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x Per�lhyhta twn hlektron�wn, kai h qamhl  puknìthta pl�smato epitrèpoun na prosegg�-soume to pl�sma w sÔnolo mh allhlepidr¸ntwn hlektron�wn. O basikì �xonath an�lush e�nai h jewr�a Hamilton gia thn k�nhsh fortismènwn swmat�diwn mèsase hlektromagnhtik� ped�a. Esti�zoume sta qarakthristik� th energeiak  kaiqwrik  di�qush twn hlektron�wn k�jeta sto magnhtikì ped�o, upì thn ep�drashkum�twn meg�lou all� kai endi�mesou pl�tou, eke� ìpou h dunamik  sto q¸rof�sewn e�nai arket� polÔplokh.Sto Kef. 3 melet�tai h allhlep�drash kÔmato-pl�smato ap’ th skopi� thep�drash tou pl�smato sto kÔma. Oi teqnikè pou qrhsimopoioÔntai ed¸ e�nai oiasumptwtikè mèjodoi gia thn ep�lush th kumatik  ex�swsh. H prwtotup�a sthsugkekrimènh melèth ègkeitai sth gen�keush th asumptwtik  mejìdou entopismoÔdèsmh, ¸ste na e�nai dunat  (a) h perigraf  kumatik¸n desm¸n me opoiad potekatanom  hlektrikoÔ ped�ou, (b) h prosomo�wsh th di�dosh kai aporrìfhsh
non-Gaussian desm¸n se pl�sma sÔnthxh. Dèsme me non-Gaussian katanom hlektrikoÔ ped�ou mporoÔn na prokÔyoun lìgw dusleitourg�a sth di�taxh ekpo-mp ,   kat� th di�dosh sto pl�sma, se peir�mata ìpou emplèkontai kuklotronik�kÔmata. Sto pla�sio th mejìdou entopismoÔ dèsmh, kajor�zetai h diadikas�a giaton upologismì th di�dosh desm¸n genikoÔ tÔpou, h opo�a metaxÔ �llwn peri-lamb�nei th gen�keush tou orismoÔ tou eÔrou dèsmh. San efarmog , melet�taih di�dosh non-Gaussian desm¸n (a) se aplopoihmènh gewmetr�a pl�smato, (b) segrammè ekpomp  hlektromagnhtik  aktinobol�a gia tokamak.Sta Kef. 4 kai 5 epiqeire�tai h plhrèsterh perigraf  tou sust mato pl�sma-kÔma. H autosunep  an�lush th mh grammik  allhlep�drash magnhtismènoupl�smato me hlektromagnhtik� kÔmata apotele� to perieqìmeno tou Kef. 4. Han�lush g�netai mèsw enì kleistoÔ sust mato sun jwn diaforik¸n exis¸sewn,pou apotele�tai apì ti sqetikistikè exis¸sei k�nhsh kai thn kumatik  ex�swshgia to anusmatikì dunamikì. H perigraf  aut  epitrèpei thn an�deixh fainomènwnlìgw th ep�drash twn peristrofik¸n kin sewn twn hlektron�wn sthn aporrì-fhsh tou kÔmato, ta opo�a den e�nai dunatì na prosomoiwjoÔn apì th grammik jewr�a talant¸sewn pl�smato. San efarmog , melet�me thn aporrìfhsh kuklo-tronikoÔ kÔmato se aplopoihmènh gewmetr�a tokamak, gia paramètrou pl�smatosqetikè me ta sÔgqrona peir�mata jermopurhnik  sÔnthxh.H di�dosh hlektromagnhtik¸n kum�twn sto pl�sma upolog�zetai kur�w me tiasumptwtikè mejìdou sto ped�o twn suqnot twn, diìti eke� h ep�lush th ku-matik  ex�swsh parousi�zei mikrìterh duskol�a. 'Omw, se arketè peript¸seime meg�lo praktikì endiafèron, ìpw p.q. h metatrop  th pìlwsh tou kÔmato,oi paradoqè twn asumptwtik¸n mejìdwn parabi�zontai kai h lÔsh t�jetai upìamfisb thsh. Sto Kef. 5 efarmìzoume mia arijmhtik  mèjodo gia thn ep�lushtwn exis¸sewn Maxwell qwr� prosegg�sei, ton algìrijmo FDTD. En gènei, ka-j¸ h FDTD e�nai diatupwmènh sto ped�o tou qrìnou, apaite�tai h èkfrash thapìkrish tou pl�smato sto ped�o tou qrìnou. Sthn per�ptwsh ìmw pou denup�rqei qronik  ex�rthsh sth suqnìthta kÔmato kai sti paramètrou tou pl�-smato, apodeiknÔoume ìti h mèjodo mpore� na efarmoste� apeuje�a me qr sh thèkfrash tou dihlektrikoÔ tanust  sto ped�o suqnot twn.



ABSTRACT

This thesis deals with some of the forms of interaction of high-frequency
electromagnetic waves with plasmas and their applications. The interaction of
ions/electrons with electrostatic and electromagnetic waves plays a key role in the
description and understanding of many phenomena relevant to charged particle
acceleration and plasma instabilities in astrophysical systems, accelerators and
controlled thermonuclear fusion devices. In cases where there is a resonance of
the Doppler-shifted wave frequency with the cyclotron harmonics, the interaction
is stimulated by significant energy exchange between the wave and the particles.
This effect, apart from Astrophysics where it is related to the observations of
radiation from accelerated particles, as e.g. in the ionosphere or during solar
flares, has important experimental applications both in the production of coherent
high-frequency electromagnetic radiation, e.g. from gyrotrons or free electron
lasers, as well as in plasma heating and non-inductive current drive in modern
fusion devices (tokamaks, stellarators).

The research work in this thesis is mostly focused on the description of the
propagation and absorption of electromagnetic radiation in the fusion plasma.
The study is performed with the goal of better understanding the evolution of the
wave-plasma system, taking into account (a) nonlinear wave-particle interaction,
(b) kinetic plasma effects, (c) complexity in the geometry of the wave beam
profile. The cold plasma approximation for the wave propagation, the linear
theory of plasma oscillations for the cyclotron absorption and the quasilinear
theory for the evolution of the particle distribution function are the most popular
tools for the study of the wave evolution when interacting with the plasma and
vice versa. However, there are cases where the validity of these theories becomes
questionable, and the kinetic and/or nonlinear effects play an important role in
the spatial and temporal evolution of the system.

The content of this thesis is divided in six chapters. In the first chapter a
necessary introduction takes place, where we write about the basic aspects of the
plasma state and the electromagnetic waves, together with the most important
applications, while in the last one we summarize the most significant results and
discuss the possible extensions of the current work. In Chap. 2 we consider the ef-
fect of high-frequency electromagnetic waves in underdense magnetized plasmas,
with the main applications being for the ionospheric plasma. The high frequency,
of the order of the electron-cyclotron frequency, in conjuction with the low plasma
density allow for approximating the plasma as an ensemble of non-interacting ele-
ctrons. The basic course of the analysis goes along the Hamiltonian formalism for
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charged-particle motion in electromagnetic fields. We focus on the characteristics
of the energetic and spatial diffusion of the electrons across the magnetic field,
under the effect of electromagnetic waves of both high and moderate amplitude,
where the dynamics of the phase-space is extremely complex.

In Chap. 3 we study the wave-plasma interaction from the viewpoint of the ef-
fect of the plasma on the wave. The techniques of interest here are the frequency-
domain asymptotic methods for the solution of the wave equation. The novelty
in this study lies in the generalization of the beam tracing asymptotic method to
include (a) the description of beams with arbitrary electric field profile, (b) the
analysis of the propagation and absorption of non-Gaussian beams in fusion pla-
smas. Non-Gaussian beams may arise due to a malfunction of the wave-launching
system, or during the propagation in the plasma, in heating and current drive
experiments involving cyclotron waves. In terms of the beam tracing method, we
specify the sequence for tracing arbitrary beams, which among others involves the
generalization of the definition of the beam width. As an application, we study
the properties of the propagation of non-Gaussian beams in (a) simplified plasma
geometry, (b) the transmission line of electromagnetic radiation in a tokamak.

Chap. 4 and 5 are oriented to the more thorough description of the plasma-
wave system. The self-consistent analysis of the nonlinear interaction of electro-
magnetic waves with magnetized plasmas is the subject of Chap. 4. The analysis
is performed in terms of a closed set of ordinary differential equations, which con-
sists of the relativistic equations of motion and the wave equation for the vector
potential. This description allows for the effects of electron-cyclotron motions
in the wave absorption, which cannot be simulated in terms of the linear theory
for the wave absorption. As an application, we investigate the absorption of an
electron-cyclotron wave in simplified tokamak geometry, for parameters relevant
to current fusion experiments.

The propagation of electromagnetic waves in the plasma is calculated mainly
through asymptotic methods in the frequency domain, because, in Fourier space,
the solution of the wave equation appears less difficulty. However, in many cases of
interest, like e.g. mode conversion, the assumptions of the asymptotic methods
break down and the solution becomes questionable. In Chap. 5 we apply a
full-wave numerical method for the solution of Maxwell’s equations, the FDTD
algorithm. In general, since FDTD is formulated in time domain, it is obligatory
to express the plasma response in time domain. However, in the case of a constant-
frequency wave propagating in a stationary plasma, we establish that the FDTD
method can be applied directly using the frequency-domain dielectric tensor.
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1. EISAGWGIKES ENNOIESSto kef�laio autì d�noume k�poia eisagwgik� stoiqe�a apara�thta gia ta jè-mata pou pragmateÔetai h diatrib . Piì sugkekrimèna, parajètoume ton orismì thkat�stash pl�smato, ti morfè pou sunant�tai to pl�sma kai ti qarakthristi-kè paramètrou tou. 'Ustera, perigr�foume to komm�ti th fusik  pou melet� topl�sma, th Fusik  Pl�smato, esti�zonta sti basikè arqè tou kajenì apì tamontèla perigraf  tou pl�smato: Thn perigraf  mèsw mh allhlepidr¸ntwn for-tismènwn swmatid�wn (jewr�a Newton, Lagrangre, Hamilton), thn perigraf  sanreustì (udrodunamik , magnhtoüdrodunamik ) kai th statistik  perigraf  (kinh-tik  jewr�a). Tèlo, d�noume eisagwgik� stoiqe�a gia ta hlektromagnhtik� kÔmatasto pl�sma, eidikìtera gia ta e�dh twn hlektromagnhtik¸n kum�twn an�loga meto an to pl�sma e�nai magnhtismèno   ìqi kai an prosegg�zetai san yuqrì, reu-stì   kinhtikì, kaj¸ kai ti kuriìtere efarmogè twn kum�twn me èmfash sthnelegqìmenh jermopurhnik  sÔnthxh.H perigraf  se autì to kef�laio èqei perissìtero plhroforiakì qarakt -ra, qwr� na d�netai èmfash se exeidikeumène leptomèreie. Gia perissìterastoiqe�a o anagn¸sth parapèmpetai sth genik  bibliograf�a th Fusik  Pl�-smato. Endeiktik� anafèroume ta bibl�a [Boyd and Sanderson 1969, Gill 1981,
Chen 1984, Bittencourt 1986, Bombor�dh 1990, Goldston and Rutherford 1995,Pant  kai Jroumoulìpoulo 1999, Bl�qo 2000, Polum�lh 2000℄, pou apotèle-san kai ti phgè sth suggraf  tou kefala�ou autoÔ.1.1 Genik� per� pl�smatoO ìro ”pl�sma” qrhsimopoie�tai gia to qarakthrismì mia meg�lh poikil�aaer�wn pou èna posostì twn atìmwn tou e�nai merik¸   olik¸ ionismèno. Bèbaia,autì o orismì den katat�ssei autìmata opoiod pote fortismèno aèrio sthn ka-thgor�a tou pl�smato. Gia na emfan�zei mia sullog  fortismènwn kai oudèterwnswmatid�wn sumperifor� pl�smato prèpei na ikanopoie� sugkekrimèna krit ria, taopo�a ja analÔsoume parak�tw. H ous�a twn krithr�wn aut¸n ègkeitai sto ìti(a) sto pl�sma oi dun�mei pou prosdior�zoun thn k�nhsh twn swmatid�wn e�nai oihlektromagnhtikè dun�mei Coulomb (meg�lh embèleia), en¸ se èna sunhjismè-no aèrio ta mìria allhlepidroÔn mìno kat� th di�rkeia twn sugkroÔsewn, dhl. medun�mei mikr  embèleia, (b) to pl�sma emfan�zei ”makroskopik  oudeterìthta”,dhl. se perioqè me diast�sei arket� meg�le ¸ste na perièqetai epark  arijmìswmatid�wn, all� kai arket� mikrè se sqèsh me ti qwrikè anomoiogèneie toupl�smato, to sunolikì fort�o e�nai praktik� mhdèn.



