acquired, e.g. [145-149].
Moreover, respective stability conditions for equilibria with anisotropic pressure are also limited.
In fact, the Energy Principle in [27] was extended for the case of CGL pressure anisotropy.
However, that condition is applicable to static equilibrium for which no heat conduction along
and across the magnetic field is assumed (double adiabatic equations of state); it may be
noted that the stability of respective static CGL anisotropic equilibria is guaranteed once the
respective isotropic ideal MHD (adiabatic) is found to be stable on the basis of the respective
static isotropic Energy Principle [227].

Here we derive a sufficient condition for determining the linear stability of hydromagnetic
equilibria with the combined effects of both mass flow, which is incompressible, and anisotropic
pressure. The derivation is presented in detail bellow in this Chapter.

39
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Consider an inviscid, perfectly conducting plasma with anisotropic pressure contained in a
domain D surrounded by a fixed boundary 9D. The dynamics of such a plasma is determined
by the set of equations (1.45)-(1.49) and (1.39)-(1.40), in which the quantities related with the
fluid as well as with the electromagnetic field depend on both the spatial and time variables.
Note that the momentum equation (1.46) can be written in the following form

o' (DV)=(1—-0,)J" xB*—=VP*— —(B*- Vo)) + ——Vo3j, (5.2)

Ho Ho

in which the scalar pressures by and P} do not appear explicitly. This fact is very useful for the
stability analysis to follow. In (5.2) the Langrangian derivative is defined as D, = 0,+ (V*-V)
and the effective pressure P* is given in (1.41). Recall that in the absence of anisotropy, owing
to particle collisions, equilibration of the scalar pressures along and across B* reduces P* into
a respective isotropic MHD pressure, P*. The counterpart to set (1.45)-(1.49), (1.39)-(1.40)
and (1.41) equilibrium equations are defined by equations (1.50)-(1.54), (1.55) and (1.60), in
which all related physical equilibrium quantities (without the superscript *) depend only on r.
Henceforth we consider that the flow of the background equilibria is incompressible, V-V = 0,
and thus the continuity equation (1.50) reduces to

V. Vo =0. (5.3)

In order to examine the linear stability of a given equilibrium with anisotropic pressure and
incompressible flows, we assume that the equilibrium position, r, is perturbed to a position
r*(r,t), through the usual Lagrangian displacement vector &(r,t) = r* — r, so that

B* =B(r) +b(r,t), V*=V(r)+v(r,t), J" =J()+jr,1),
P*=P(r) +p(r,t), o =o(r)+0d(r,t), o4°=o04)+e(rt). (5.4)

Here, b, j, p, 0, €, and

v =u(r,t) + % (5.5)

correspond to small perturbations of the respective equilibrium quantities. Note that we have
assumed perturbations of the effective pressure, P, and the anisotropy function, o4, instead
of explicit perturbations of the scalar pressures Pj and P,. Also, on the fixed boundary 0D
surrounding a plasma domain D of interest we adopt the following conditions:

b-A=u-f=0, (5.6)

where 11 is the perpendicular outward unit vector on the boundary. Introducing perturbations
(5.4) and employing the equilibrium equations (5.3), (1.51)-(1.54), the dynamical equations
are linearized as follows. First, with the aid of (1.53) equation (1.48) yields

V-b=0. (5.7)

Then, with the use of (5.7) together with (1.54) the linearized form of the Ampere's law (1.49)
is obtained

1

In addition, by employing (5.3) the continuity equation (1.45) yields

o)
E‘FV'V(S—I-V'(QV):O, (5.9)
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while with the aid of (1.51) the momentum equation (1.46) reduces into the linearized form

0
ga—;’ o[V VIV (v-VIV]— (1 —0)I xb+jxB)+Vp=Grt), (510)
where
1 [B?
G = —(V-V)V-eJxB+ — 7V6—(B~Ve+b'Vad)B
Ho
b2
+ (B b+ 7) Vo, — (B- Ve)b} : (5.11)

Finally, as concerns the linearized form of the Ohm-Faraday law (1.47), it is obtained upon
the definition

[Q W]:=(W-V)Q-(Q V)W, (5.12)
where Q, W are any two arbitrary vectors. It is found that
P Vb4 [v.B) (5.13)

where (1.52) was also employed.

At this point recall that in order that the set of dynamical equations (1.45)-(1.49) be
closed one needs in connection with the pressures B and P} a couple of energy equations
or equations of state, e.g. the double adiabatic equations [14] associated with the known
CGL model. For the purposes of the present study one such equation of state corresponds
to incompressibility in connection with an evolution with constant mass density; that is, we
assume o* = p = const., (6 = 0), which apparently implies that the fluid is incompressible.
As a result, equation (5.3) is trivially satified while equation (5.9) yields

V-v=0. (5.14)

Also, the fact that the momentum equation can be cast in the form (5.2) involving the
pressures Py and P} only implicitly through the effective pressure, P*, and the anisotropy
function, o4, motivated us to adopt as second equation of state the constrain that the latter
function remains constant, o = 04 = const., (¢ = 0). This implies that P/ and P} (precisely
their difference) evolve in such a way that they keep proportional to the magnetic pressure
B?/(210), which on physical grounds is an acceptable approximation. Consequently, equation
(5.11) implies that G = 0, while the linearized momentum equation (5.10) reduces to

0 .

05 +l(V- VIV + (V- V)V = (1= 0,)(J x b+j x B) + Vp = 0. (5.15)

Furthermore, in view of the relation (5.14), we consider incompressible perturbations,

V - & = 0, which are more harsh compared to compressible ones, such that the condition

& -0 = 0 is satisfied on the boundary. Then, equation (5.14) implies that V - u = 0.
Subsequently, the perturbation of the velocity field can be expressed in terms of £, as

u=Vx(&xV). (5.16)

Also, by employing the Jacobian identity, [[Q, W], S] = [Q, [W, S]] —[W, [Q, S]], in equation
(5.13) for Q =&, W =V, S = B yields

0

= (b—[€,B)) = [V,b— [¢,B]]. (5.17)
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Then from relation (5.17) it follows that if b = [£, B] is satisfied at t = 0, then it holds for
any t > 0. Thus, we conclude that b = [£, B], or equivalently with the use of (1.53) and
(1.52)

b=V x (£ xB). (5.18)

Furthermore, the linearized force balance equation (5.15) is put in the form

—FQQ(V-V)% +Vf=Te. (5.19)

0%
oo

Here,

. 1
F::qu(VXV)+QV><(qu)+(1—ad)be—H—B><(be), (5.20)
0

is the symmetric force operator and the scalar function f is defined as
f:=0V-u+np. (5.21)

So far we have succesfully linearized the dynamical equations (1.45)-(1.49) each of them
being related with the displacement vector. Indeed, on account of equations (5.16)-(5.21),
the potential energy W = %fD & -F&d3r is expected to depend only on the physical quantities
of the background equilibrium and the displacement vector, &, with the exception of the
perturbation, p, of the effective pressure, appearing in the gradient of the quantity f. However,
the contribution of the latter term to W vanishes due to the implied boundary conditions on
0D, (5.6). Thus, one finds for the perturbation potential energy

_1 u- € x x — ou? . (T % (1—04), 5 3y
W—Q/D{g € (VX V)] = gu + (1= b (3 x ) + L=720 b}d. (5.22)

This is the form of the potential energy for incompressible perturbations, of an initial equi-
librium with incompressible flow of arbitrary direction, of constant mass density and constant
anisotropy function, the study of the sign of which may determine their stability.

5.2 Sufficient condition for linear stability of field-aligned
equilibria

In connection with potential acquisition of sufficient stability conditions from the expression
for the potential energy (5.22), we restrict our analysis to field-aligned flows. In other words,
we henceforth consider a background equilibrium with collinear velocity and magnetic fields
specially related through (2.61), as that described in Subsection 2.2.1. In fact, under the
assumptions that the mass density and the anisotropy function remain constant everywhere
inside a volume D (p, 04 = const.) it follows that the corresponding field-aligned equilibrium
flow becomes incompressible and the function \ is constant on magnetic surfaces 1) = const.,
whenever such surfaces exist. Also, both the magnetic and velocity fields lie on those surfaces,
B-VA(¢) = V-VA(¥) = 0. Itis known that the existence of three-dimensional equilibria with
nested toroidal magnetic surfaces is not guaranteed, and in general, irrespective of the existence
of magnetic surfaces the function X is constant on both the magnetic field lines and the velocity
streamlines. Henceforth, we will presume the existence of well defined equilibrium magnetic
surfaces. Such kind of field-aligned equilibria are governed by a force-balance equation of the
form (2.65):

J x B = g(y, B*)V, (5.23)
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where the exact form of the function ¢ for o4 = const. is

! I B2
0B = (1 0= ) [P 05 (5.24)
240
and the static effective pressure is defined as
B2
Ps(1p) =P + N — (5.25)

210

Owing to equations (2.61) and (5.23)-(5.25) the potential energy of the perturbations (5.22),
for equilibria with field-aligned incompressible flows, constant density and constant anisotropy
function, reduces to the form

= [ A0 = 0u= X0 b (10T x €] = 2X(€ - VA€ [(B- V)B]} '

(5.26)
In what follows we employ the form of W given in equation (5.26) to derive a sufficient
condition for the linear stability of the respective kind of equilibria. To this end, we define the
following quantities:

2#0

N:=JxB, M:=V xN=Vgx Vb, (5.27)

from which it follows that
N - M = 0. (5.28)

As noted earlier in Subsection 2.2.1 and is also evident from equations (2.61), (5.23)-(5.25),
for the equilibria with field-aligned incompressible flows, constant mass density and constant
pressure anisotropy function, o4, the current density stays on magnetic surfaces, ¢ = const.,
and thus, the vectors B, J and N = J x B, form a basis in R? space. Accordingly, following
references [147-149], we assume that J x B # 0 and expand the displacement vector in this
basis, as