2 1. Eisagwgikè ènnoieSth fÔsh, h Ôlh sunant�tai se trei katast�sei: Stere�, ugr  kai aèria. Hbasik  di�krish metaxÔ twn katast�sewn èqei na k�nei me thn isqÔ twn eswterik¸ndun�mewn an�mesa sta swmat�dia, h opo�a fj�nei apì ta stere� pro ta aèria. Sepoi� kat�stash br�sketai k�poia ous�a kajor�zetai apì th sÔgkrish th dunamik enèrgeia twn swmatid�wn (pou antistoiqe� sti eswterikè dun�mei) kai th kinh-tik  enèrgeia (pou antistoiqe� sth jermokras�a). Me aut  th logik , to pl�smampore� na jewrhje� w mia ”tètarth” kat�stash th Ôlh, mia kai èna stereì mesuneq  aÔxhsh th jermokras�a pern�ei diadoqik� apì ti f�sei ugroÔ kai ae-r�ou kai katal gei se kat�stash pl�smato1. Sti upoenìthte pou akoloujoÔnparajètoume basikè plhrofor�e gia to pl�sma: Mia taxinìmhsh tou pl�smatosth fÔsh kai to ergast rio an�loga me thn puknìthta kai th jermokras�a tou,ti qarakthristikè fusikè idiìthte me ti ant�stoiqe paramètrou, kai tèlo tikuriìtere efarmogè sthn astrofusik  kai thn teqnolog�a.1.1.1 To pl�sma sth fÔsh kai to ergast rioPl�sma mpore� na dhmiourghje� apì aèrio me di�forou trìpou. Katarq n,ìpw anafèrame kai prohgoumènw, me aÔxhsh th jermokras�a e¸ ìtou kata-l xoume se shmantikì bajmì ionismoÔ (jermikì ionismì). Epiprìsjeta, pl�smampore� na sqhmatiste� apì diergas�e ionismoÔ pou de sqet�zontai me aÔxhsh thjermokras�a, oi kuriìtere ap’ ti opo�e e�nai o fwtöionismì (photoionization)kai oi hlektrikè ekken¸sei (electrical discharges). Oi diergas�e autè sunant¸-ntai eurèw sth fÔsh, all� e�nai dunat  kai h prosomo�ws  tou sto ergast riome skopì thn paragwg  kai th sunt rhsh pl�smato.Sto fwtöionismì prosp�ptei aktinobol�a kai ta �toma tou aer�ou aporrofoÔnìsa fwtìnia èqoun enèrgeia megalÔterh apì thn enèrgeia ionismoÔ. To pleìna-sma enèrgeia metatrèpetai se kinhtik  enèrgeia twn prokuptìntwn fort�wn, kaisunep¸ kajor�zei th jermik  enèrgeia tou pl�smato. An�loga me th qhmik sÔstash tou aer�ou, fwtöionismì mpore� na proklhje� apì aktinobol�a diafore-tikoÔ m kou kÔmato, p.q. uperi¸dh, akt�ne Q. Sti hlektrikè ekken¸sei, ènaisqurì hlektrikì ped�o efarmìzetai se merik¸ ionismèno aèrio, me apotèlesma taeleÔjera hlektrìnia kai iìnta na epitaqÔnontai se enèrgeie arket� uyhlè kai naion�zoun kai �lla �toma mèsw sugkroÔsewn. 'Ena qarakthristikì th diergas�-a aut  e�nai ìti ta ”elafr�” hlektrìnia epitaqÔnontai polÔ piì èntona apì ta
”barèa” iìnta, opìte h jermokras�a twn hlektron�wn e�nai arket� megalÔterh apìaut  twn iìntwn. 'Otan to hlektrikì ped�o apomakrunje�, o ionismì mei¸netai sta-diak� lìgw epanasundèsewn, ¸spou na ft�sei se mia tim  isorrop�a sumbat  meth jermokras�a tou aer�ou. Sto ergast rio, h epanasÔndesh sun jw sumba�neitìso gr gora pou to pl�sma exafan�zetai tele�w se kl�smata deuterolèptou.Sto SÔmpan, per�pou to 95% th Ôlh e�nai se kat�stash pl�smato. Sti at-mìsfaire twn planht¸n o ionismì prokale�tai kat� kÔrio lìgo apì thn ep�drashth aktinobol�a apì �llou astère, dhl. mèsw fwtöionismoÔ. Sth Gh, se Ôyo1 Βέβαια, οι μεταβάσεις στερεό-υγρό-αέριο γίνονται πάνω σε καθορισμένες καμπύλες πίεσης-
όγκου, ενώ τέτοια καμπύλη δεν υπάρχει για τη μετάβαση από και προς το πλάσμα.



1.1. Genik� per� pl�smato 3megalÔtero twn 60-70km apì thn epif�neia arq�zei h ionìsfaira, ìpou to ionismè-no aèrio kuriarqe� se periektikìthta. Qarakthristik  tim  th puknìthta toupl�smato sthn ionìsfaira e�nai np = 105cm−3 kai th jermokras�a Tp = 2000K.Ta megèjh aut� metab�llontai shmantik� lìgw th hliak  drasthriìthta, ka-j¸ o 'Hlio den e�nai mìno phg  aktinobol�a all� kai pl�smato. To pl�smaautì rèei apì thn epif�neia tou 'Hliou sto mesoplanhtikì q¸ro kai onom�zetai
”hliakì �nemo” (solar wind). H tupik  tim  gia thn taqÔthta e�nai 300km/s,gia thn puknìthta 5cm−3, gia th jermokras�a 104K kai gia to magnhtikì ped�o10−8T. O hliakì �nemo proskroÔei se apìstash per�pou 105km apì th Gh stidunamikè grammè tou gewmagnhtikoÔ ped�ou, oi opo�e sugkratoÔn to pl�smadhmiourg¸nta th legìmenh ”magnhtìsfaira” (magnetosphere). Entì th magnh-tìsfaira br�skontai oi z¸ne aktinobol�a Van Allen, eke� ìpou ta pagideumènafort�a ekteloÔn polÔploke troqiè gÔrw apì to gewmagnhtikì ped�o.H atmìsfaira tou 'Hliou apotele�tai apì di�fora str¸mata. To pr¸to e�nai hqrwmìsfaira, me qarakthristik  puknìthta 1010cm−3 kai jermokras�a 104K. P�nwap’ th qrwmìsfaira br�sketai to stèmma me puknìthta 108cm−3 kai jermokras�a106K. To eswterikì kai oi atmìsfaire poll¸n �llwn astèrwn br�skontai sekat�stash pl�smato. Sto eswterikì twn koin¸n astèrwn h puknìthta m�zae�nai 102gr/cm3 kai h jermokras�a 107K, en¸ se astère pou br�skontai se piìproqwrhmèno st�dio exèlixh, ìpw p.q. oi leuko� n�noi, mpore� na ft�sei akìmhkai ta 107gr/cm3 (timè pou antistoiqoÔn se puknìthte hlektron�wn th t�xh twn1030cm−3). Tèlo, o mesoastrikì q¸ro apotele�tai apì polÔ araiì pl�sma, mepuknìthta mèqri kai 1cm−3 kai jermokras�a 104K, en¸ sto SÔmpan sunant�me kaidi�fora �lla astrofusik� sust mata ìpou up�rqei pl�sma, ìpw p.q. upole�mmatauperkainofain¸n (supernovae) kai pulsars.Sto ergast rio, to pl�sma dhmiourge�tai kÔria apì ti hlektrikè ekken¸sei.H arq  aut  ulopoie�tai se di�fore diat�xei, me thn puknìthta tou pl�smato kaith jermokras�a na diafèroun apì di�taxh se di�taxh, p.q. se lampt re ekkènwshh puknìthta e�nai 109cm−3 kai h jermokras�a 104K. 'Ena enallaktikì mhqanismìe�nai autì tou jermikoÔ ionismoÔ, o opo�o sunant�tai se poll� astrofusik�sust mata, p.q. sto hliakì stèmma ìpou h jermokras�a tou aer�ou ft�nei w kaita 107K. Gia oudètera mìria h enèrgeia ionismoÔ e�nai th t�xew twn merik¸n eV, hopo�a antistoiqe� se jermokras�a w kai 105K. Sta mètalla kai tou hmiagwgoÔ topl�sma e�nai piì eÔkolo na dhmiourghje�, diìti eke� perièqontai eleÔjera hlektrìniame puknìthte th t�xh twn 1023cm−3.Sto Sq. 1.1, se mia sunoptik  apeikìnish twn parap�nw, parousi�zetai miataxinìmhsh twn diafìrwn susthm�twn pou apoteloÔntai apì pl�sma me b�sh thnpuknìthta kai th jermokras�a. 'Oson afor� th qr sh tou qarakthrismoÔ ”idanikìpl�sma”, ètsi sunhj�zetai na apokaloÔme to mh sqetikistikì pl�sma pou apotele�-tai mìno apì hlektrìnia kai iìnta. Bèbaia, èna er¸thma pou t�jetai e�nai to pìteh mh sqetikistik  prosèggish e�nai realistik . Autì sumba�nei ìtan oi jermikètaqÔthte e�nai arket� mikrìtere apì thn taqÔthta tou fwtì,   isodÔnama ìtan
msc

2 ≈ KBTs (s = e, i o ant�stoiqo plhjusmì). Gia ta hlektrìnia prokÔptei ìtiprèpei na e�nai Te ≪500MeV.