€ =a(r,t)N+p(r,t)J + ~(r,t)B, (5.29)

where «, (3, and ~ are arbitrary, appropriately dimensional scalar functions. We note that
in [149] a sufficient condition was derived for the linear stability of equilibria with field-aligned
incompressible flows, isotropic pressure and constant density; in fact, the constant density and
the vacuum magnetic permeability constant were set to unity therein. These equilibria are
recovered from the respective anisotropic-pressure equilibria defined above for o, = 0. Also,
we observe that the form (5.26) of potential energy for o4 = 0 (and ¢ = pp = 1) reduces to
the respective isotropic form of [149] [see equation (13) therein]. Thus, it is straightforward
to derive along the same lines as in [149] a sufficient condition for the linear stability of the
present anisotropic equilibria. In specific, it can be shown (see Appendix D for a detailed
derivation) that W assumes the form

W =W, + Ws, (5.30)
W, = ! (1 — 04— A)(b + aued x N)2d°r (5.31)
2#0
Wy = 5 / A(V2ga)?d (5.32)
where
A = —(1=0a =) {lued x VY[ = (1eJ x V) - [(Vy - V)B]}

Ho 2\7 2 B’
+5 (1 — 00 = M) |VePVY -V Pt — ). (5.33)
Ho
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Equations (5.31) and (5.32) imply that W is non-negative if both quantities 1 — o4 — A? and
A are also non-negative definite in D. Thus, we conclude to the following statement:

An equilibrium with anisotropic pressure with o, = const., field-aligned incompressible flow in
connection with constant plasma density is linearly stable if both of the following conditions
are satisfied:

1—04—X\>0, (5.34)
A>0. (5.35)

Conditions (5.34) and (5.35) can be applied to any steady state without geometrical restriction.
They generalize the ones derived in [149] for isotropic pressure, since for o4 = 0 condition
(5.34) reduces to sub-Alfvénic flows, A < 1, while (5.35) reduces to the condition introduced
in equation (22) of reference [149]. In fact, the expression (5.33) is more compact because it
consists of three terms, instead of four terms in the respective one of [149]. The first of these
terms,

Ay = —(1— 04— \)|ued x VY|?, (5.36)

is negative and therefore always destabilizing, in potential connection with current-driven
modes. The second term,

Ay = (1= 04— N*)(uod x V) - [(Vy - V)B, (5.37)

is related to the magnetic shear (i.e. it depends on the variation of B across the magnetic
surfaces), and can be either stabilizing or destabilizing. The third term,

_ Ho 217 2 B?
Ay = F (L — 00 = )] [V -V (Pt o)., (5.38)
Ho

can be regarded as flow term, though being affected by anisotropy, since it vanishes in the
absence of flow (A = 0). Note that it relates to the variation of the total pressure perpendicular
to the magnetic surfaces; indeed, on account of equations (1.61) and (5.25) one finds

B2 I B?
PJ_"‘Q_ :PS(¢)_§QV +<1_0d)2_7 (5.39)
——
Ho static ﬂ" J
ow magnetic

which involves all three pressures, static effective, flow and magnetic, the latter being influenced
by the pressure anisotropy through the factor (1 — 0,). In addition, satisfaction of condition
(5.34) in the absence of flow, o, < 1, implies that the corresponding static anisotropic
equilibria are stable under the fire-hose instability [153].

Before closing this section it is convenient to express the derived stability condition in
U-space. That is, under the transformation (2.45), which implies that the condition (5.34) is
always satisfied in the sub-Alfvénic region, (5.35) is written as

A = —|ued x VU]> + (uod x VU) - [(VU - V)B]
Mo dln(l —Ud—)\2) 2 B2
0= ) i VUPVU-V(Pitge). (540)

Condition A > 0 in connection with form (5.40) will be employed in Section 5.4 to examine
the linear stability of specific helically symmetric equilibria.
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5.3 Stability under symmetry transformations

In Section 4.3 transformations that map CGL-CGL equilibria with field-aligned incompressible
flows and anisotropic pressure were introduced. In this Section we examine the linear stability
of the continuous families of equilibria arising from the application of those transformations
to given equilibrium with field-aligned incompressible flows and constant anisotropy function,
in connection with the derived sufficient stability condition as follows.

From (4.3) it readily follows that the transformed collinear velocity and magnetic fields are

related through

A
V1 = ! Bl, )\1 = % 1-— 4, (541)

v/ Ho01

and thus, the trasformed equilibria satisfy a force-balance equation analogous to (2.63):

B2\ B? B
(1—04,—X2)J1xB; =V (731 + A2 ul ) V(104 —A)—— [By - V(1 — 04 — N)].

240 Ho
(5.42)
With the aid of equations (4.3) and (5.41) we obtain the useful relations
n 2
l—04 —N=C (b—1> (1—04—\2), (5.43)
1
B? B2
P+ ALt =C (73 + )\2—) = CPs, (5.44)
2410 240
under which equation (5.42) reduces to
2 2 2
ny Bl
— | JhxB;=JxB+ — . 0.45
<b1) 1 X by =JX +2Mov(b1> (5.45)

Now, presume that the original equilibrium belongs to the family described in Section 5.2 for
which equations (2.61) and (5.23)-(5.25) hold; then equation (5.45) becomes

2
(%) J. x By = g(4, BY)Vy + —1v (b ) . (5.46)
1 1

Projection of equation (5.46) along J; yields

B2
BV,

3.V (Zfﬂ (5.47)

and thus, it turns out that the transformed current density, J;, remains on the magnetic
surfaces if and only if the ratio n1/b; is uniform on those surfaces

ni

5_1 = y1(). (5.48)

In this case, the transformed vectors, J;, B, and N; = J; x By, form a basis in R?, and
thus, for constant g, and oy, sufficient conditions for the linear stability of the transformed
equilibria, satisfying (4.3), (5.41) and (5.48), analogous to (5.34) and (5.35) can be derived:

1— 04 — A >0, (5.49)

Ay >0, (5.50)
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where
A = =1 =0, = A){|kod1 x VY + (nod1 x V) - (Vi - V)By]}
2
+lin(t = o0, X 1V6PT0- 7 (P 50 ) (5:51)
Ho

In order to investigate the stability of an aforementioned transformed equilibrium, we pre-
sume that the original equilibrium has constant density and anisotropy functions (¢ = const.,
04 = const.) and is stable under small three-dimensional perturbations; therefore, conditions
(5.34) and (5.35) are satisfied in D. Note that in this case the scalar functions of transfor-
mation (4.3) must have a structrure of the form: a; = const., ny = const., by = b1 (¥), ¢; =
c1(1); as a result, breaking potential geometrical symmetry of the original equilibrium is not
possible by the transformation even for purely poloidal B and V fields. In [148] the stability
of respective isotropic equilibria was examined; in particular, it was stated therein that all
equilibrium families resulting from the application of the respective isotropic transformations
introduced by Bogoyavlenskij to given equilibria of field-aligned incompressible flows, isotropic
pressure and constant mass density, are linearly stable, if either the original equilibria is stable
and C' > 0, or the original equilibria is unstable and C' < 0. A straightforward calculation
shows that

A =CA, (5.52)
so that conditions (5.49) and (5.50) assume the form
o\ 2
C (b—l) (1 —04—\2) >0, (5.53)
1
CA>0. (5.54)

By inspection of the latter relations we come to the conclusion that the transformed equilibrium
is linearly stable if, either (i) the original one is linearly stable and C' > 0, or (ii) neither of
the conditions (5.34), (5.35) are satisfied and C' < 0. However, when C' is negative equation
(5.44) in the absence of flow (A = 0) yields the physically unacceptable relation

P1

— < 0. 2.59
< (55)

Thus, we finally conclude to the formulation of the following statement:

The infinite class of equilibria, obtained from the application of the symmetry transformations
(4.3) for the case o, = const. and o4, = const. to given respective equilibria which are
linearly stable (by satisfying the sufficient conditions (5.34)-(5.35)), are also linearly stable if
the transformation constant C' is positive definite.

This statement corrects and generalises the respective statement in [148] for isotropic equilibria
(Jd =04, = 0, ny = 1)
5.4 Linear stability of helically symmetric equilibria

Consider helically symmetric equilibria of astrophysical jets with field-aligned incompressible
flows and anisotropic pressure defined by equations (3.65)-(3.68), derived in [209]. In order to
construct specific equilibria, we restict our analysis to solution (3.67) for 6 =2, u =1, v =0,
and x11 = 7/(6m), which assumes the simpler form [see equation (4.2) in [209]]:

Ur,u) = e~ [1 — 10wr? + 8w?r* + ¢19 cos(u/m)]. (5.56)
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Figure 5.1: Poloidal cut of helicoidal magnetic surfaces U(z,y, z = 0) =const. for the helically
symmetric equilibrium solution (5.56).

3F ]

2f 1

Figure 5.2: Profile of the function U(xz,y = 0,z = 0) =const. for the helically symmetric
equilibrium solution (5.56).

Solution (5.56) of the GGS equation (2.46) associated with the profiles (3.65) defines a spe-
cial class of exact helically symmetric equilibria with field-aligned incompressible flows and
anisotropic pressure, valid for any functional dependence of M2(U), o(U) and g4(U) . In con-
nection with the present Chapter, in order to completely determine an equilibrium we assume
that both the mass density and pressure anisotropy functions are constant everywhere inside
the plasma volume D: ¢ = 04 = const.; also we employ the following profile for the Mach
function

MX(U) = M U?, (5.57)

where M, is an arbitrary parameter. The magnetic surfaces of the above constructed equilibria
on the Cartesian plane z = 0, for w = 0.01, ¢19 = 0.5, oo = 20, and m = 2.318, are shown
in figure 5.1; all dimensional quantities present in this section are measured in appropriate Sl
units. Also, the profile of the flux function U along the x-axis is given in figure 5.2. In figures
5.1 and 5.2 it can be seen that the plasma domain consists of two sub-domains: an outer one
consisting of magnetic surfaces with circular poloidal cross-sections extending up to infinity
(r — o0), and an inner sub-domain containing three lobes and a couple of saddle points
(X-points). The inner X-point, corresponding to a maximum of U is located at z = —17.6.
Then on the right hand side of this first X-point are located successively two lobes, then the
second X point and farther outwards the third lob. The respective magnetic axes of the lobes
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Figure 5.3: The profiles of the scalar pressures (a) Py (z,y = 0,z = 0) and (b) P|(x,y = 0,2 = 0)
for the constructed stationary equilibria, for Mp20 = 1073. The blue dashed curve correspond to
o4 = 0.1, while the red dotted one to o4 = —0.1.

are located at + = —7.07, x = 2.31 and = = 15.3 while the second X-point is located at
x = 7.07. Each helix composing such a helically symmetric configuration is characterized by
a pitch, 7, and a torsion, 7, given by

m

_ 5.58
T2 + m2 ( )

n = 2wm, T=

The above equilibrium can model helically symmetric jets with anisotropic pressure, tending
to become isotropic at very long distances (r — o0). In more detail, for any o4 = const. # 0
inside D, the scalar pressures parallel and perpendicular to B are given by the relations (1.61)
indicating that when o4 > 0, its increase results in an enhancement of P, while P decreases,
and vice versa for o4 < 0, as can be seen at the profiles of B and P, shown in figure 5.3.
In the limit of » — oo the magnetic field, current density and velocity vanish and therefore
the scalar pressures become equal each other, i.e. P, = Pj = my/uo = const. because of
the second of (3.65) and (1.61). Thus the configuration becomes in this limit isotropic. Note
that this is compatible with a non zero value of o4 on account of the definition (1.55), which
makes o, indefinite in the limit of » — oo. Profiles of the magnetic field magnitude, B, and
the helicoidal component of the current density, .J,, are shown in figure 5.4. The values of B
becomes greater (lower) for 04 > 0 (04 < 0), in connection with a diamagnetic (paramagnetic)
behavior. The helicoidal current density, .J,, reverses near the origin and becomes more peaked
(hollow) for o4 > 0 (04 < 0). In addition profiles of the helicoidal velocity component, V}, and
the Mach function, Mg, are provided in figure 5.5. It is noted that V}, reverses in the region
of the left-lobe, where U becomes negative, and that the flow in terms of the Mach function,
sz, strengthens the impact of pressure anisotropy for o4 > 0, due to the factor 1 — oy — Mg.
In this respect, it is expected that the increase of the parameter MI?O has the same impact on
V}, as that shown in figure 5.5(a) for o, > 0.
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pressure anisotropy through o4, and (b) the Mach function along the z-axis for different values

of the flow parameter Mgo.
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Figure 5.6: (a): For the static anisotropic helically symmetric equilibrium (og = Mgo = 0) the
stability condition A > 0 is satisfied in the orange coloured regions. (b): The term Ay has a
stabilizing effect (red-dotted curve) which counteracts the destabilizing one of A; (blue-dashed
curve), so that the quantity A = A; + As indicated by the black-straight curve becomes positive
in the aforementioned orange coloured regions.

In what follows, we employ the derived suffiecient condition by calculating the quantity
A = A; + Ay + Az of equation (5.40) (in connection with equations (5.33), (5.36)-(5.38)
in the v-space) for the helically symmetric equilibria under consideration, in order to examine
the impact of the pressure anisotropy, flow and torsion on their linear stability, through the
variation of the parameters o4, M,,, and 1, respectively. We recall that the aforementioned
relations were obtained by applying the integral transformation (2.45); in this respect the
condition (5.34) is trivially satisfied. Figure 5.6(a) shows that the condition A > 0 in the
absence of pressure anisotropy and flow, o; = Mgo = 0, is satisfied in a broad region including
the outer domain and the two magnetic axes located on the left and right side of the origin
(x = y = 0). In these regions, the term A, being stabilising surpasses the destabilising
term A; as shown in figure 5.6(b) (while in this case the flow term Aj vanishes). However,
the condition is satisfied neither near the central magnetic axis, where .J;, reverses and U is
negative, nor in a small region located at the left side of the magnetic axis of the left lobe, in
which V}, reverses; in this respect it should be noted that since the condition is only sufficient,
the white colored regions in figure 5.6(a) and in the figures to follow, where A < 0, do not
necessarily imply instability. Thus we will consider only regions in which the condition A > 0
is satisfied.

The presence of pressure anisotropy does not affect the isotropic stability map of figure
5.6(a), as it is clearly indicated in the profiles of figure 5.7. However, it affects the values of A.
Specifically, in the regions where A > 0, for P| > P, (04 > 0) the anisotropy has a stabilizing
impact, in the sense that the maximum values of A become larger than the respective isotropic
ones, and a destabilizing effect for o, < 0. These characteristics are illustrated in figure 5.7. In
addition, it is found that the flow in terms of M has a peculiar effect on stability. Specifically,
on the one hand it results in shrinking the orange colored area located on the left hand side of
the first lobe, where the helicoidal velocity reverses, as it can be seen in figure 5.8(a),(b). This
shrinking is connected with a destabilizing effect of Mgo on both terms A; and A, as shown
in figure 5.9(a),(b). On the other hand the flow has a stabilizing effect, similar to that of
oq > 0, because the respective maximum values of A get larger in this area as Mg increases,
as it can be seen in figure 5.8(c). Also, the flow gives rise to a stabilizing contribution via the
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Figure 5.7: The impact of pressure anisotropy on the quantities (a) A, (b) A; and (c) Az in the
absence of flow (M, = 0) for o4 = 0.2 (blue-dashed curves) and o4 = —0.2 (red-dotted curve).
For comparison are also given the respective isotropic black continuous curves. In the regions
where A > 0 this impact is stabilizing for o4 > 0 and destabilizing for o4 < 0.
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Figure 5.8: Impact of the flow through Mz?o in the central orange colored region where the sta-
bility condition A > 0 is satisfied in comparison with the respective static isotropic equilibrium.
The maximum used value of the parameter M, for which all the pressures remain positive is
0.08.
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Figure 5.9: The impact of the flow parameter Mgo on the terms: (a) Aj, (b) Az, and (c) As,
for o4 = 0.

term Asz. However, this contribution in the region of interest is an order of magnitude lower
than the destabilizing impact of M} on A; and Ay, as can be seen in figure 5.9(c). Because
of the stronger impact of the pressure anisotropy on A than the destabilizing effect of the
flow, the presence of both anisotropy and flow has an overall stabilizing effect in terms of the
region where the condition A > 0 is satisfied and the maximum values of A. This is shown
in figure 5.10.

Finally, as concerns the impact of the torsion, 7, on the quantity A, for a specific helix,
defined by the equations r = r. = const., u = u,. = const. (in helical coordinates), equation
(5.58) implies that 7 depends only on the parameter 1, which characterises the pitch of that
helix. Inspection of equation (5.58) implies that 7 has an extremum for m = r., corresponding
to the maximum torsion, Ty, = 1/2r.. For example, for the static, isotropic equilibrium of
figure 5.1 the helical magnetic axis of the central lobe intersects the plane z = 0 at the position
x. = 2.318, y. = 0, corresponding to r. = 2.318, and has maximum torsion, 7,,,, = 0.2157.
Therefore, there can exist two different helically symmetric configurations with the same torsion
but different values of m one for m < r. and the other m > r., corresponding to different
pitches 1. However, the same torsion does not imply that these configurations have necessarily
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Figure 5.10: The overall stabilizing impact of pressure anisotropy in combination with flow
on the stability of the constructed helically symmetric equilibria. The pertinent parametric
values employed are as follows: (straight black curve) o5 = Mgo = 0, (blue dashed curve)
oq = 0, Mgo = 0.07, (red dotted curve) o4 = 0.07, M]?O = 0, and (green dot-dashed curve)
og =M} =0.07.

the same stability properties. The regions in which the condition A > 0 is satisfied for the
equilibrium of figure 5.1 is shown in figure 5.6. We found the respective stability maps for
three pairs of equilibria, shown in figure 5.11. Each pair corresponds to the same torsion,
T < Tmae but different pitch lengths, n < 27r. and n > 27r.. Specifically, the torsion
and pitch values we employed in connection with these equilibrium pairs are the following:
(upper pair consisting of the figures 5.11(a),(b)) 7(4),) = 0.207, 1(ey = 10.10, 7 = 19.29,
(middle pair consisting of the figures 5.11(c),(d)) 7(¢),(a) = 0.157, 1) = 27, 1q) = 33.76, and
(lower pair consisting of the figures 5.11(e),(f)) 7(¢),(r) = 0.089, 1y = 7, Ny = 67.52. The
stability maps indicate that the condition A > 0 is satisfied in a wider region as the torsion
decreases from its maximum value and for a given torsion A it gets larger as the pitch length
n > 27r. increases. Thus, we conclude that helical configurations with smaller torsion and
bigger pitch lengths may have improved stability characteristics. This result is reasonable if
one considers the limit of zero torsion and infinite pitch length in which a helically symmetric
plasma column degenerates into an one dimensional, cylindrical 6-pinch. It is well known
that such a configuration has favorable stability properties, since the safety factor approaches
infinity. However, confinement in a 6-pinch is not possible in the presence of toroidicity because
the axial magnetic field becomes purely toroidal.
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Figure 5.11: The impact of the torsion of the magnetic axis and of the picth on the linear
stability of helically symmetric equilibria. Each pair of figures illustrate configurations that have
same torsion, but different pitch values as explained in the text.
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6

Conclusions and potential future
work

“We're always, by the way, in fundamental physics, always
trying to investigate those things in which we don't under-
stand the conclusions. After we've checked them enough,
we're okay."

Richard P. Feynman

6.1 Summary and main conclusions

Equilibrium and stability are important disciplines of magnetic confinement fusion science
and engineering in connection with the outstanding challenge of controlled thermonuclear
fusion, the successful implementation of which would open up the possibility of completely
worldwide solving the energy problem. In the present thesis we investigated the equilibrium
and stability properties of a helically symmetric magnetized plasma with pressure anisotropy
and incompressible mass flow of arbitrary direction. The main conclusions are summarized as

follows.

|. Helically symmetric equilibria with pressure anisotropy and incompressible flow

()

In Chapter 2 we derived a generalized Grad-Shafranov equation [equation (2.46)]
which governs the equilibrium of helically symmetric magnetized plasmas in the pres-
ence of pressure anisotropy and incompressible flow. That equation recovers the re-
spective GS-like ones that govern both isotropic helically symmetric equilibria, either
static or stationary, and axisymmetric as well as translationally symmetric equilibria
either with pressure anisotropy and/or mass flow or not. Also, it contains six free sur-
face quantities, as functions of the poloidal magnetic flux. The derivation was based
on the adoption of a diagonal pressure tensor, known as CGL pressure tensor, with
one element parallel to the magnetic field, P, and two equal perpendicular ones, P, .
As a measure of the pressure anisotropy we introduced the function o, [see equation
(1.55)], assumed to be uniform on magnetic surfaces, while the parallel component
of the flow was expressed by the poloidal Alfvénic Mach function M, [see equation
(2.32)]. The form of the GGS equation containing the sum o4 + M indicates that
pressure anisotropy and flow act additively in the absence of the electric field term,
associated with the non-parallel component of the flow. Furthermore, we derived
a generalized Bernoulli equation [equation (2.43)] involving the effective isotropic
pressure P [see equation (1.60)].