4 1. Eisagwgikè ènnoie

Sq ma 1.1: Par�metroi (puknìthta kai jermokras�a) di�forwn fusik¸n susthm�twn pouapoteloÔntai apì pl�sma [Bl�qo 2000℄.1.1.2 Qarakthristikè idiìthte kai par�metroiOr�zonta to pl�sma, anafèrame ìti h qarakthristik  diafor� apì ta koin�aèria e�nai h Ôparxh ”sullogik¸n fainomènwn”, dhl. ton kÔrio rìlo pa�zoun oidun�mei Coulomb. Lìgw th meg�lh embèleia twn dun�mewn aut¸n, k�je fort�oallhlepidr� sugqrìnw me èna arket� meg�lo arijmì �llwn fort�wn, to opo�o, sesunduasmì me to ìti ta fort�a endèqetai na allhlepidr�soun me exwterik� ped�a(all� kai kinoÔmena na par�goun ta �dia hlektromagnhtikì ped�o), eujÔnetai gia thnemf�nish plhj¸ra fusik¸n fainomènwn sto pl�sma se sqèsh me ta sunhjismènaaèria. Ja lègame ìti sthn perigraf  tou pl�smato, ìpw ja diapist¸soume kaiparak�tw, emplèkontai ìla sqedìn ta tm mata th Klasik  Fusik 2, en¸ semerikè peript¸sei exel�ssontai kai sqetikistik�  /kai kbantik� fainìmena.H sullogikìthta apeikon�zetai sto fainìmeno th hlektrostatik  jwr�kish
Debye. Parak�tw uiojetoÔme mia statik  perigraf , ta apotelèsmata th opo�aìmw genikeÔontai kai gia kinoÔmena fort�a. Jewr¸nta ìti to pl�sma br�sketaise isorrop�a, an eis�goume èna fort�o qT > 0 autì ja èlkei ta hlektrìnia kaija apwje� ta iìnta, kai telik� ìtan epanèljei h isorrop�a gÔrw apì to qT oipuknìthte twn plhjusm¸n ja d�nontai apì thn katanom  Boltzmann

ns(r) = 〈np〉eqsΦ(r)/(KBTs),ìpou 〈np〉 e�nai h mèsh puknìthta tou pl�smato makri� ap’ to fort�o qT kai Φ todunamikì gÔrw apì to qT . To dunamikì upakoÔei thn ex�swsh Poisson

ε0∇2Φ = neqe −
∑

i

niqi − qT δ(r).2 Ενδεικτικά αναφέρουμε τη Μηχανική, τον Ηλεκτρομαγνητισμό και τη Στατιστική Φυσική.



1.1. Genik� per� pl�smato 5Antikajist¸nta ti ekfr�sei gia ti puknìthte, me thn upìjesh ìti |qe|Φ ≪
KBTs, dhl. ìti h dunamik  enèrgeia metaxÔ twn ant�jetwn fort�wn e�nai polÔmikrìterh apì thn kinhtik  enèrgeia (opìte kai h epanasÔndesh twn atìmwn stopl�sma e�nai dÔskolh e¸ adÔnath), kai or�zonta to m ko Debye
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, (1.1)h ex�swsh Poisson makri� apì to shme�o r = 0 gr�fetai se polÔ apl  morf . HlÔsh th, an jewr soume ìti to dunamikì mhden�zetai sto �peiro, ekfr�zetai sesfairikè suntetagmène w akoloÔjw

Φ(r) =
qT
r

e−r/λD .Apì thn parap�nw sqèsh blèpoume ìti h allhlep�drash twn fort�wn sto pl�-sma, san sun�rthsh th apìstash, exasjene� piì ragda�a apì ìti sto kenì (ìpou
Φ ∼ 1/r). 'Ola ta hlektrik� fort�a katanèmontai sto q¸ro kat� tètoio trìpo¸ste na dhmiourge�tai èna mèso hlektrikì ped�o pou ”jwrak�zei” to fort�o qT entìmia sfa�ra me akt�na λD, h opo�a onom�zetai sfa�ra Debye. Dhlad , ousiastik�,to m ko Debye parèqei èna mètro th apìstash met� thn opo�a to ped�o Coulombenì fort�ou epidr� se �lla fort�a tou pl�smato, en¸ se mikrìtere apost�seito ped�o de g�netai aisjhtì lìgw th jwr�kish. To m ko Debye sundèetai kaime autì pou onom�zoume ”makroskopik  oudeterìthta” tou pl�smato. An h ou-deterìthta de diathre�to, tìte h hlektrik  dunamik  enèrgeia twn fort�wn ja  tanpolÔ meg�lh se sqèsh me th jermik  enèrgeia, kai sunep¸ (gia ti jermokras�etou Sq. 1.1) to pl�sma ja katèrree lìgw epanasundèsewn. Apous�a exwteri-k¸n diegèrsewn, apokl�sei apì th makroskopik  oudeterìthta dikaiologoÔntaimìno se perioqè me diast�sei mikrìtere apì λD, kaj¸ se autè o arijmì twnperieqìmenwn fort�wn den e�nai arket� meg�lo ¸ste statistik� na up�rqei allh-loexoudetèrwsh. En gènei to λD e�nai polÔ mikrì, pq. tupik  tim  sthn ionìsfairata 10−3m kai se hlektrikè ekken¸sei ta 10−4m.Me b�sh ta parap�nw mporoÔme na proqwr soume se èna posotikì orismìtou pl�smato. Ek twn pragm�twn, èna tètoio orismì apaite� th diatÔpwshsunjhk¸n/krithr�wn gia thn Ôparxh pl�smato. Katarq n, e�nai anagka�o gia thnÔparxh pl�smato oi qwrikè diast�sei na e�nai arket� megalÔtere apì to m ko
Debye, eid�llw de ja up�rqei arketì q¸ro ¸ste na anaptuqjoÔn sullogik�fainìmena kai ta fortismèna swmat�dia de ja emfan�soun sumperifor� pl�smatoall� ja odhghjoÔn sthn epanasÔndesh. An loipìn ℓp e�nai mia qarakthristik di�stash tou pl�smato, prèpei na isqÔei to krit rio

ℓp ≫ λD. (1.2)Na shmei¸soume ed¸ ìti sunèpeia tou pr¸tou krithr�ou e�nai kai h makroskopik oudeterìthta, h opo�a apotup¸netai majhmatik� sth sqèsh
neqe =

∑

i

niqi. (1.3)



6 1. Eisagwgikè ènnoie'Ena deÔtero krit rio prokÔptei apì to ìti, gia na up�rqoun sullogik� fainìmena,prèpei o arijmì twn fort�wn se mia sfa�ra Debye na e�nai arket� meg�lo. Oarijmì autì e�nai �so me 4πλ3
D〈np〉/3, opìte to deÔtero krit rio gr�fetai

K0 = 〈np〉λ3
D ≫ 1, (1.4)ìpou to K0 e�nai h apokaloÔmenh ”par�metro pl�smato”. Apì mia �llh optik gwn�a, to parap�nw krit rio prokÔptei apì th sunj kh |qe|Φ ≪ KBTs lamb�nontaupìyh ìti (proseggistik�) to dunamikì e�nai Φ ≈ |qe|/r kai h mèsh apìstashmetaxÔ twn geitonik¸n fort�wn e�nai 〈np〉−1/3. Me autì g�netai emfan  h sqèshth paramètrou pl�smato me to lìgo th kinhtik  pro th dunamik  enèrgeia.Mia �llh fusik  sumperifor� pou èmmesa sundèetai me ta sullogik� fainìmenae�nai oi hlektrostatikè talant¸sei Langmuir. Oi talant¸sei autè ofe�lontai,ìpw ja doÔme, sthn eswterik  dom  tou pl�smato. Me th bo jeia enì aploÔmontèlou mporoÔme na de�xoume ìti ta fort�a sto pl�sma ekteloÔn periodikèkin sei kai na upolog�soume th suqnìtht� tou. JewroÔme ìti to pl�sma e�naiomogenè kai ìti èqei �peire diast�sei, kai epiprìsjeta ìti mìno ta hlektrìniakinoÔntai en¸ ta iìnta, epeid  èqoun polÔ megalÔterh m�za, praktik� paramènounak�nhta. An èna str¸ma hlektron�wn metatopiste� kat� x ≪ ℓp (bl. Sq. 1.2(a)),ja dhmiourghje� apì to pl�sma èna hlektrikì ped�o epanafor� E(x) to opo�ompore� na upologiste� apì thn ex�swsh Poisson

E(x) =
ne|qe|
ε0

x.H ex�swsh k�nhsh twn hlektron�wn se aut  thn per�ptwsh e�nai
me

d2x

dt2
= −neq

2
e

ε0
x,kai perigr�fei mia tal�ntwsh tou metatopismènou str¸mato hlektron�wn me gw-niak  suqnìthta th suqnìthta pl�smato (plasma frequency)

ω2
pe =

neq
2
e

ε0me
. (1.5)Me an�loga epiqeir mata mpore� na breje� kai h suqnìthta pl�smato gia tihlektrostatikè talant¸sei twn iìntwn.H suqnìthta pl�smato e�nai kai aut  mia arket� shmantik  par�metro. JadoÔme se epìmenh enìthta ìti, ektì twn �llwn, pa�zei polÔ basikì rìlo stonkajorismì tou e�dou twn hlektromagnhtik¸n kÔmatwn pou mporoÔn na diadojoÔnsto pl�sma. Akìmh, ìpw ja doÔme se l�go, h per�odo twn talant¸sewn pl�sma-to apotele� mia qronik  kl�maka pou e�nai mikrìterh apì eke�ne twn mhqanism¸npou te�noun na katastrèyoun th sullogikìthta (p.q. sugkroÔsei). Sunep¸, g�-netai antilhptì ìti oi talant¸sei autè apoteloÔn to jemèlio l�jo th eust�jeiath makroskopik  oudeterìthta tou pl�smato. Me autì ennooÔme pw ìpote
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Πλάσµα χωρίς µαγνητικό πεδίο

Μαγνητισµένο πλάσµα

Μαγνητική γραµµή
ΗλεκτρόνιοSq ma 1.2: Sqhmatik  anapar�stash (a) twn talant¸sewn pl�smato (kat� Langmuir),(b) twn kuklotronik¸n kin sewn se magnhtismèno pl�sma.to pl�sma diatarr�setai stigmia�a ap’ thn isorrop�a, oi sullogikè dun�mei lei-tourgoÔn san dun�mei epanafor� kai te�noun na apokatast soun thn isorrop�a.Sthn per�ptwsh ìpou to pl�sma e�nai magnhtismèno, dhl. up�rqei èna exwteri-k� epiballìmeno magnhtikì ped�o, emfan�zetai èna nèo e�do periodik¸n kin sewn.Endeiktik�, a melet soume thn piì apl  per�ptwsh ìpou to magnhtikì ped�o e�naistatikì kai omogenè sthn kateÔjunsh z (B0 = B0ẑ), kai den up�rqoun �lleexwterikè dun�mei. H k�nhsh twn fortismènwn swmatid�wn par�llhla kai k�jetasto magnhtikì ped�o perigr�fetai ap’ ti akìlouje diaforikè exis¸sei

dv||

dt
= 0,

dv⊥

dt
= −qsB0

ms

ẑ × v⊥,ìpou v||, v⊥ oi ant�stoiqe sunist¸se th taqÔthta. H pr¸th ap’ ti parap�nwexis¸sei katadeiknÔei ìti h k�nhsh kat� m ko tou magnhtikoÔ ped�ou e�nai eu-jÔgrammh omal . Me b�sh th deÔterh ex�swsh, sto ep�pedo k�jeta tou B0 tofort�o ektele� omal  kuklik  k�nhsh me gwniak  suqnìthta
ωcs =

qsB0

ms

, (1.6)h opo�a onom�zetai kuklotronik  suqnìthta (cyclotron frequency). H akt�na thkuklik  troqi� e�nai rLs = v⊥/ωcs kai onom�zetai akt�na Larmor.Me b�sh ta parap�nw, h sunolik  k�nhsh tou fort�ou e�nai elikoeid  gÔrwapì to magnhtikì ped�o (bl. Sq. 1.2(b)). H for� th k�nhsh exart�tai apì toe�do tou fort�ou, ìpw fa�netai kai ap’ thn Ex. (1.6), dhl. e�nai ant�jeth giata hlektrìnia ap’ ìti gia ta iìnta. Kai sti dÔo peript¸sei to magnhtikì ped�opou par�getai apì thn k�nhsh twn fort�wn e�nai ant�jeto pro to B0, opìte to