In addition, under the assumption of the existence of well defined 3D magnetic sur-
faces we examined the properties of special ideal, anisotropic MHD equilibria with
incompressible flow such that any two of the vectors of flow velocity, V, vorticity, €2,
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magnetic field, B, and current density, J, are parallel one another including the cases
of magnetic-field-aligned flows, force-free, in the sense that the magnetic force van-
ishes, and Beltrami. It turns out that the vorticity and the current density share the
same surfaces with the magnetic field and velocity. In many of the cases considered
it is shown that the only possible isodynamic state is the axisymmetric Palumbo one.
Also, we examined the respective helically symmetric equilibria for which the specific
forms of the GGS equations were obtained. For these equilibria it was proved that
the flow should be parallel to the magnetic field with the exception of equilibria with
V parallel to J. Furthermore, we examined axisymmetric and helically symmetric
equilibria with either complex lamellar flow or complex lamellar magnetic field. In
these cases it turns out that the electric field results in non-isodynamic equilibria
governed by a couple of differential equations [equations (2.101)-(2.103)].

In Chapter 3 the GGS equation was solved by adopting the most generic linearizing
choices for the arbitrary function terms contained in it, and a new class of exact
helically symmetric equlibria with pressure anisotropy and flow of arbitrary direction
was obtained. This analytic class recovers known solutions as particular cases, e.g.
solutions describing equilibria of helically symmetric astrophysical jets. On the basis
of those generic analytical considerations we constructed equilibria describing config-
urations pertinent to ‘straight stellarators’, consisting of a helicoidal tude of nested
magnetic surfaces, with poloidal cross-section shape invariant along the helical direc-
tion. That tube was considered to be surrounded by a fixed helicoidal boundary, of
finite length and non-zero torsion, in connection with appropriate boundary/ shaping
conditions.

In addition, we examined the impact of pressure anisotropy and flow on the prop-
erties of the equilibrium constructed, through physical quantities, and came to the
following conclusions. As concerns the plasma magnetic properties, it turns out that
anisotropy acts paramagnetically for P| > P, and diamagnetically for P; < P, ir-
respective of the presence of flow. The non-parallel component of the flow decreases
the magnetic field from its static value, thus inducing diamagnetism. Also, in the
absence of the electric field term, associated with non-parallel flow, the component of
the flow parallel to B, in connection with M2, has a paramagnetic impact due to the
cumulative effect with anisotropy for o4 > 0. However, for flows of arbitrary direction
the parallel flow enhances the diamagnetic effect of the non-parallel one. Moreover,
both the flow and anisotropy have a noticeable influence on the scalar pressures along
and across B and consequently on the plasma beta; specifically, the local beta on the
magnetic axis takes its largest values in the presence of both mass flows of arbitrary
direction and pressure anisotropy for o4 < 0, indicating more favorable confinement
properties in that case. At last, it is found that both anisotropy and flow have a
significant impact on the components of the current density and velocity along the
direction of symmetry, while it turns out that the flow weakens the safety factor near
the magnetic axis, which might be disadvantageous regarding stability.

II. Symmetry transformations for ideal MHD and CGL equilibria

()

In Chapter 4 we presented a new set of symmetry transformations [transformations
(4.3)] that can be applied to any known CGL equilibrium with special field-aligned
incompressible flow and pressure anisotropy function, o4, constant on the magnetic
field lines, to produce an infinite new continuous families of respective equilibria with
collinear velocity and magnetic fields, and with arbitrary mass density and pressure
anisotropy functions. They contain four arbitrary scalar functions, the structure of
which depends on the topology of the magnetic field of the given equilibria; also,
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they can be used for changing the magnitude of the equilibrium quantities or create
stationary configurations from static ones without changing the solutions’ magnetic
surfaces. These transformations consist of a generalization of the ones introduced
in reference [216] for the same kind of field-aligned incompressible flow and isotropic
pressure, known as ‘Bogoyavlenskij transformations’.

(b) In addition, we examined the structure of the arbitrary scalar functions included in
the symmetry transformations in relation to the topology of the magnetic field of the
original equilibrium and the existence of magnetic surfaces, and proved that if the
original equilibrium possesses some known continuous geometrical symmetry, either
helical or axial or translational, this can be broken by the transformations if and only
if the magnetic field is purely poloidal. In this respect, we applied the aforementioned
symmetry transformations to specifically prescibed axisymmetric CGL equilibria with
collinear and purely poloidal V and B fields, incompressible flow, and o4 uniform on
the magnetic surfaces; we constructed 3D equilibria with collinear and purely poloidal
velocity and magnetic fields, but with mass density and anisotropy function varying
on the magnetic surfaces, all physical quantities of which depending on all three
spatial variables not being invariant along the toroidal direction.

(c) Furthermore, we extensively studied the symmetry transformations previously intro-
duced in a series of papers in references [73, 153, 209, 216-220] applied to given
equilibria with incompressible flow of arbitrary direction. We examined several trans-
formations that map MHD into MHD, CGL into CGL and MHD into CGL equilibria,
with V non-collinear to B. We showed that these transformations are valid if the ar-
bitrary scalar functions included therein are either constant on the magnetic surfaces,
if such surfaces exist, or if they are related by a special relationaship; in the latter
case it turns out that the velocity and magnetic fields of the original equilibria are
restricted to be collinear. If the original equilibria have certain geometrical symmetry,
in the former case they differ from the transformed ones only by a constant factor,

while in the latter case this symmetry can be broken only for purely poloidal magnetic
fields.

The generic conclusion of the study presented in the fourth Chapter is that all afore-
mentioned sets of symmetry transformations can break the geometrical symmetry of the
original equilibria, if and only if the magnetic field is purely poloidal. Otherwise the
transformed equilibria retain the geometrical symmetry of the original ones.

Linear stability of anisotropic pressure equilibria with field-aligned incompressible flow

(a) At the end, in Chapter 5 we derived a sufficient condition for the linear stability
of plasma equilibria for field-aligned incompressible flows, and plasmas of constant
density, and pressure anisotropy such that the difference between the pressures along
and across B be proportional to the magnetic pressure, by employing an Energy
Principle. Specifically, we have shown that the linear stability of such kind of equi-
libria, being guaranteed when the functional of the perturbation potential energy
is positive definite, relates to the sign of a function A [equation (5.33)] which de-
pends only on equilibrium quantities. According to that condition, any equilibrium
is linearly stable to small three-dimensional perturbations whenever (i) the sum of
the anisotropy function plus the Mach function of the equilibrium velocity collinear
with the magnetic field lower than unity [equation (5.34)] and (ii) A is non-negative
[equation (5.35)]. This condition generalizes the sufficient condition derived in [149]
for respective equilibria with isotropic pressure.
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(b) The aforementioned condition can be applied to any plasma state without geometrical
restriction, that is, it can be employed for three-dimensional equilibria. The quantity
A involved consists of three physically interpretable terms. The first of these terms,
being always negative and therefore destabilizing, may relate to current driven insta-
bilities. The other two terms may have either positive or negative contributions to
A depending on the characteristics of the background equilibria. The second term
relates to the magnetic shear, while the third term relates to the velocity shear and to
the variation of the total pressure perpendicular to the magnetic surfaces; the latter
term vanishes for static equilibria.

(c) In addition, we have shown that if a given equilibrium with field-aligned incompressible
flows of constant mass density and constant pressure anisotropy function fulfills the
aforementioned condition, and therefore is linearly stable, then all the families of
equilibria obtained by the application of the symmetry transformations (4.2) and/or
(4.3) on the original equilibrium, are also linearly stable, provided that a parameter,
C, appearing in these transformations, is positive definite.

(d) At last, we applied the derived sufficient condition to a special class of helically sym-
metric analytic equilibria describing astrophysical jets in order to examine the impact
of flow, pressure anisotropy as well as of the torsion and pitch of certain equilibrium
helices on stability. For this class of equilibria we have found that both the flow and
the anisotropy can have noticeable impact on stability, which in different plasma re-
gions can be either stabilizing or destabilizing; the impact of pressure anisotropy is in
general stronger than that of the flow. Specifically, in the regions where the stability
condition A > 0 is satisfied the combined effect of flow and anisotropy is stabilizing
when Pj > P, . Finally, the results indicate that helically symmetric equilibria with
smaller torsion and larger pitch length are favored in terms of stability.

Future directions

In the framework of the present thesis we employed the ideal MHD and CGL single fluid models,

to st
with
stabi
requi

udy the equilibrium and stability properties of helically symmetric incompressible plasmas
uniform pressure anisotropy. However, complete understanding of the equilibrium and
lity properties of magnetized plasmas in the presence of mass flows and pressure anisotropy
res substantial additional work in connection with the actual physical mechanisms by

exploiting advanced computational techniques. To this end, below are presented some ideas

that

may constitute the objectives of future studies.

The exact class of helically symmetric equlibria obtained in this thesis as solution of the
GGS equation derived recovers known solutions as particular cases. As an example, in
the limiting case of axisymmetric equilibria with incompressible flow of arbitrary direction
and anisotropic pressure, it recovers a respective solution obtained in [114] (equation (50)
therein) consistining of an extension of the well known Solovév solution widely employed
to validate numerical codes. In this respect the new analytic solutions constructed here
can be employed for alternative or additional validation of equilibrium codes. In this view
the development of a flexible code solving the GGS equation, as HELENA [228,229] in
the axisymmetric case, could be established.

. The results of the study on the different reduced kinds of the equilibria, in which two

out of the magnetic field, velocity, current density and vorticity vectors are specially
related, performed in Chapter 2 indicate a preference of the ideal steady states to involve
either parallel flows or isodynamicity. Moreover, the current density lies on the magnetic
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surfaces, a property which played an important role in deriving the sufficient condition for
linear stability for 3D equilibria with parallel incompressible flows and constant anisotropy
function [condition (5.34), (5.35)]. Therefore, we conjecture that the aforementioned
condition might be extended to other cases of special equilibria, such as equilibria with
velocity parallel to the current density, thus contributing to the elimination of the tough
problem of stability with equilibrium flows.