8 1. Eisagwgikè ènnoiepl�sma sumperifèretai w diamagnhtikì ulikì. DÔo basikè par�metroi gia thnperigraf  th sunolik  k�nhsh e�nai h jèsh tou kèntrou th kuklik  troqi�,to opo�o onom�zetai kèntro-odhgì (guiding centre), kai h gwn�a el�kwsh (pitch
angle) ϑp = arctan(v⊥/v||). H exèlixh twn paramètrwn aut¸n kajor�zetai apì ìlata upìloipa ped�a ektì tou B0. Se sÔgkrish me to mh magnhtismèno pl�sma, oikin sei pou ekteloÔn ta fort�a e�nai polÔ periorismène (gÔrw apì ti magnhtikègrammè), en¸ epiprìsjeta, lìgw th kuklik  k�nhs  tou, ta fort�a ekpèmpounaktinobol�a cyclotron kai epomènw q�noun enèrgeia (ja doÔme perissìtere le-ptomèreie sto epìmeno kef�laio).A melet soume t¸ra ti sugkroÔsei kai to rìlo tou sto pl�sma. Th sh-mantikìterh ep�drash èqoun oi sugkroÔsei twn ”gr gorwn” hlektron�wn me ta
”arg�” iìnta, oi opo�e èqoun suqnìthta pou prosdior�zetai ap’ th sqèsh

νei = cei〈np〉〈ve〉,ìpou cei h energì diatom  twn sugkroÔsewn hlektron�wn-iìntwn kai 〈ve〉 h mèshtaqÔthta hlektron�wn. Or�zonta thn par�metro kroÔsh bcol w thn el�qisthapìstash prin th sÔgkroush, ta hlektrìnia pou sugkroÔontai sth mon�da touqrìnou e�nai aut� pou perièqontai mèsa se kÔlindro me ìgko πb2col〈ve〉, opìte kaih energì diatom  e�nai cei = πb2col. Upojèste t¸ra ìti èna hlektrìnio me stajer taqÔthta ve plhsi�zei èna ak�nhto iìn ant�jetou fort�ou (Sq. 1.3). Qwr� thnep�drash th dÔnamh Coulomb, to hlektrìnio ja akoloujoÔse eujÔgrammh troqi�se apìstash bcol apì to iìn. H dÔnamh Coulomb F = −q2
e r̂/r

2 (r̂ to monadia�odi�nusma sth dieÔjunsh hlektron�ou-iìnto) anagk�zei to hlektrìnio na ektrape�kat� gwn�a ϑcol. H dÔnamh epidr� isqur� sto hlektrìnio ìtan autì br�sketai sthgeiton�a tou iìnto, gia qrìno per�pou bcol/ve , kai sunep¸ h allag  th orm  touhlektron�ou e�nai ∆(meve) = |Ft| = q2
e/(bcolve). An upojèsoume ìti kuriarqoÔnoi sugkroÔsei me amble�a gwn�a ektrop , h metabol  th orm  e�nai th t�xh

meve , dhl. ∆(meve) = q2
e/(bcolve) ≈ meve opìte kai bcol = q2

e/(mev
2
e). Sthnper�ptwsh aut , jewr¸nta akìmh ìti ta hlektrìnia kinoÔntai me mèsh taqÔthta�sh me th jermik  vte = (KBTe/me)

1/2, h suqnìthta sugkroÔsewn e�nai
νei ≈

πq4
e〈np〉√

me(KBTe)3
. (1.7)O upologismì th νei bas�sthke se mia apl  per�ptwsh, h opo�a ìmw kata-deiknÔei pl rw th sqèsh th me ti �lle paramètrou tou pl�smato. H sÔgkrishth suqnìthta sugkroÔsewn me th suqnìthta pl�smato kajor�zei to rìlo pouja pa�xoun oi sugkroÔsei sto pl�sma. Qrhsimopoi¸nta ti Ex. (1.5), (1.7) ka-tal goume sto ìti ωp/νei = K0 ≫ 1. Sunep¸, sumpera�noume ìti (a) se fainìmenata opo�a exel�ssontai se qrìnou t < ω−1

p , sthn an�lush mporoÔme katarq n naagno soume ti sugkroÔsei, (b) an sto pl�sma epikrat soun sunj ke tètoiepou ωp ≈ νei, tìte ta sullogik� fainìmena exasjenoÔn kai to pl�sma arq�zei nasumperifèretai san oudètero aèrio. Na shmei¸soume akìmh ìti, san apotèlesmatwn sugkroÔsewn, ta fort�a ekpèmpoun aktinobol�a pèdhsh (brehmsstrahlung),opìte up�rqoun epiplèon ap¸leie enèrgeia.



1.1. Genik� per� pl�smato 9
ve

θcol

Ηλεκτρόνιο

Ιόν

ve’

bcol

Πριν τη σύγκρουση

Μ
ετά

 τη
 σ
ύγκρ

ο
υσ
η

Sq ma 1.3: Sqhmatik  anapar�stash th sÔgkroush hlektron�ou-iìnto.1.1.3 Efarmogè sqetikè me to pl�sma'Opw e�dame sthn Upoen. 1.1.1, to pl�sma qarakthr�zetai kur�w apì ti dÔoparamètrou ne kai KBTe kai sunant�tai se arket� eurÔ f�sma twn paramètrwnaut¸n3, [1, 1018]cm−3 gia thn puknìthta kai [1, 106]eV gia th jermokras�a (bl.Sq. 1.1). Istorik�, oi pr¸te èreune sto pl�sma (kÔria apì tou Langmuir kai
Tonks th dekaet�a tou ’20) kajodhg jhkan apì thn an�gkh dhmiourg�a jal�mwnekkènwsh (vacuum tubes) gia th dhmiourg�a isqur¸n reum�twn. Oi èreune èginanse asjen¸ ionismèno pl�sma me ne ∈ (108, 1012) cm−3 kai KBTe = 2 eV, kai  tanoi pr¸te pou epèdeixan peiramatik� to fainìmeno th jwr�kish Debye mèsw themf�nish enì maÔrou perikalÔmmato gÔrw ap’ ta hlektrìdia th suskeu . Stimère ma, h ekkènwsh pl�smato sunant�tai se luqn�e udrogìnou, se lampt refjorismoÔ all� kai se lasers (me plhj¸ra iatrik¸n efarmog¸n).H montèrna Fusik  Pl�smato �rqise na diamorf¸netai apì to 1952, me thnprosp�jeia na elegqjoÔn sto ergast rio oi antidr�sei jermopurhnik  sÔnthxh.Oi kÔrie antidr�sei sÔnthxh e�nai dÔo kathgori¸n: H pr¸th èqei san antidr¸ntamìno �toma deuter�ou 2

1H, en¸ h deÔterh èqei �toma deuter�ou kai trit�ou 3
1H

42
1H −→ 3

1H +3
2 He +1

1 p +1
0 n + 7.2MeV,

2
1H +3

1 H −→ 4
2He +1

0 n + 17.6MeV.Dedomènou ìti to deutèrio up�rqei �fjono sto nerì, h ep�lush tou probl matoth sÔnthxh ja shm�nei ousiastik� th dhmiourg�a anex�ntlhtwn phg¸n enèrgeia,toul�qiston gia meg�lh kl�maka katan�lwsh, me mikrì kìsto kai uyhl  diajesi-mìthta. To basikì prìblhma gia thn ep�teuxh elegqìmenh sÔnthxh e�nai diplì:3 Το ότι το φάσμα αυτό είναι αρκετά ευρύ γίνεται αντιληπτό αν αναλογιστεί κανείς π.χ. ότι ο
αέρας και το νερό διαφέρουν στην πυκνότητα μόνο κατά τρεις τάξεις μεγέθους.



10 1. Eisagwgikè ènnoie(a) H dhmiourg�a pl�smato me polÔ uyhl  jermokras�a, �nw twn 10KeV, diìtimìno tìte h energì diatom  gia ti antidr�sei sÔnthxh e�nai epark , (b) Hsugkr�thsh tou pl�smato gia qrìno arketì ¸ste na pragmatopoihje� meg�loarijmì antidr�sewn. O qrìno autì, o opo�o onom�zetai kai qrìno periorismoÔ(confimement time), e�nai �so me to lìgo th sunolik  enèrgeia tou pl�smatopro thn isqÔ pou d�noume gia na to diathr soume se uyhl  jermokras�a.To prìblhma th jèrmansh kai periorismoÔ tou pl�smato e�nai o kÔrio pa-r�gonta th ragda�a an�ptuxh th Fusik  Pl�smato ta teleuta�a qrìnia.Se autì to di�sthma èqoun protaje� kai ulopoihje� peiramatik� di�fore diat�-xei (gia leptomèreie bl. [Gill 1981, Pant  kai Jroumoulìpoulo 1999℄). Meperissìtera pleonekt mata emfan�zontai oi diat�xei pou bas�zontai sto magnh-tikì periorismì tou pl�smato, oi opo�e ekmetalleÔontai to qwrikì periorismìtwn troqi¸n twn fort�wn parous�a magnhtikoÔ ped�ou (ìpw de�xame sthn Upoen.1.1.1). Se aut  th diatrib  ja ma apasqol sei to tokamak, to opo�o kai parou-si�zoume sunoptik�. Sth suskeu  aut  to pl�sma emperièqetai se èna toroeid j�lamo, kai èna magnhtikì ped�o Bt efarmìzetai exwterik� tou jal�mou me qr shphn�wn tuligmènwn gÔrw ap’ autìn (bl. Sq. 1.4). Tupikè timè gia thn poloeid kai toroeid  akt�na sta sÔgqrona tokamak (o lìgo tou btok onom�zetai lìgoìyh (aspect ratio)) e�nai ant�stoiqa rpol = 0.6m kai rtor = 1.4m. To toroeidèped�o e�nai isqurì (2− 5T), me apotèlesma oi akt�ne Larmor twn troqi¸n na e�naipolÔ mikrè se sqèsh me ti diast�sei tou tokamak. An to ped�o autì  tan omo-genè, tìte o susqetismì dun�mewn ja kratoÔse to pl�sma ”kollhmèno” gÔrwapì ti magnhtikè grammè kai ja miloÔsame gia tèleio periorismì.Sthn pragmatikìthta ìmw, lìgw th toroeidoÔ kampulìthta, to Bt e�naianomoiogenè kai autì odhge� ta fort�a se ol�sjhsh pro ta toiq¸mata. Autìe�nai kai o lìgo pou sta tokamaks ep�getai èna toroeidè reÔma me qr sh palmi-koÔ metasqhmatist . To reÔma autì dhmiourge� èna poloeidè magnhtikì ped�o Bp,to opo�o antit�jetai sti olisj sei, kai to sunolikì magnhtikì ped�o e�nai telik�elikoeidè. H mèjodo aut  belti¸nei ikanopoihtik� ton periorismì all� de lÔneioristik� to prìblhma, diìti h suskeu  de dÔnatai na èqei suneq  leitourg�a. Akì-mh, oi olisj sei dhmiourgoÔn ast�jeie pou mpore� na odhg soun to pl�sma seturb¸dh kat�stash, en¸ epiprìsjeta up�rqoun kai ap¸leie enèrgeia lìgw akti-nobol�a bremsstrahlung kai cyclotron. H belt�wsh th leitourg�a tou tokamake�nai sto ep�kentro th shmerin  èreuna sto pl�sma. Ta kuriìtera eurwpaðk�peir�mata br�skontai sthn Aggl�a (Joint European Torus (JET)) kai sth German�a(AxiSymmetric Divertor EXperiment UpGrade (ASDEX UpGrade   AUG)), en¸anamènetai h dhmiourg�a tou ITER (International Thermonuclear Experimental
Reactor) sth Gall�a4, o opo�o prosdok�tai na apotelèsei to teleuta�o b ma printon pr¸to peiramatikì stajmì paragwg  enèrgeia apì sÔnthxh.Shmantikìtate e�nai oi efarmogè kai sthn Astrofusik . H melèth th ionì-sfaira, tou hliakoÔ anèmou kai th magnhtìsfaira afenì èqei bohj sei sthnkatanìhsh fainomènwn sqetik¸n me thn ep�drash tou hliakoÔ anèmou kai th ma-4 Η τελική συμφωνία υπεγράφη το Νοέμβριο του 2006 στο Παρίσι.
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Μαγνητικό κύκλωµα
(µετασχηµατιστής σιδηροπυρήνος)

Εσωτερικά πηνία πολοειδούς πεδίου
(πρωτεύον του µετασχηµατιστή)

Πηνία τοροειδούς πεδίου

Εξωτερικά πηνία πολοειδούς πεδίου
(θέση και σχήµα του πλάσµατος)

Πολοειδές πεδίο

Τοροειδές πεδίο

Πλάσµα µε ηλεκτρικό ρεύµα Ιp
(δευτερεύον του µετασχηµατιστή)

(Προκύπτον) Ελικοειδές µαγνητικό πεδίο Sq ma 1.4: To tokamak, h sÔgqronh peiramatik  di�taxh gia thn ep�teuxh elegqìmenhjermopurhnik  sÔnthxh mèsw tou magnhtikoÔ periorismoÔ pl�smato.gnhtìsfaira sth Gh, ìpw p.q. gewmagnhtikè kataig�de kai sèla, afetèrou èqeiodhg sei sthn ekmet�lleush tou pl�smato pou perib�llei th Gh gia thlepikoinw-n�e kai radiofwnikè metadìsei mèsw th an�klash kum�twn sthn ionìsfaira.Makru� apì th Gh, e�pame  dh ìti to eswterikì kai h atmìsfaira twn astèrwne�nai arket� jerm� ¸ste na br�skontai se kat�stash pl�smato. Gia par�deigma,h jermokras�a ston pur na tou 'Hliou e�nai per�pou 2KeV kai oi jermopurhnikèantidr�sei, me pr¸th Ôlh to udrogìno tou pur na, e�nai h basik  genn tria thhliak  aktinobol�a (aut  akrib¸ e�nai h diadikas�a pou ”antigr�fetai” apì touantidrast re sÔnthxh). Akìmh, to pl�sma emplèketai se astrofusik� probl ma-ta ìpw h epit�qunsh kosmik¸n akt�nwn, h aktinobol�a apì pallìmene radiophgè
(pulsars) kai h di�dosh barutik¸n kum�twn.Sti ergasthriakè efarmogè katat�ssetai kai h magnhtoüdrodunamik  gen-n tria. H paragwg  enèrgeia bas�zetai sthn pro¸jhsh enì p�daka pl�smatoan�mesa se dÔo hlektrìdia egk�rsia se magnhtikì ped�o. H dÔnamh Lorentz odh-ge� ta iìnta na olisja�noun anodik� kai ta hlektrìnia kajodik�, fort�zonta tadÔo hlektrìdia se diaforetik� dunamik�. 'Etsi par�getai reÔma apì ta hlektrì-dia qwr� thn an�gkh jermikoÔ kÔklou, o opo�o sunep�getai ap¸leie enèrgeia.H �dia arq , all� ant�strofa, qrhsimopoie�tai sthn kataskeu  kinht rwn iìntogia makrinè diaplanhtikè apostolè. H efarmog  diafor� dunamikoÔ se dÔohlektrìdia dhmiourge� hlektrikì reÔma, to opo�o ektoxeÔetai apì to sk�fo kaileitourge� prowstik�. Shmei¸ste pw to ektoxeuìmeno pl�sma prèpei na e�naihlektrik� oudètero, eid�llw to sk�fo ja fortiste� se arket� uyhlì dunamikì.Tèlo, se efarmogè pou sundèontai me th Fusik  Stere� Kat�stash, ana-fèroume tou hmiagwgoÔ. Ta eleÔjera hlektrìnia kai oi opè stou hmiagwgoÔapoteloÔn èna tÔpo pl�smato parìmoio me to ionismèno aèrio. Lìgw tou ìti oi



12 1. Eisagwgikè ènnoiehmiagwgo� èqou plegmatik  dom , h suqnìthta sugkroÔsewn e�nai polÔ mikrìterhap’ ìti k�poio ja per�mene gia èna stereì me puknìthta ∼ 1023cm−3. Epiprìsje-ta, oi opè mpore� na èqoun polÔ mikr  energì m�za, th t�xh 0.01me, kai sunep¸polÔ meg�lh kuklotronik  suqnìthta akìmh kai gia mikrì magnhtikì ped�o. Stapla�sia th Klasik  Fusik , o upologismì th paramètrou pl�smato ja èdineapotèlesma mikrìtero tou 1 lìgw th uyhl  puknìthta kai th qamhl  jermo-kras�a. 'Omw, sumperilamb�nonta kbantik� fainìmena (arq  aprosdiorist�a),h jermokras�a prokÔptei arket� meg�lh ¸ste h K0 na sunist� pl�sma.1.2 Jewrhtik  perigraf  tou pl�smato'Ena pl re kai autosunepè montèlo gia thn perigraf  tou pl�smato japrèpei na upolog�zei sugqrìnw: (a) Thn k�nhsh twn swmat�diwn pou apoteloÔnto pl�sma upì thn ep�drash twn hlektromagnhtik¸n ped�wn pou dhmiourgoÔn ta�dia ta swmat�dia kai twn ìpoiwn exwterik¸n ped�wn efarmìzontai, (b) Thn exèlixhìlwn twn ped�wn upì thn ep�drash twn swmatid�wn. 'Oson afor� to pr¸to skèlo,h dunamik  sumperifor� twn swmatid�wn kajor�zetai apì thn ex�swsh k�nhsh pouprokÔptei l.q. apì tou nìmou tou Newton

dp

dt
= F = q (E + v × B) . (1.9)H exèlixh twn hlektromagnhtik¸n ped�wn d�netai apì ti exis¸sei Maxwell

∇ ·E =
ρ

ε0
, (1.10a)

∇ ·B = 0, (1.10b)
∇×E = −∂B

∂t
, (1.10g)

∇×B = µ0

(
j + ε0

∂E

∂t

)
, (1.10d)ìpou oi puknìthte fort�ou ρ kai reÔmato j mporoÔn na ekfrastoÔn san

ρ(r) =
1

∆V

∑

j

qjδ(r − rj), (1.11a)
j(r) =

1

∆V

∑

j

qjvjδ(r − rj), (1.11b)dhl. w pro ta swmat�dia tou pl�smato pou br�skontai entì stoiqei¸dou ìgkou
∆V gÔrw apì th jèsh anafor� r. O ìgko ∆V or�zetai w arket� meg�lo ¸stena perilamb�nei statistik� epark  arijmì fort�wn, all� kai arket� mikrìtero apì



1.2. Jewrhtik  perigraf  tou pl�smato 13ti diast�sei tou pl�smato. An eprìkeito na exetaste� sÔsthma me l�ga swmat�-dia, oi parap�nw exis¸sei ja  tan dunatì na epilujoÔn (analutik�   arijmhtik�).Autì ìmw de sumba�nei sthn per�ptwsh tou pl�smato, epeid  h epilog  mikroÔarijmoÔ swmatid�wn antiba�nei sthn pro�pìjesh gia sullogik� fainìmena. Epo-mènw, to pl re montèlo gia thn perigraf  tou pl�smato kaj�statai praktik�mh ulopoi simo, toul�qiston qwr� shmantikè aplopoi sei pou endeqomènw jaephre�soun thn plhrìthta th perigraf .T�jetai loipìn to er¸thma: P¸ mporoÔme na upolog�soume th sumperifor�tou pl�smato se mia dedomènh kat�stash kai me kal  akr�beia? Epeid  to pl�smasunant�tai se poik�le perioqè puknìthta kai jermokras�a, kai se k�je m�aepikratoÔn diaforetikè fusikè idiìthte, e�nai polÔ dÔskolo na up�rxei èna enia�omontèlo se ìlo to eÔro twn paramètrwn. Gia par�deigma, se qamhlè puknìthteta sullogik� fainìmena den e�nai isqur� kai ta fort�a kinoÔntai sqedìn qwr� naallhlepidroÔn, en¸ se uyhlè puknìthte h kÔria k�nhsh e�nai sullogik , dhl.tÔpou ro . 'Alle forè to pl�sma sumperifèretai san sullog  anex�rthtwnfort�wn, �lle forè san sullog  allhlepidr¸ntwn fort�wn kai �lle emfan�zeikai ti dÔo sumperiforè tautìqrona. Sunèpw, qrei�zetai diaforetik  prosèggishan�loga me thn perioq  paramètrwn tou ek�stote probl mato. En gènei, skopìgia èna montèlo e�nai na parèqei ti puknìthte fort�ou kai reÔmato sto pl�sma, oiopo�e ektì apì thn perigraf  kajeautoÔ tou pl�smato mporoÔn na axiopoihjoÔnsti Ex. (1.10) gia mia autosunep  perigraf .Sthn enìthta aut  parousi�zoume ta tr�a kÔria montèla perigraf  tou pl�-smato: To montèlo twn anex�rthtwn swmatid�wn (mikroskopikì), to montèlo touenì   twn poll¸n reust¸n (makroskopikì) kai to kinhtikì (statistikì) montèlo.To pr¸to antimetwp�zei to pl�sma san èna sÔsthma swmatid�wn pou den allhle-pidroÔn metaxÔ tou, kai epomènw kinoÔntai mìno upì thn ep�drash exwterik¸ndun�mewn (l.q. kÔmata). Sto deÔtero montèlo, to pl�sma prosegg�zetai e�te wme�gma apì poll� ag¸gima reust�, èna gia k�je diaforetikì plhjusmì fort�wn(hlektrìnia, iìnta), e�te sunolik� w èna reustì. Ed¸ den esti�zoume sti lepto-mèreie th k�nhsh twn fort�wn kai h perigraf  g�netai st� pla�sia exis¸sewnparìmoiwn me th Reustomhqanik . To tr�to montèlo, to opo�o ìpw ja de�xoumeemperièqei kai ta dÔo prohgoÔmena, perigr�fei to pl�sma sta pla�sia twn sunart -sewn katanom  twn diaforetik¸n plhjusm¸n, dhl. th pijanìthta èna swmat�diona br�sketai se mia sugkekrimènh kat�stash sto q¸ro f�sewn.1.2.1 Perigraf  mèsw mh allhlepidr¸ntwn swmatid�wnH pr¸th prosèggish enì probl mato sto pl�sma ègkeitai sth diereÔnhshtwn troqi¸n twn fortismènwn swmatid�wn. 'Opw èqoume  dh anafèrei, oi dun�meipou pa�zoun ton kÔrio rìlo sthn exèlixh twn fort�wn tou pl�smato e�nai hlektro-magnhtikè (oi dun�mei barÔthta e�nai pollè t�xei megèjou mikrìtere), kaidiakr�nontai se eswterikè (apì ta upìloipa fort�a) kai exwterikè. Sth genik per�ptwsh pou oi eswterikè dun�mei sumperilamb�nontai sth melèth, to prìblh-ma parousi�zei ti �die praktikè duskol�e me to pl re montèlo. Se peript¸sei