Incompressibility together with the condition of anisotropy function being uniform on
magnetic surfaces where key assumptions along the lines of the present thesis that played
an important role in deriving the GGS equilibrium equation in Chapter 2 as well as the
sufficient stability condition in Chapter 5. It is interesting to pursue additional extensions
on the equilibrium and stability concerning compressible flows or/and more physically
relevant pressure anisotropy which may represent better the actual experimental situa-
tions. This requires replacing incompressibility and the assumption of uniform pressure
anisotropy function by alternative equations of state on the understanding that finding
self consistently more appropriate equations of state (or energy equations) associated with
the pressure tensor elements P and P, relates to the tough closure problem of a hybrid
kinetic-fluid model, e.g. [230,231].

. The results of the analytic studies presented in this dissertation were performed self

consistently within the frameworks of the ideal MHD and CGL fluid models under the
condition of helical symmetry, and though toroidicity is absent they may contribute to
better understanding the physics of confinement in tokamaks and stellarators. In this
respect it should be noted that, although a (non trivial) analytic study has its own value,
3D equilibrium codes permitting arbitrary toroidicity and connecting the parallel pressure
with kinetic theory provide a more realistic description. However, since these codes are
based on a hybrid model, i.e. a fluid model perpendicularly and a kinetic one parallel to
the magnetic field, lack complete self-consistency. In this view the construction of 3D
equilibria or quasi-symmetric equilibria with toroidicity in the framework of full kinetic
models, e.g. gyrokinetic or more ambitiously Maxwell-Vlasov ones, would be not only
advantageous as concerns self-consistency but in the prospect that it might provide more
fundamental additional information.
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A General curvilinear coordinates
for magnetic confinement geome-
tries

We suppose that we have three level surfaces ' = z'(z,y,2) = ¢ for each i and that
V!, Vz?, V3] > 0, where the bracket denotes the triple scalar product. These are coordi-
nate surfaces. Any two coordinate surfaces intersect in a coordinate curve. All three coordinate

curves intersect in a single point P. Since P is uniquely specified by (c', ¢, ¢?), then a point

P is uniquely specified by prescribing values for (2!, 22, 3). Thus, (2!, 2%, 23) represent P

in curvilinear coordinates. We also assume that each functlon can be inverted to the cartesian
basis (x1, x2, z3). Hence we can write:
i el _Figo1 2 3
o= fYxy, 20, m3) —  x;= fH(x, 2% x0).

Then we can write the vector field of position in curvilinear coordinates

3
:Z xt,x? 2?)e;, (A.1)

where &; are the cartesian base vectors.

A.1 Covariant and contravariant basis vectors

The covariant basis vectors g; are defined as

or
ort’

gi = (A.2)

Since the derivative is taken along the x% curve (i.e., with 27 and z* held fixed), g; is the
tangent vector to the z* curve through P. Note that g; and g; are generally not orthogonal
vectors (i.e., for i # j, g;-g; # 0) nor they are unit vectors (i.e., g;-g; # 1). The contravariant
basis vectors g’ are defined as the vectors normal to the 2% coordinate surfaces

gl = V' (A.3)
In general, g’ is not proportional to g;. In the orthogonal case, these vectors coincide up to

scaling, but this does not hold in general. We can expand both sets of vectors in the Cartesian
basis. We end up with the following:

ox; . ; 8:1:’
8= 28 8= 5 ¢ (A.4)
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It turns out that each triplet of vectors is linearly independent and hence at each point P forms
a basis for R? footed at P. Since (g', g?, g*) form a basis for R3, we can expand any vector
v in this basis. Hence we can write:

vV = Zvigi (A.5)

)

and therefore v; = v - g;. Since the vectors g’ are not unit vectors, the numbers v; are not
physical components of the vector. They are called the covariant components of v. Similarly
we can expand v in the basis (g1, g2, g3) to wrtite

V= Zvigi. (A.6)

It also turns out that v* = v-g. Since the vectors g; do not have unit length, the real numbers
v’ are not physical components of v too. They are called the contravariant components of
v. The sets of vectors (g1, g2, g3) and (g', g2, g®) are reciprocal, or adjoint, sets of vectors;
this means that for all 7 and j

gi-g =67 (A.7)

Since these reciprocal sets of vectors are both bases for R?, we say that the sets are dual
bases. If we define A to be the matrix whose rows are the vectors g’ and B to be the matrix
whose columns are the vectors g;, it follows that A and B are inverse. Since the determinant
of A is the triple scalar product [g!, g%, g?| we get the relation

detB = (detA)™* (A.8)

and the metric coefficients g;; (for 7, j = 1,2, 3) are defined by
9ij = 8i " &j- (A.9)
Note that if the curvilinear coordinates are orthogonal, the metric coefficients are zero unless

i = j, in which case the metric coefficient is the square of the i*" Lamé coefficient. We can
also define reciprocal metric coefficients g% as

¢ =g g (A.10)
The commutativity of the dot product implies that
Gij = Gjis gl =g" vV ij (A.11)

Using the metric coefficients and the reciprocal metric coefficients, we can determine the
contravariant components of g* and the covariant components of g;. Specifically:

g =) g, =) gg. (A.12)
J J

We can use these relations to determine how to transform between covariant and contravariant
components of a vector as:

v = Zgijvj, V' = Zgijvj. (A.13)
J J
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A.2 Integration in general curvilinear coordinates
Let G' be a matrix with elements g;; (metric coefficients), and
g = detG. (A.14)

It will be shown that g is related with the Jacobian of the transformation from Cartesian to
curvilinear coordinates (z'). We can similarly arrange the reciprocal coefficients in a matrix
and the result is the inverse G~1. To integrate in general curvilinear coordinates the integrand
must be multiplied by \/g. For any cyclic permutation of 4, j, k& equation (A.7) implies that

g =/9(g’ x g"), (A.15)
where .
Ve g'- (g% x g’ (A.16)
Taking the cross product of g; and g; and using equation (A.15) yields
i 8i X 8k
g 7 (A.17)
Thus, from equations (A.7) and (A.17) it follows
or or or
Vi= (<) = (< ) (A18)

implying that /g is the Jacobian. In addition, equations (A.15) and (A.17) give us the
cross-product relationships:

8 X8 = Z eijk\/ggk (A.19)
k
and .
gl xgl = L (A.20)
2"

Also, with the aid of equations (A.5)-(A.7) the dot-product of two vectors v and u is written
as
v-u = vl (A.21)

while, considering equations (A.19) and (A.20), their cross-product is written as

vV X U= /geulgh = ﬁe”kviujgk. (A.22)

A.3 Vector operators in curvilinear coordinates

For any scalar function ® the gradient operator V& is defined as

o0

where
or

dr = oxt

da' = g;da". (A.24)
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Equating coefficients of dx’ in equation (A.23) yields the covariant components of V®: g; -
V® = 22, and thus, using equations (A.5)-(A.6) yields

od .
b= _—g'. A2
v 3ng (A.25)
Now, consider the vector identities:
8i j k j k

V- =V-(g/’xg")=V- (V! x V") =0, A.26
(B) =9 @ &) =V (7 7) ()

and ‘ ‘
Vxg =Vx(Vz')=0. (A.27)

Then using equations (A.5)-(A.6) in the form v = (¢'/%v%)(g7'/%g;), together with (A.26)
yields the curvilinear formula for the divergence operator:

V-v= 19 (V/gv'). (A.28)

Vg 0!

Also, using equations (A.5)-(A.6) and (A.27) yields the curl operator

;s :
VXxv= 8_2@1 x g) (A.29)
or, with the aid of (A.20):
1 (%j

Furthermore, the Laplacian operator V2® = V - (V®) can be obtained by using equation
(A.28) with v' = (0®/0z7)g" - g7:

2 L 0 i 0%
Vi = 507 V99 5 ) (A.31)

The differential arclength d¢? = dr - dr can be written
dl* = g;;dx'da’. (A.32)

The element of the line segment dl; along the coordinate curve z° is also given by

with no implied summation. Also, as concerns the element of surface area ds; directed normal
to the coordinate surface x* =constant, this is

ds; = \/gdx’dz"g'. (A.34)

|ds;| = \/ 9539k — ghda? da”. (A.35)

Finally, the element of volume is given by the following expression

dV = \/gdz'dz*dz®. (A.36)

Note that it holds

A.4 Physical components of a vector

The physical components v; of a vector v in general curvilinear coordinates is related with its
covariant and contravariant components as

v = g = /g v;. (A.37)



B Helical coordinate system

B.1 Vector representation and differential operators

We introduce helical coordinates (x!, 22 %) = (r,u,() related with the Cartesian (x,v, 2)

and the cylindrical (p, ¢, z) ones as
r=vat+yt=p,
x
) —kz=m¢ — kz, (B.1)

U = marccos | —————
2+ y?
( =z

The inverse transformations are given by

(u+k(>
T = 1 Cos , p=r,

m

, (u—i—kC) u~+ k¢ (B.2)
Y = rsin , ¢ = ,
m m
2=,
where m and k are real constant parameters. The vector field of position can be written
(B.3)

r(r,u,¢) = rp(u,¢) + (2,

where the cylindrical unit vectors are expressed in terms of the helical coordinates as

p(u, ) = cos (u —;kc) X + sin (u —;f:ﬁ) v,
(B.4)
$(u,¢) = —sin (u + kC) X + cos (u ;kg) y.

Using equations (A.2), (A.3) we find the tangent vectors to the (r, u, ) curves and the vectors

normal to the helical coordinate surfaces as:

gi=g=p g =g =p

oA 9 ~ R
= u:—’ = ’LL: _k7
821 =8u= ¢ g =g'= "¢ k2 (B.5)
rk ~ R
gyi=g =—¢+2, g =g'=2

Also, with the aid of equation (A.9) we find the following metric coefficients:

r2 1 kr?
rrIla uu — o = 5 Yu¢ = Ylu = 55 Yru = Gur = Yr¢ = r:O- B.6
9 Guu = 50 96 = o5 uc = Gcu = 5 Gru = Gur = Gr¢ = ¢ (B.6)
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Then, the matrix of the metric coefficients is obtained

1 0 0
G=|0 2 (B.7)
2
and thus, we find that
2
r
In addition, using equation (A.10) we find the reciprocal metric coefficients as:
T uy 1 ¢¢ ug Cu ru ur r¢ ¢r
g =Lt =5 =Lgt =g =~k g =9g"=9g"=4¢"=0. (B.9)
Any vector v can be expanded both in contravariant (covariant) basis as:
v =10,g" + v,8" + fucgC =v"g, +v"g, + vcgc, (B.10)

where (v,, v,,v¢) are the covariant and (v",v%,v°) the contravariant components of v. The
transformations between the covariant and contravariant components of v are:

Up =V
B r? . kr? ¢ W1 .
= Et Tt U T et T (B.11)
kr? 1
UC = #UU + q—QUC, UC = —k:vu + Ug,
while the vectors of the two bases are related as:
g =g
B r? " kr? ¢ w1 I
kr? 1
= g4 — of C=—k )

Furthermore, under equations (A.15) and (A.17) the following relations for the cross-products
arise:

r ¢ r ” m
g X8 =—8g, g xg'=—g;
m T
T , ¢ m
g xg=-—g" g xg =-—g, (B.13)
m T
ro, u c_m

gquc:Eg7 ng—?gr-

The physical components of a vector in helical coordinates are related with its contravariant
and covariant components as:

Ve =0 =0,
oo, 1 kr

T T am T m (B.14)
1 k 1
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Now, using equations (A.23)-(A.36) we find for the differential elements and operators in the
helical coordinate system the following relationships:

dr = g,dr + g,du + g.d¢, (B.15)

2 2
e = d® + 1 du? + — d¢? + 2k dud(, (B.16)

m?2 gm? m?2
dy = g.dr,  dly=gudu,  dly = gedC, (B.17)
ds; = L dudCg’,  dsy = ——drdcg®,  dss = —drdug®, (B.18)

m m m
4V = Zdrdudc, (B.19)
m
ki oD P
O =o' —— w___ il B.2

Ve=g'--+8g 50 & a0 (B.20)

10 ot s
v =Y < B.21
V-v ré)r(m>+8u+8§’ ( )

m | (Ove  Ov, ov,  Ovg ov,  Ov,
S e it T 22
Vxv r[(@u ag)g"+<ag 8r>g“+(87‘ m)gf]’ (B.22)
10 [ 0d 1 920 920 2
2p = —— [ r— — —2 . B.2

v ror (T 87") + qr? ou? * o¢? kauﬁf (B.23)

The covariant, contravariant and physical components of a vector in helical coordinates are
related with its components in the cylindrical system as follows:

v, =0, =", v, = Uy
m r rk

Vg = —vy, = —V" + —°, Vg = vy + rk:ql/zvg (B.24)
r m m
v, = v — kv, = v°, v, = mq1/2v§.

B.2 Helix parametrization

In the helical system introduced in section B.1 of the present Appendix, a helix is characterized
by the equations: r = constant, u = constant. Consider a helix of reference defined by the
following equations

T = 19 = const.,

(B.25)
U = ug = const..
Then the coordinate ( is related to the differential arc-length, ¢, along this helix as
¢
G(6) = mat)* [ . (B.26)
Lo

where gy = q(r = ro) = (k*r3 + m?)~!. Setting ¢, = 0 and ug = 0 for simplicity we obtain

¢() = may*t,
$(0) = kay/*¢.

The position of every point of this helix is then described by the vector

(B.27)

ro =108 ({) + mqéﬂfgc. (B.28)
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Once the above relation is put in the form

rq(¢) = rqcos ¢X + 1, sin ¢y + %qﬁ, (B.29)
it is obvious that the helix has a pitch
Mo = 27?%- (B.30)

Also for a finite helix we may choose for the parameter ¢ the interval
0 <l < Ny/(21r9)2 + 12, (B.31)
and thus, in this case
0<¢<I, (B.32)

where L = N1y is denoted as the heigth of the helix, with N equals to the number of its spirals
(how many times the helix turns around the axis of symmetry, 0 < ¢ < N27). In fact, the
restrictions for the arc-length of the relations (B.31) and (B.32) are pertinent for describing
the limiting case of a helix of finite height; however, formally, helical symmetry corresponds to
infinite helical length (—oo < ¢, ( < 00).

The covariant and contravariant helical basis vectors are found to relate with the parameter
{ as:

g, (0) = gr(e) — cos(kqg/%)fc + sin(kqt/?0)y,
g.(l)=—— sm(kql/zﬁ)x + 0 cos(k:qo 0y,

gt (0) =~ Sln(k;qo/ DR+ cos(kq1/2€) iz, (B.33)
To

ok rok
gc(l) = —% sm(kqmﬁ) + — cos(kqmé) + 2z, o =3,

B.2.1 Frenet-Serret Formulas

Employing the Frenet-Serret formulas for the helix curve the tangent vector to this helix,
defined as t = (dry/dl)/|dry/dl|, is found to be

hy(¢
6(0) = ma g () = 220 (B.34)
h|
where hy = h(r = 79, u = ug). Then, the vector of curvature, k = dt/d/, is obtained
K(€) = —rok*qog. (0). (B.35)
and thus, the curvature of the helix equals
K(€) = |K(0)| = rok*qo, (B.36)
while the curvature radius is
1 1 770
R=r= i+ () (B.37)

In addition, the first and second normal vectors to that helix defined as: n = k/k, and
b =t x n, are found to be

1’1(6) = _gr<£)a
1/2_u
b(l) = —roqy""g" (0).
Then, the torsion of this helix, defined as 7 = —n - (db/d/) is independent on ¢:
T = kmqp. (B.39)

(B.38)
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B.3 Intrinsic coordinates - Poloidal cross-section mod-
eling

We now introduce a coordinate system associated with the special curve r = r((¢), which we
will take to be the axis of the coordinate system. Let x,, x; be “cartesian” coordinates with
rerspect to the axis of the system, and ¢ is the arc-length along the axis computed from the
fixed point ¢y = 0. This system is defined from the Frenet triad, t,n,b in the sence that
x, is the distance from the helix in the direction n and x; measures the distance from that
helix in the direction b. The position of every point M of the poloidal plane with origin at
any point ¢ of the helix of reference is described by the vector

res = v,0(0) + zpb(0). (B.40)

Since the plane (n, b) is normal to the helix, the coordinates (z,, z;) denote the position of
the points on this plane, henceforth called poloidal plane, for every ¢. This is because the
system is co-moving with the helix.

With respect to the origin of the Cartesian system (fixed point O(x = 0,y = 0,z = 0))
the position of the points of the poloidal plane are defined by the vector

r =ro(l) + res. (B.41)

Thus, the intrinsic coordinates (z,, ,z; , ¢) are related with the Cartesian coordinates (z,y, 2)
as

(20, 0, 0) = (ro — ) cos(kay'*0) + may'*xy sin(kqy 1),
y(wn @, 0) = (10 = ) sin(kay'*€) — magzy cos(kay*0), (B.42)
1/2

2(xp, x5, 0) = qy " (ml+ kroxy),
and as a result with the helical coordinates (r, u, () as
cos(k;qéﬂﬁ) +mg sin(k;qéﬂﬁ)
\/(ro — xp)? + m2qox?

uw(xp, xp,£) = marccos ((TO — )

—kqé/z(mﬂ + kroxy),
r(Tn, 7)) = \/(ro — 1,)? + m2qo?, (B.43)
C(xp,0) = qo/*(ml+ krowy).

Then one finds the transformations between the covariant and contravariant basis vectors with
the vectors of the Frenet triad

g = gr = —1’1(6),

k7"2 1/2
g, = 00 _t(0) — rogy*b(0),
m
} 1 1
g' = ——zb0), g = —t0), (B.44)
Toqo mqg,

gt = mqé/Qt(E)—Fkroqé/Qb(f),

and the inverse transformations as

kr2ql/? . 1
t(f) = —2l-g"+ —g,
m mdy
n() = -g’, (B.45)
1
b(f) = ——58u + krogy g,

Toqg
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together with equations (B.34) and (B.38). Then the vector of position (B.41) can be cast
into the form

r = m?qlt(¢) + (z, — ro)n(€) + (zp + kmrogel)b(£). (B.46)

Taking into account the Frenet formulas

db(0)

DY)~ ),

dl

de(f) = kn({) (B.4T7)
drl ’ '
dn(f)

7 = —/{t(g)‘i‘Tb(g),

one finds
dr - dr = <[m2q0 — K(Ty — 7’0)]2 + 72 (22 + x?)) de* +
+d2? + dvj + 27 (zpdldxy, — vpdldr,,) (B.48)

which means that the coordinate system (z,,,x,¢) is not orthogonal in the sence that its
metric is not diagonal. We have to note that there is a flexibility in connecting “cartesian
intrinsic”’ coordinates (x,, x;) with various other coordinates in order to obtain desirable cross-
section shapes. Here we present a generalized set of intrinsic coordinates related with z,,,
as

Ty = p (14 (p*) cosf)cosb,
xp = e1p”sind, (B.49)

with
5(p*) =71 + 720", (B.50)
where the parameters ey, 71, 72, 31 determine the shaping of the magnetic surfaces (i.e. elon-

gation, triangularity).

B.3.1 Circular cross-section

We introduce intrinsic-polar coordinates (p*, ) in the plane (n,b) related with the intrinsic-
cartesian ones as

X, = p~cosb, xp = p*sind. (B.51)

These coordinates are recovered from the ones defined in equations (B.49)-(B.50) for v, =
~v2 =0 and e; = 1. Then coordinates (p*, 0, () are related with helical ones as

r(p*,0) = \/(TO — p*cosB)? + m2qop*? sin’ 0,
(ro — p*cosf) COS(kQé/2€) + mq(l)/2p* sin 0 sin(k;qépﬁ) )

V (ro — p* cos 0)2 4+ m2qep*? sin® 0
- kqé/2(m€ + krop*sin6), (B.52)
C(p*,0,0) = qé/Q(mE + krop*sin ).

u(p*,0,0) = marccos(

The vector of position can be written in the form

r = (m2qol)t(£) + (p* cos — ro)n(f) + (p*sin 6 + mrl)b(£), (B.53)
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to find that that the coordinates (p*, 8, ¢) are indeed not orthogonal:
dr - dr = ([m2q0 — k(p*cosf —ro)]” + Tgp*2> A0 + dp + p*2d6? + 27op*>dldh. (B.54)

The unit vectors along the coordinate lines are:

é,» = cosfn +sinbb,
08é -
& = —sinfn+ cosfb = gg , (B.55)
& = t.