14 1. Eisagwgikè ènnoieìmw ìpou (a) ta exwterik� ped�a e�nai polÔ piì isqur� apì ta sullogik� ped�a (l.q.se araiì pl�sma), (b) h enèrgeia pou metafèroun ta sullogik� ped�a sta fort�ae�nai sqetik� mikr  (sporadikè sugkroÔsei), to prìblhma aplopoie�tai arket�diìti oi sullogikè epidr�sei mporoÔn na agnohjoÔn kai h k�nhsh twn fort�wnna melethje� mìno upì thn ep�drash twn exwterik¸n ped�wn. Parìti aploðk , hprosèggish aut  entì twn or�wn isqÔo th e�nai akrib , all� kai ektì aut¸nparèqei th dunatìthta exagwg  poiotik¸n sumperasm�twn gia th makroskopik sumperifor� tou pl�smato se dedomène magnhtikè gewmetr�e.H melèth th k�nhsh fortismènwn swmatid�wn mèsa se hlektromagnhtik� ped�ag�netai katarq n me thn ex�swsh Newton (1.9). Gia mh sqetikistik� swmat�dia e�nai
p = mv, kai h ex�swsh k�nhsh ekfr�zetai apl� se sqèsh me thn taqÔthta

m
dv

dt
= q (E + v × B) . (1.12)H Ex. (1.9) kalÔptei kai thn per�ptwsh pou to fort�o e�nai sqetikistikì. Hsqetikistik  diìrjwsh gia thn orm  e�nai p = γmv, ìpou γ = (1 − v2/c2)−1/2 opar�gonta Lorentz, kai h ex�swsh k�nhsh pa�rnei th morf 

γm
dv

dt
+
q

c2
(v · E)v = q (E + v ×B) . (1.13)En sugkr�sei me th mh sqetikistik  per�ptwsh, h ex�swsh k�nhsh perilamb�neiepiplèon ton par�gonta Lorentz. O rujmì metabol  tou γ prosdior�zetai apìth sqèsh isqÔo-dÔnamh dE/dt = F · v (E = mc2γ h enèrgeia)

mc2
dγ

dt
= qv · E. (1.14)Oi exis¸sei autè, molonìti èqoun ìlh thn plhrofor�a gia thn perigraf  twntroqi¸n, den e�nai p�ntote o eukolìtero trìpo gia thn ep�lush tou probl mato.H dianusmatik  morf  dieukolÔnei ìtan oi suntetagmène e�nai kartesianè, ìtanìmw qrei�zetai na metaboÔme se kampulìgrammo sÔsthma, ìpw pq. se kin seientì kentrik¸n ped�wn (¸ste na axiopoi soume thn azimoujiak  summetr�a), pa-r�gwgoi ìpw h dv/dt perilamb�noun kai ìrou pou prokÔptoun apì th qronik metabol  twn monadia�wn dianusm�twn. Endiafèron parousi�zei kai to endeqìmenoeÔresh posot twn pou paramènoun stajerè kat� th di�rkeia th k�nhsh. Ektìtou ìti h melèth aplopoie�tai arket�, analutik� all� kai arijmhtik�, h Ôparxh tè-toiwn posot twn emperièqei shmantik  fusik  plhrofor�a. Mèsw twn exis¸sewn

Newton, h anaz thsh gia stajerè posìthte mpore� na g�nei mìno me majhmatik�teqn�smata, ìpw p.q. sth mh sqetikistik  per�ptwsh, an pollaplasi�soume thnEx. (1.12) kat� mèlh eswterik� me v ja l�boume mia sqèsh ìmoia th (1.14) pouupodeiknÔei ìti h olik  enèrgeia diathre�tai.'Ena enallaktikì trìpo melèth th dunamik  twn swmatid�wn e�nai stopla�sio th Analutik  Mhqanik  me th sun�rthsh Lagrange (  Lagrangian)
L = EK −E∆, ìpou EK , E∆ e�nai ant�stoiqa h kinhtik  kai h dunamik  enèrgeia tou



1.2. Jewrhtik  perigraf  tou pl�smato 15swmatid�ou. To meg�lo pleonèkthma th mejìdou aut  e�nai h euelix�a sthn epi-log  tou sust mato suntetagmènwn, me mình pro�pìjesh autè na sundèontai mealgebrik  sqèsh me ti kartesianè suntetagmène. Autì sumba�nei diìti, ex’ ori-smoÔ, h sun�rthsh Lagrange de sundèetai me to dianusmatikì mègejo th dÔnamhall� me to bajmwtì th enèrgeia. Apì th sun�rthsh Lagrange, h ex�swsh k�nhshprokÔptei mèsw twn sqèsewn [Katsi�rh 1991, Qatzhdhmhtr�ou 2000℄
d

dt

(
∂L
∂χ̇j

)
− ∂L
∂χj

= 0, (1.15)me χj (j = 1, 2, 3) ti genikeumène suntetagmène kai χ̇j = dχj/dt. E�nai eÔko-lo na deiqje� ìti oi parap�nw exis¸sei e�nai isodÔname me autè tou Newton.'Opw e�pame prin, o mìno periorismì e�nai h epilog  twn χj na e�nai tètoia ¸steoi sqèsei χj = χj(x, y, z) na e�nai epilÔsime w pro x, y, z, dhl. h Jacobian
J (χ1, χ2, χ3, x, y, z) na e�nai mh mhdenik . H euelix�a sthn epilog  twn χj prosfè-rei en mèrei th dunatìthta ”kataskeu ” stajer¸n th k�nhsh. Gia par�deigma, ane�nai dunat  mia epilog  tètoia ¸ste ∂L/∂χj = 0 tìte h posìthta πj = ∂L/∂χ̇j ,h opo�a apotele� th genikeumènh orm  tou swmatid�ou, e�nai stajer .H sugkekrimènh morf  th sun�rthsh Lagrange gia th mh sqetikistik  k�nhshfortismènwn swmatid�wn se hlektromagnhtik� ped�a e�nai

L =
1

2
mv2 − q (Φ − v · A) , (1.16)ìpou Φ, A e�nai ant�stoiqa to bajmwtì kai to dianusmatikì dunamikì twn ped�wn

E, B. Ta ped�a sundèontai me ta dunamik� mèsw twn sqèsewn
E = −∇Φ − ∂A

∂t
, (1.17a)

B = ∇×A, (1.17b)oi opo�e e�nai sunèpeia twn exis¸sewn Maxwell (1.10g) kai (1.10b) ant�stoiqa(ja doÔme leptomèreie sthn epìmenh enìthta). To ìti h mèjodo tou Lagrangebas�zetai sta dunamik� kai ìqi sta ped�a apotele� èna epiprìsjeto pleonèkthmadiìti, kat� kanìna, h exèlixh twn dunamik¸n upakoÔei se exis¸sei aploÔstereapì eke�ne twn ped�wn. H sun�rthsh Lagrange gia th sqetikistik  per�ptwshe�nai diaforetik  mìno ìson afor� thn kinhtik  enèrgeia
L = −mc

2

γ
− q (Φ − v · A) . (1.18)H odì gia na breje� h akrib  morf  twn exis¸sewn k�nhsh e�nai na ekfrastoÔnh taqÔthta kai ta dunamik� sunart sei twn genikeumènwn suntetagmènwn kai naantikatastaje� to apotèlesma sth sun�rthsh Lagrange.Mia proèktash th jewr�a Lagrange, h opo�a susthmatopoie� akìmh peris-sìtero th melèth twn swmatidiak¸n kin sewn, e�nai h jewr�a Hamilton. H su-n�rthsh Hamilton (  Hamiltonian), h opo�a kajor�zei thn exèlixh tou sust mato,



16 1. Eisagwgikè ènnoieprokÔptei apì thn efarmog  tou duðkoÔ metasqhmatismoÔ Legendre (χj, χ̇j) →
(χj, πj) sth sun�rthsh Lagrange. Epomènw, sta pla�sia th jewr�a Hamilton hperigraf  th k�nhsh de g�netai mìno me ti genikeumène suntetagmène, ìpw sthjewr�a Lagrange, all� emplèkontai kai oi genikeumène ormè. Oi suntetagmènekai oi ormè maz� apokaloÔntai kanonikè (  suzuge�) metablhtè. H majhmatik sqèsh tou metasqhmatismoÔ e�nai

H =

3∑

j=1

πjχ̇j − L, (1.19)kai oi exis¸sei k�nhsh gia ti kanonikè metablhtè prokÔptoun w ex 
dχj

dt
=
∂H
∂πj

, (1.20a)
dπj

dt
= − ∂H

∂χj
. (1.20b)Kai ed¸ e�nai eÔkolo na diapistwje� h isodunam�a twn exis¸sewn k�nhsh Hamilton,