The above system can easily be made orthogonal if the variable 6 is replaced by the new angle
variable [62,199,200]:

wi=0+all),  a(l) = /j S — (B.56)

0=0

The metric for this orthogonal coordinate system is now
dr - dr = dp** + p*2dw® + [1 — Kp* cos O(w, £)]* d*. (B.57)

If the coordinate axis is a closed line, the coordinate surfaces w = const. (surface curvature
strips) do not close upon themselves in a complete circuit along the axis. The ambiguity in
the coordinate w that arises under these conditions is easily circumvented by requiring that all
physical quantities depend on the angle variable w in combination with the function a(¢):

f=rf(p~0,0), 0=w—all)=w-—rTol. (B.58)

The lines w = const. on the surface p* = const. are orthogonal (by definition) to the cross
section ¢ = const. and follow the ¢ axis continuously. The surface § = const. (asymptotic
surface strip) closes upon itself since it forms a fixed angle with the closed surface 8 = 0 that
extends along the principal normal n(¢). The principal normal to the n axis is rotaded with
respect to the surface w = 0 by an angle a(?), so that § = w — a({); the angle «(¢) can
change discontinuously [200].

In the case of smooth rotation, the rate of change of the angle «(¢) along ¢, which gives
the angle of rotation of the binormal b in space, is the torsion of the axis, 7o = da(¢)/dl. If
ng and by are two orthonormal vectors related by «(¢) with respect to n and b such that

ng = c‘os a(f)n —sina(f)b, (B.59)
br = sina({)n + cosa(l)b,
then:

€, = coswng + sinwbpr = cos In + sin 6b,
’ r f (B.60)

~

é, = —sinwnpg + coswbp = — sin fn + cos 6b.

A geometrical representation of the coordinate system (p*, w, £) is given in figure B.1. For this
orthogonal system we obtain the following relationships:

dr -1 = hpdp &, + hodwd, + hedl,, (B.61)
with hye =1, hy, = p*, hy =1 — kp* cos(w — 7ol) and €, X &, = &;,8&,- X & = —&,,,8&, =
X &, = &,-. Also we obtain:

ds, = hyhedwdlé .

dsy = hhydp*dle,

dsy = hyhdwdp*é,

dV = hyhyhedp*dwdl. (B.62)
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Figure B.1: The coordinates of any point M on the poloidal plane: p*, 6 coordinates refer to
the natural axes n, b; p*, w coordinates refer to the rotated axes ng,bg.

As for the differential operators:

f_18fA Lof, |, 10f,

T o " o “’+hgae -
Vi = hp*}llwhz [6?* (hhphé gpf ) "o (h e ) (hifi” %ﬁ)} |
VB- ! o [aa*m heB,) + 88 (hyeheBo) + é‘;(h hBe)],
[ (heBy) — 8€(h B )} &t
[ Bg)} +hi [%(thw)— 355*} & (B.63)

The coordinates (p*,w é) are related with the helical coordinates (r,u, () as:

r(p*,w, ) = \/(ro — p*cosO(w, £))? + p*? sin® O(w, £)m2qp,
— p*cosB(w,?)) cos(kqéﬂf) + p*sin O(w, £)may sm(kql/zf))

u(p*,w, £) = marccos <(TO (w0
- l{:qlﬂ(mﬁ + krop*sinf(w, 1)),
C(p*,w, ) = ¢ > (ml + krop* sinB(w, £)). (B.64)
Each vector can be expanded in the polar-intrisic coordinate basis as:
V = 0pe 8y + 0,8, + V€. (B.65)

Then the transformations between the components (v,x, v,,, v¢) and the respective ones in the
helical sytem are:

m
Uy = —cos v — roqé/2 sin v* = — cos Ovy — roqé/2 sin 0 —uwyg,
r
m
v, = sinfv" — roq(];/2 cos v* = sin Qv — roqé/2 cos 0—uy,
r
kr2qt/? 1 kr2ql/? 1/2
_ bty L Bbto (1) . (B.66)
m mgg r o
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As for the transformations between the basis (&, &,,, &) and the covariant, contravariant and
Frenet triad bases we obtain:

&, 0 cosf sinf t
é, =0 —sinf cosf n
&y 1 0 0 b
—cosf — Sinl% kroqé/2 sin 6
T04q g
= | sinf -— CO?% k:roq(l)/ ?cos 8u
70490
0 0 mq(l)/ 2 8¢
—cos 0 —roqé/2 sind 0 g’
— | sind —roq(l)/Ql cos 6 0 g |. (B.67)
0 by L) \ 8
mqq
Finally, the inverse transformations are:
t 0 0 1 €,
n | =|cosf —sinf 0 e, |,
b sinf cosf O &y
—cos sin 6 0 A
& 1/2 . 1/2 kr2ql/? ef’*
gu | = | —7roqy’ " sin® —roqy’ cosf —L é |,
8¢ 0 0 ve €
mqg
AT AR S R
g | =| Tng7 - 0 é, |. (B.68)
g kzroqé/z sin 6 k:roqé/Q cos 6 mqé/2 €
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C Solution of ODE (3.18) in the
neighborhood of a regular sin-
gular point

We present an alternative analytical solution for (3.18) by first writting this ODE in canonical
form as

R'(s)+ P(s)R'(s) + Q(s)R(s) =0,  s>0, (C.1)
where P(s) = (g0 + €118 + £225%)/s(1 + s), Q(5) = (€33 + caas + T45%)/s(1 + s) and the
prime denotes differentiation with respect to s. It is apparent that the point s = 0 consists of

a regular singular point of ODE (C.1). Since both functions sP(s) and s?Q(s) are analytic at
s = 0 we can expand them as

sP(s) = iajsj, s2Q(s) = i b;s’, (C.2)
=0 =0

assuming that each of these series have a radius of convergence, e.g. p1 and ps, respectively.
In order to solve ODE (C.1) we employ the Frobenius method applying a series expandion for
the solution around the regular singular point of the form

R(s)=>» By, s<p, (C.3)
7=0

where p = min(py, po) denotes its convergence radius and the index r should not be confused
with the radial helical coordinate. Then substitution of (C.3), together with its first and second
derivatives with respect to s, into (C.1) using the expansions (C.2) yields

[r(r—=1)+rag + bo]Bos" >+ > [{(+r)j+r—1+ag)+b}B;
j=1
j—1
+> {4 r)aj i+ b} B| ST =0, (C.4)

=0

which in order to be satisfied the coefficients of both s"~2 and s/t"~2 must vanish:

[r(r — 1) 4 rag + bo] By = 0, (C.5)
j—1

{G+m)G+r—1+ao)+bo}Bj+ Y {(l+r)aj+b} B =0, j=12.. (C6)
=0

We assume By # 0 and consequently from (C.5) we obtain the indicial equation

r(r—1) 4+ rag+by =0, (C.7)

129
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which has the following roots

- % (1= a0+ V@ — 17— 4h) . (C.8)

Also note that by comparing the coefficients of the powers of s in (C.2) we find the following
specific expressions for a; and b;

ag =1+ 2n,
= —(1+2
aj_ al_ ( + %)’ (Cg)
(12—1,

Clj = —aj,l, ] 2 3,

and
(bO - 07
by = €33,
by =44 — b
b, = 2 = €44 1 (C.10)
b3 = _b27
b4 — T4 - b37

As a result, we find that the roots of the indicial equation are
r =0 and ro = —2n. (C.11)

By noticing that the difference between these two roots are r — ry = 2n, equation (C.6) is
simplieifed as

j—1
Rj(r)Bj+Z{(l+r)a’j—l+bj—l}Bl =0, j = 1a2>"'a (012)
1=0
where
Ri(r)=(j+7)(j+7r+ri—r2). (C.13)

In order for a solution to ODE (C.1) to exist it must hold for both roots that Vj # 0:
Ri(r1) = j(j +2n) # 0 and Rj(ry) = j(j —2n) # 0 . Thus, we conclude that different
families of solutions may be found dependent on the specific value of the separation constant
n. Each of those cases are separately examined below.

C.1 n>0

In this case it follows that $(r1) > R(r2) so we first proceed into finding a solution for r; = 0;
note that it holds R;(0) # 0V j # 0 (recall that j > 0). Depending on whether the difference
of the roots of the indicial equation is an integer or not we examine these two cases separately
as follows.

r; — ro = 2n #integer

In this case, equation (C.12) for j = 1 yields By = 0 which is unacceptable, while it also
implies that
j—1
> (laj1+bj-1) B,
B, =-2 . j> 1 C.14
’ (7 +2n) (1
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Thus, a first series solution is the following:

o0 By (arbitrary),

Ri(sin) =Y B;s’,  B;= jz_:l(laj_l—i-bj_l)Bl (C.15)
- —0 .
/=0 = g J2Lb

Furthermore, since j = 1,2,... and 2n integer, it holds R;(ry) # 0V j # 0, and thus a
second solution can be constructed along the same lines. That is

Cy (arbitrary),

Ry(s;n) = s~ " Z Cys, C; = Jil[(z—zn)aj,l+bj,l}cl (C.16)
]:0 __1=0 ] Z 1‘

3(i+2n) ’

Thus, the general solution of the radial ODE (C.1) when the separation constant n is not a
positive integer reads

R(s) = w1 Ryi(s;n) + waRa(s;n), {n>0|né¢ Z;|n# +%}, (C.17)

where Ry, Ry are two linearly independent solutions given by equations (C.15)-(C.16).

r; — rp = 2n =integer

This is equivalent to the case n € Z, or n = 1/2, respectively. We observe that R;(r; = 0) #
0V j # 0 and thus a first solution can be constructed again having the exact form (C.15).

In this case we observe that R;(r;) = 0 when j = 2n and as result all coefficients C;
with j > 2n cannot be determined. Therefore, a second solution cannot be constructed by
applying an analogous procedure. However, the method of the differentiation of coefficients
guarantees that a second linearly independent solution can be yet constructed of the form

Ry(s) = cRy(s)logs + Z Ci(rg)s’ ™", (C.18)

J=0

where ¢ is a constant which may be zero and the coefficients C; can be calculated through

Cj(ry = —2n) = {% [(r + 2n)BJ~(7")]}| , j=12,.., (C.19)
with .
S0 = 2n)a; + b, B
Bj(r) = -2 . (C.20)

(j+7)(J+7r+2n)

In order to formally determine the constant ¢ and the coefficients C; we substitute (C.18) into
the ODE (C.1); after some algebraic calculations be find the following

2n—1
Yol —=2n)agu—; + bon—i]C

=0
—_ - .21
¢ 2nBy ’ (C )
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and

(Cy (arbitrary),

[un

T 0-2m)a5-+,41C |
- 7(j—2n) ) 1 S J é 2n — 17

Cs,, (arbitrary),

[=}

[un

G— j—2n—1
ZZ [(I—2n)a;_;+b;]Ci+c| 2(j—n)Bj_on+ ZZ aj—2n—lBl>
=0

[=}

- 3(—2n) ’ J=z2ntl.

Thus, the general solution of the radial ODE (C.1) when the separation constant n equals a
positive integer reads

1
R(s;n) = w1 Ri(s;n) + weRs(s;n), {neZi|n= —|—§}, (C.23)

where Ry, Ry are two linearly independent solutions given by equations [(C.15), (C.18)] and
[(C.21), (C.22)] respectively.

C.2 n<o0

In this case it follows that $(r2) > R(ry). By following in detail the same procedure as that
in Section C.1 for the case n > 0, we find that for n < 0 in all cases there exists a symmetry
between the solutions for n <> —n. Below we present all the resulting forms for the solutions.

When ry — 1 = —2n # integer, or equivalently {n ¢ Z_|n # —1/2}, we obtain two
linearly independent solutions R;(s;n) and Ra(s;n) of the forms:

o By (arbitrary),
Ry(s;n) = s" Z B;s’, Bi =< Sli-2m)a;+b, 5 (C.24)
— =0 :
=0 TGz o J=zh
and
o0 Cy (arbitrary),
Ry(s;n) = Z Cjs’, G = Jz_jl(laj,l+bj,l)cl (C.25)
-_ =0 .
7= G Jz2 L
On the other hand, when ry — 1 = —2n = integer, or equivalently {n € Z_|n = —1/2},

we obtain two linearly independent solutions, from which R;(s;n) has the form (C.24) and
Ry(s;n) is of the form:

Ry(s;n) = cRy(s;n)logs + Z C;s’, (C.26)

J=0
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where
(Cy (arbitrary),
j—1
l;)[laj—l'f‘bj—l]cl .
Gy 1<j<-2n-1,
C; = (C.27)
C_ay, (arbitrary),
j—1 j+2n—1
lZ:Q[laj_ri-bj_l]Cﬁ-C<2(j+n)Bj+2n+ ZZ:O aj+2n—lBl>
- j(+2n) ' jz =2+l
and with
—2n—1
> lla—@ntry + b—@2n+0)|Ci
c= = . (C.28)

ZTLB()

C.3 n=0

Finally we examine the special case when the separation constant is zero. In this case the
two roots of the indicial equation are equal, r; = ro = 0. Thus, it holds R;(r1) = R;(r2) =
72>V j # 0. Then ODE (C.1) yields

j—1

FBj+ Y llaj+b)B=0, j=012, .. (C.29)
=0

which implies that By may remain arbitrary. Therefore, a first independent solution is the
following:

o By (arbitrary),
R1(5; n) = Z Bjsja Bj = Jf[mj,lerj,l]Bl (C~30)
7=0 =, J =1

Finally, in order to construct a second linearly independent solution we assume that

Ry(s;n) = Ry(s;n)logs + Z C;s, (C.31)

Jj=0

and find that this indeed is a solution once the following relationships for the coefficients C;
are satisfied:

Cy (arbitrary),

C; = RS -
T\{m s Sl rga s} gz

(C.32)
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D Proof of the relations (5.30)-(5.33)

Preliminarily, we present the useful vector identities

V(QxW)=W - (VxQ)—Q-(VxW), (D.1)
Vx(QxW)=(W-V)Q-W(V-Q) - (Q-V)W+Q(V-W), (D.2)
V(Q -W)=(W-V)Q+(Q-V)W+W x (VxQ) +Qx (VxW), (D3)

as well as the useful following relations

V-(aN)+J-V5+B-Vy=0, (D.4)
£ xB=alN x B+ gN, (D.5)
Jx€=aJ xN+9N, (D.6)
b =V x (aN x B+ gN), (D.7)

which are obtained on the basis of representation (5.29) and the condition V - £ = 0.
To begin with, we decompose the potential energy of equation (5.26) into two integrals as

1

W=_—
240

/7)(1 i — )b + b - (e X 5)]d3r—2/D/\(£ VM€ [(B- V)B]}dr

J/

-~ -~

S1 Sa
(D.8)
The rest of the present Appendix is dedicated in calculating these integrals in order to derive
the exact expressions (5.30)-(5.33) as follows.

Calculation of S;: By employing equation (D.6) we obtain

b>+b- (e x &) = b?>+ab- (g x N) + peyb - N
(b 4 appd x N)? —ab - (ugJ x N) (D.9)
—a? (o x N)? + pgyb - N.

Also, with the aid of the identity (D.1) we find that

poyb N = poyN - [V x (aN x B + SN)]
= pp(aN x B+ BN) - [V x (yN)] + V - (1oyaN?B), (D.10)

and therefore

(1—04= M)y N = (1 =04 = A)ue(aN x B+ N) - [V x (yN)]
+V - [(1 = g — A*) poayN?B]. (D.11)
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Then owing to (D.9) together with (D.11) and the fact that [, V-[(1—04—\*)uoayN?Bld°r
vanishes due to the boundary conditions, the integral S; can be written in the form
S, = /(1 — 04— ) {(b+ apgd x N)? — a?(upd x N)?
D
—ab - (119 x N) + jig(aN x B+ N) - [V x (yN)]}d’r. (D.12)

Ay

In order to obtain a more useful form for S;, we further proceed as below.
For the third and fourth term of the integral in (D.12) we find

—ab - (upJ xN) = —a(ueJ x N) - [V x (aN x B + gN)]
= —a(ud x N)-[aV x (N xB)+Vax (N xB)+ M+ V3 x N
= —ppaN*(J- VB + N - Va) — ppafM - (J x N)
—ppe®(J x N) - [V x (N x B)], (D.13)

and

po(aN x B+ N) - [V x (N)] = pug(aN x B+ N) - (yM + Vv x N)
= poayM - (N x B) — poaN?B - V. (D.14)

Also, employing the identities (D.2) and (D.3) for Q = N and W = B yields

po(J X N) - [VXx (NxB)] = I xN)-2(B-V)N+BxM]|
—(poJ x N)? + p1oN*(V - N). (D.15)

Therefore, with the use of relations (D.13)-(D.15), we find in a straightforward way that
the quantity A; reads

A = o?(pod x N)?2 — poa(BI +B) - (N x M) — 2a%(oJ x N) - [(B - V)N]. (D.16)

Afterall, substitution of the later relation into (D.12) results into the following useful form for
the integral Sy

S = /(1 g — A {(b+ ajpd x N)? — p100(8I ++B) - (N x M)
—20%(p10d x N) - [(B - V)N]}d°r. (D.17)

Calculation of Sy: We now consider the second integral of W in equation (D.8) as follows.
Using the relations
£-VAi=aN- V), (D.18)

and
2

£ [(B-V)B=(aN+3J+9B)-V (%) + poaN?, (D.19)

the later obtained with the aid of identity (D.3) for Q = W = B, the integral S is written
in the useful form

Sy = p1g /D {Aoﬂ(N V) {N .V (QB—;) + N2] +a(fI+4B) -V (QB—;) } d*r. (D.20)
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To continue with, we plug the expressions (D.17) and (D.20) back into the relation for
the potential energy (D.8); then if we further rearrange the containing terms and integrate by
parts, W is put in the following form

1
— [/ (1 — 04— A (b + aued x N)*d°r —|—/ Aa’d’r
D

- 2[&0 D
—,uo/ aB(J - L)d*r — ,uo/ avy(B - L)d3r} , (D.21)
D D
where
B2
L:=(1—-0;—A)(NxM)+2\N-VANV (2—) , (D.22)
Ho
and

A = —2{<1 — 0y — N (pod x N) - [(B - V)N] + pioA(N - V) x

{N -V (QB—;) + N2] } (D.23)

Then we can show that the coefficients of a5 and a-y in the third and fourth integrals of (D.21)
vanish identically. Indeed, with the aid of the equilibrium equations (5.23)-(5.25), (5.27), the
fact that A = A(¢), Ps = Ps(v), and the identity V(qw) = ¢Vw + wVq for arbitrary scalar
functions ¢, w, equation (D.22) yields

L = g|VuP [(7%)” Foyg- oy B

2/10} Vi, (D.24)

Thus, it follows that
J.-L=B-L=0, (D.25)

since for the field-aligned incompressible equilibria under consideration, it holds J - V¢ =
B.Vy =0

Finally, as concerns the quantity 2( given in (D.23), it can be written in a more useful form
as follows. Recall that N = ¢V}, as implied from the equilibrium equations (5.23), (5.24)
and (5.27). On account of this relation, and with the use of the identity (D.3) for Q = V),
W = B, as well as of the identity (B - V)(¢Vy) = V¢(B - Vg) + g(B - V)V, we obtain
from (D.23)

A= % = —(1 04— N){lnd x VY| = (nod x V) - (V¢ - V)B]}
—l—%[ln(l —0q— )] |VY[>Vy - V <73 + (1 —04) ;32 > (D.26)
Ho
or equivalently, with the use of (1.61)
A = —(1=0q— ) {|ud x Vo — (4o x V) - (V4 - V)B]}
‘;0 (In(1 —oq — \)]'|VY[>VY - V (PL + ;3—2) (D.27)
Ho

the later relation having the exact form (5.33). Thus, substitution of the relations (D.25) and
(D.26) into (D.21) yields for the exact expressions (5.30)—(5.32) for the potential energy:

1

(1= 0= )b+ agiod x NP5 / A(V3ga)dr.  (D.28)
2#0 P ,Uo

s

g

W1 W2
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