Lagrange kai Newton. Apì ti parap�nw exis¸sei fa�netai p�li ìti h kat�llhlhepilog  twn χj mpore� na odhg sei se stajerè th k�nhsh, p.q. an e�nai tètoia¸ste ∂H/∂χj = 0 tìte h suzug  orm  πj e�nai stajer . Sthn per�ptwsh aut , hsuntetagmènh χj onom�zetai kuklik  (  agno simh). Epiprìsjeta, an h sun�rthsh
Hamilton den exart�tai rht� apì to qrìno, tìte ki aut  e�nai stajer� th k�nhsh.Me mia pr¸th mati�, h parap�nw praktik  fa�netai san piswgÔrisma, kaj¸ oimetablhtè k�nhsh (kai sunep¸ oi diaforikè exis¸sei pro ep�lush) g�nontai di-pl�sie se arijmì. 'Omw, oi kanonikè exis¸sei e�nai 1ης t�xh kai h ep�lus  toue�nai aploÔsterh se sqèsh me ti exis¸sei 2ης t�xh tou Lagrange. Epiplèon, hjewr�a Hamilton emfan�zei poll� pleonekt mata se sqèsh me th susthmatopo�hshth melèth. Ja anafèroume en suntom�a merik� ap’ aut� (gia perissìtere lepto-mèreie o anagn¸sth parapèmpetai sta bibl�a [Goldstein 1980, Polum�lh 2000,Iqti�roglou 2004℄): Me thn enopo�hsh suntetagmènwn-orm¸n, gia th dunamik  pe-rigraf  tou sust mato, ant� twn q¸rwn jèsewn kai taqut twn, kajier¸netai hqr sh tou enia�ou q¸rou (χj , πj) o opo�o kale�tai q¸ro f�sewn (phase space).Sto q¸ro f�sewn, h epopte�a th exèlixh twn kampul¸n e�nai kalÔterh ap’ ìtiaut  twn pragmatik¸n troqi¸n sto q¸ro jèsewn, diìti k�je fasik  kampÔlh e�naimonadik  kai den e�nai dunatì na tèmnetai me �lle5.'Ena deÔtero pleonèkthma e�nai ìti, me thn efarmog  metasqhmatism¸n pou dia-throÔn thn kanonik  morf  twn exis¸sewn Hamilton, e�nai dunatìn h sun�rthsh
Hamilton na metasqhmatiste� se mia sun�rthsh apl  morf  mèsw th dhmiourg�akuklik¸n suntetagmènwn. Oi metasqhmatismo� auto� onom�zontai kanoniko� kai qa-rakthr�zontai apì mia genn tria sun�rthsh Fk (tÔpou k) pou sundèei ti arqikè(paliè) metablhtè me ti telikè (nèe). Oi basikè genn trie sunart sei e�nai5 Αυτό είναι συνέπεια της μοναδικότητας της λύσης των διαφορικών εξισώσεων (Θεωρ. Cauchy-
Lipschitz, βλ. [Dennery and Krzywicki 1995]).



1.2. Jewrhtik  perigraf  tou pl�smato 17TÔpo Genn tria sun�rthsh Metasqhmatismì
k = 1 F1 = F1(χj, χ

′
j , t) πj = ∂F1

∂χj
, π′

j = −∂F1

∂χ′

j
, H′ = H + ∂F1

∂t

k = 2 F2 = F2(χj, π
′
j , t) πj = ∂F2

∂χj
, χ′

j = ∂F2

∂π′

j
, H′ = H + ∂F2

∂t

k = 3 F3 = F3(πj , χ
′
j, t) χj = −∂F3

∂πj
, π′

j = −∂F3

∂χ′

j
, H′ = H + ∂F3

∂t

k = 4 F4 = F4(πj, π
′
j , t) χj = −∂F4

∂πj
, χ′

j = ∂F4

∂π′

j
, H′ = H + ∂F4

∂tP�naka 1.1: Oi tèsseri basiko� tÔpoi kanonik¸n metasqhmatism¸n.tess�rwn tÔpwn, an�loga me to poiè apì ti paliè/nèe suntetagmène/ormèe�nai oi arqikè metablhtè. Oi sqèsei pou sundèoun ti paliè me ti nèe meta-blhtè (tonoÔmene) prosdior�zontai mèsw th genik  sqèsh
3∑

j=1

πjχ̇j −H =

3∑

j=1

π′
jχ̇

′
j −H′ +

dFk

dt
, (1.21)kai gia ton kajèna apì tou tèsseri basikoÔ tÔpou kanonik¸n metasqhmatism¸nd�nontai ston P�n. 1.1. En gènei, èna kanonikì metasqhmatismì de bas�zetai seènan mìno apì tou tèsseri tÔpou all� e�nai sunduasmì aut¸n, dhl. e�naimiktoÔ tÔpou. Sthn idanik  per�ptwsh, zht�me o metasqhmatismì na e�nai tètoio¸ste H′ = 0 kai oi exis¸sei Hamilton sti nèe metablhtè na oloklhr¸nontaiapeuje�a. H genn tria sun�rthsh gia to metasqhmatismì autì br�sketai w lÔshth merik  diaforik  ex�swsh Hamilton-Jacobi, h opo�a prokÔptei apì th sqèshmetasqhmatismoÔ th sun�rthsh Hamilton (bl. P�n. 1.1)

H
(
χj,

∂F
∂χj

, t

)
+
∂F
∂t

= 0. (1.22)A d¸soume t¸ra th sqetikistik  kai mh sqetikistik  èkfrash th sun�rthsh
Hamilton gia thn k�nhsh fort�wn se hlektromagnhtik� ped�a. Sth mh sqetikistik per�ptwsh, oi kanonikè ormè e�nai

πj =
∂L
∂χ̇j

= (mv + qA) · ∂v
∂χ̇j

,kai me antikat�stash sthn (1.19) maz� me ti Ex. (1.16) h H prokÔptei
H =

1

2
mv2 + qΦ. (1.23)Ant�stoiqa, sth sqetikistik  per�ptwsh èqoume gia ti kanonikè ormè

πj =
mc2

γ2

∂γ

∂χ̇j
+ qA · ∂v

∂χ̇j
=
(
−γv
c2

+ qA
)
· ∂v
∂χ̇j

,



18 1. Eisagwgikè ènnoiekai me ton �dio trìpo me prohgoumènw br�skoume gia thn H
H = mc2γ + qΦ. (1.24)Se antistoiq�a me th jewr�a Lagrange, gia na brejoÔn epakrib¸ oi exis¸seik�nhsh prèpei sth sun�rthsh Hamilton h taqÔthta kai ta dunamik� na ekfrastoÔnw pro ti kanonikè metablhtè χj , πj .'Hdh èqoume pei ìti h melèth th k�nhsh twn swmatid�wn d�nei poiotikè plhro-for�e gia th sumperifor� tou pl�smato se hlektromagnhtik� ped�a. Endeiktik�,anafèroume katarq n ti diafìrou tÔpou olisj sei twn swmatid�wn lìgw twn pe-d�wn. Apì thn an�lush th sunolik  k�nhsh, h ol�sjhsh prokÔptei w k�nhsh toukèntrou-odhgoÔ th troqi�. Oi kuriìtere olisj sei e�nai lìgw (a) hlektrikoÔped�ou (ol�sjhsh E×B), (b) anomoiogèneia  /kai kampulìthta tou magnhtikoÔped�ou, (g) qronik  metabol  tou hlektrikoÔ ped�ou (ol�sjhsh pìlwsh). Shma-ntik� sumper�smata gia ti kin sei ex�gontai kai apì ti adiabatikè amet�blhte,oi opo�e e�nai posìthte pou metab�llontai arg� sthn exèlixh th k�nhsh. Oiposìthte autè sundèontai me periodikè kin sei pou ekteloÔn ta fort�a, kaisunantoÔn efarmog  sth melèth th pag�deush tou pl�smato. H shmantikìterhadiabatik  amet�blhth e�nai h magnhtik  rop  M ∝

∮ ∑3
j=1 πjdχj .1.2.2 Montèlo enì   poll¸n reust¸nSe sunj ke gia to pl�sma tele�w antidiametrikè me ti parap�nw, ìpou ku-riarqoÔn ta sullogik� fainìmena kai oi ousiastikè diaforè an�mesa sti kin seitwn fort�wn e�nai as mante, ìpw l.q. sumba�nei se puknì pl�sma, e�nai protimì-tero na qrhsimopoihje� èna �llo montèlo pou epikentr¸netai sthn perigraf  thsullogik  k�nhsh (ro ) tou pl�smato kai ìqi th leptomeroÔ k�nhsh k�jeswmatid�ou. SÔmfwna me to montèlo autì, to pl�sma jewre�tai ìti apart�zetaiapì èna   perissìtera allhloefaptìmena, ag¸gima kai mh sqetikistik� reust�,ta opo�a antistoiqoÔn stou diaforetikoÔ plhjusmoÔ swmatid�wn. Oi exis¸seith exèlixh twn reust¸n èqoun shmantikì fusikì perieqìmeno, kaj¸ apoteloÔnti majhmatikè ekfr�sei twn nìmwn diat rhsh pou isqÔoun sto pl�sma. An�-loga me to pl jo twn reust¸n pou jewroÔme, to montèlo sunant�tai se di�foreparallagè ti opo�e kai parousi�zoume sth sunèqeia.Sthn apl  per�ptwsh pou èqoume na k�noume me hlektrìnia kai mìno èna e�doiìntwn, tìte mil�me gia to montèlo twn dÔo reust¸n. Ed¸ ousiastik� qreiazìmastedÔo diaforetik� sÔnola exis¸sewn, èna gia ta iìnta (jetik� fortismèno reustì)kai èna gia ta hlektrìnia (arnhtik� fortismèno reustì). Oi puknìthte fort�oukai reÔmato sto pl�sma diatup¸nontai w

ρ = niqi + neqe,

j = niqiui + neqeue,ìpou ui kai ue e�nai oi taqÔthte twn dÔo reust¸n, dhl. oi makroskopikè taqÔ-thte pou perigr�foun ti sullogikè roè sto pl�sma.



1.2. Jewrhtik  perigraf  tou pl�smato 19H ex�swsh sunèqeia e�nai h pr¸th apì ti exis¸sei tou montèlou. Apeikon�zeith diat rhsh tou hlektrikoÔ fort�ou (  isodÔnama th m�za) kat� ti metakin seitwn hlektron�wn kai twn iìntwn entì tou pl�smato, kai sundèei ti posìthte
ni, ne, ui kai ue. H ex�swsh sunèqeia prokÔptei an efarmìsoume ton telest 
∇· sthn ex�swsh Maxwell (1.10d), kai epiplèon qrhsimopoi soume thn (1.10a). Hex�swsh aut , lamb�nonta upìyh th morf  twn puknot twn fort�ou kai reÔmatopou d¸same parap�nw, gr�fetai gia k�je plhjusmì

∂ns

∂t
+ ∇ · (nsus) = 0, (1.25)kai ousiastik� upodeiknÔei ìti k�je allag  tou arijmoÔ swmatid�wn se mia perioq tou pl�smato sundèetai me ro  swmatid�wn ektì tou sunìrou th perioq .H epìmenh ex�swsh tou montèlou e�nai h ex�swsh isozug�ou orm  (momentum

balance) kai èqei na k�nei me th diat rhsh th orm  kat� ti metatop�sei twnswmatid�wn sti diaforetikè dieujÔnsei. H ex�swsh aut  e�nai ant�stoiqh memia ex�swsh k�nhsh kai sqhmat�zetai me gn¸mona ti upojèsei per� autotel¸nro¸n kai amelhtèwn kin sewn k�jeta se autè, lamb�nonta epiplèon upìyh thnallhlep�drash metaxÔ twn reust¸n kai th metafor� orm  apì k�je dieÔjunsh proìle ti �lle dieujÔnsei. Sugkekrimèna, h ex�swsh prokÔptei apì thn (1.12)me pollaplasiasmì ep� thn puknìthta kai antikat�stash th olik  parag¸gou
∂/∂t + u · ∇, h opo�a d�nei to rujmì metabol  k�je posìthta pou kine�tai meto reustì, en¸ perilamb�nontai san xeqwristo� ìroi h dÔnamh trib  T metaxÔtwn dÔo reust¸n kai h bajm�da tou tanust  p�esh (stress tensor) ∇ · P̃ lìgw thmetafor� orm . H telik  th morf  loipìn e�nai

nsms

[
∂us

∂t
+ (us · ∇)us

]
= nsqs (E + us ×B) − T ss′ −∇ · P̃s. (1.26)H dÔnamh th trib  proèrqetai apì thn aÔxhsh th orm  tou enì plhjusmoÔlìgw twn sugkroÔsewn me ta swmat�dia tou �llou, kai mporoÔme na thn ek-fr�soume majhmatik� sunart sei th sqetik  taqÔthta twn dÔo reust¸n kaith eidik  ant�stash tou pl�smato (plasma resistivity) ηp

T ei = −T ie = ηpneni|qe|2(ue − ui).San fusikì mègejo, h eidik  ant�stash katadeiknÔei to rìlo twn sugkroÔsewnsto na perior�zoun to reÔma pou mpore� na ep�gei èna hlektrikì ped�o sto pl�sma.Se pollè efarmogè, oi timè twn paramètrwn epitrèpoun h eidik  ant�stash najewrhje� polÔ mikr  kai h trib  na agnohje�.H p�esh e�nai tanustikì mègejo diìti, en gènei, h k�nhsh se mia dieÔjunshde metafèrei orm  mìno kat� m ko th �dia all� kai kat� m ko twn �llwndieujÔnsewn. O tanust  th p�esh e�nai summetrikì kai ta stoiqe�a tou Pklperigr�foun thn k�nhsh sth dieÔjunsh k san apotèlesma th sunist¸sa th orm sth dieÔjunsh l. Ta diag¸nia stoiqe�a tou tanust  leitourgoÔn ant�stoiqa methn klasik  udrostatik  p�esh, en¸ ta mh diag¸nia antiproswpeÔoun to ix¸de



20 1. Eisagwgikè ènnoie(viscocity) tou pl�smato. To ix¸de e�nai antistrìfw an�logo th suqnìthtasugkroÔsewn, opìte sthn per�ptwsh pou oi sugkroÔsei e�nai sporadikè mpore�na upoteje� me kal  akr�beia ìti h k�nhsh se mia dieÔjunsh metafèrei orm  mìnose aut  th dieÔjunsh. San sunèpeia, o tanust  p�esh e�nai diag¸nio (Pkl = 0
(k 6= l)) kai h Ex. (1.26) aplopoie�tai arket�. 'Otan epiplèon to pl�sma e�naiisìtropo, dhl. oi diaforetikè dieujÔnsei e�nai isodÔname apì pleur� fusik ,ta stoiqe�a tou P̃ e�nai �sa metaxÔ tou kai o ìro∇·P̃ sthn ex�swsh k�nhsh mpore�na antikatastaje� me th bajm�da th bajmwt  posìthta Pxx = Pyy = Pzz = P .An t¸ra to pl�sma den e�nai isìtropo (l.q. up�rqei magnhtikì ped�o), tìte h mìnhdiafor� e�nai ìti ta diag¸nia stoiqe�a den e�nai ìla �sa metaxÔ tou.To sÔsthma twn Ex. (1.25), (1.26) parèqei ìlh th fusik  tou reustoÔ pl�-smato, ìmw den e�nai kleistì diìti oi exis¸sei e�nai tèsseri (apì dÔo exis¸seisunèqeia kai k�nhsh) all� oi �gnwstoi e�nai èxi (apì dÔo puknìthte, taqÔth-te kai pièsei). Gia na kle�sei to sÔsthma qrei�zontai sqèsei pou na sundèountou tanustè p�esh me ta upìloipa megèjh. Mia tètoia sqèsh onom�zetai ka-tastatik  ex�swsh, kai èqei th genik  morf  Pkl = Pkl(ns, Ts). H akrib  morf exart�tai apì sugkekrimène paradoqè gia thn exèlixh tou pl�smato (gia lepto-mèreie bl. [Goldston and Rutherford 1995℄). Maz� me ti katastatikè exis¸sei,oi (1.25), (1.26) parèqoun pl rh perigraf  tou sunolikoÔ reustoÔ, en¸ se sundu-asmì me ti exis¸sei Maxwell mporoÔn na apotelèsoun èna autosunepè montèloped�wn-reustoÔ. An t¸ra to pl�sma, ektì apì tou dÔo parap�nw plhjusmoÔ,perièqei oudètera �toma  /kai �lla e�dh iìntwn, qrei�zontai oi an�loge exis¸seisunèqeia kai k�nhsh gia k�je epiplèon plhjusmì swmatid�wn. Mil�me tìte giaèna montèlo perissìterwn twn dÔo reust¸n, to opo�o ìmw e�nai parìmoio me ìtiperigr�yame w ed¸ kai all�zei mìno o sunolikì arijmì twn exis¸sewn.Met� thn prosomo�wsh tou pl�smato mèsw autotel¸n reust¸n, kai lìgwtou ìti se èna pl rw ionismèno pl�sma oi kin sei twn swmatid�wn e�nai sten�sundedemène metaxÔ tou kai oi opoiesd pote diaforè endèqetai na e�nai polÔ mi-krè, e�nai logikì to epìmeno b ma na e�nai h met�bash se èna aploÔstero montèlopou perigr�fei to pl�sma san enia�o reustì. To montèlo autì lègetai magnhto-�drodunamikì (magnetohydrodynamic (MHD)), kai h b�sh tou e�nai o grammikìsunduasmì twn exis¸sewn twn poll¸n reust¸n se èna sÔnolo exis¸sewn pouperigr�fei to pl�sma w èna oudètero, ag¸gimo reustì. Ed¸ ja diatup¸soumeti exis¸sei MHD gia thn apl  per�ptwsh tou isìtropou pl�smato dÔo reu-st¸n qwr� ix¸de, ìmw h diadikas�a aut  eÔkola genikeÔetai kai gia ti �llepeript¸sei. Gia to sunolikì reustì uiojetoÔme proseggistik� th makroskopik oudeterìthta, dhl. ne ≈ ni ≈ np all� me ne − ni 6= 0. Or�zoume ti puknìthtefort�ou ρ, m�za ̺ kai reÔmato j, kaj¸ kai thn taqÔthta u w

ρ = niqi + neqe = |qe|(ni − ne) 6= 0,

̺ = nimi + neme ≈ np(mi +me),

j = niqiui + neqeue ≈ np|qe|(ui − ue),



1.2. Jewrhtik  perigraf  tou pl�smato 21
u =

1

̺
(nimiui + nemeue) ≈

miui +meue

mi +me
.Me kat�llhlo sunduasmì twn parap�nw orism¸n kai twn exis¸sewn twn dÔoreust¸n prokÔptoun oi exis¸sei MHD. Apì to �jroisma kai th diafor� twnexis¸sewn sunèqeia (1.25) br�skoume ti exis¸sei sunèqeia gia ti puknìthtem�za ̺ kai fort�ou ρ tou enia�ou reustoÔ

∂̺

∂t
+ ∇ · (̺u) = 0, (1.27a)

∂ρ

∂t
+ ∇ · j = 0. (1.27b)En suneqe�a, me prìsjesh kat� mèlh twn exis¸sewn isozug�ou orm  (1.26), kaior�zonta w P = Pe +Pi thn olik  p�esh, prokÔptei h ant�stoiqh ex�swsh k�nhshtou magnhto�drodunamikoÔ reustoÔ

̺

[
∂u

∂t
+ (u · ∇)u

]
= ̺E + j ×B −∇P. (1.28)'Eqonta axiopoi sei ìlh th diajèsimh gn¸sh apì to montèlo twn dÔo reust¸n,parathroÔme ìti to sÔsthma (1.27), (1.28) maz� me thn katastatik  ex�swsh èqeitèsseri exis¸sei kai pènte agn¸stou (ρ, ̺, j, u, P ). MporoÔme ìmw na p�roumemia �llh shmantik  ex�swsh me kat�llhlo sunduasmì twn Ex. (1.26), pollapla-si�zonta thn ex�swsh gia to e�do s me ms′/̺|qe| kai afair¸nta kat� mèlh

E + u × B = ηpj +
1

np|qe|
(j ×B −∇P ) , (1.29)h opo�a kai kle�nei to sÔsthma twn exis¸sewn th magnhto�drodunamik . Ousia-stik�, h Ex. (1.29) apotele� mia gen�keush tou nìmou tou Ohm.Se autì to shme�o e�nai kalì na g�nei mia sÔgkrish me thn koin  Udrodunamik .Ta sunhjismèna reust� upakoÔn thn ex�swsh Navier-Stokes

̺

[
∂u

∂t
+ (u · ∇)u

]
= −∇P + ̺cvsc∇2u,me cvsc ton kinhmatikì suntelest  ix¸dou. H mình diafor� me thn ex�swsh iso-zug�ou orm  th magnhto�drodunamik  e�nai h apous�a twn hlektromagnhtik¸ndun�mewn. Se sqèsh me ti Ex. (1.26) le�pei o ìro trib /sugkroÔsewn, kaj¸h Navier-Stokes perigr�fei èna reustì kai oi dun�mei autè, w eswterikè, allh-loanairoÔntai. O ìro ̺cvsc∇2u, o opo�o perigr�fei thn ep�drash tou ix¸dou,antistoiqe� sthn ìpoia suneisfor� twn sugkroÔsewn ston ìro ∇·P̃−∇P . H Ôpar-xh suqn¸n sugkroÔsewn e�nai basik  paradoq  gia thn perigraf  Navier-Stokes,kai lìgw th parap�nw omoiìthta autì shmatodote� kai ta ìria th isqÔo th



22 1. Eisagwgikè ènnoiejewr�a reustoÔ gia to pl�sma. Ja doÔme parak�tw ìti h Ôparxh jermodunamik isorrop�a sto pl�sma pro�pojètei thn Ôparxh sugkroÔsewn. Akìmh ìmw kaisthn per�ptwsh pou oi sugkroÔsei e�nai sporadikè, h jewr�a reustoÔ mpore� naperigr�yei katast�sei ìpou emfan�zetai h �dia fusik  sumperifor� lìgw k�poiou�llou par�gonta, p.q. enì isquroÔ magnhtikoÔ ped�ou pou mei¸nei ti gr goreeujÔgramme roè, anagk�zonta ta fort�a se kuklikè peristrofè Larmor.Telei¸nonta, anafèroume sunoptik� merikè efarmogè th jewr�a reustoÔ.M�a shmantik  suneisfor�, kentrik  shmas�a gia to ergasthriakì pl�sma, e�naisth melèth th isorrop�a tou pl�smato. Parìlo pou to genikì prìblhma toukajorismoÔ th isorrop�a e�nai polÔploko, arket  fusik  plhrofor�a perièqetaisto montèlo MHD. Me th bo jeia th Ex. (1.28), se sunduasmì me ti exis¸sei
Maxwell (1.10b), (1.10g), mporoÔme na melet soume thn isorrop�a tou pl�smatoan analÔsoume ti qronik� anex�rthte lÔsei (∂/∂t = 0). Se autì to pla�sio, hex�swsh (1.28) me antikat�stash th (1.10g) pa�rnei th morf 

∇
(
P +

B2

2µ0

)
=

1

µ0
(B · ∇)B.Endeiktik�, sthn per�ptwsh ìpou den up�rqei diam kh metabol  tou magnhtikoÔped�ou, h parap�nw ex�swsh dhl¸nei ìti sthn kat�stash isorrop�a to �jroismath kinhtik  kai th magnhtik  p�esh tou pl�smato e�nai stajerì. 'Etsi, toped�o e�nai uyhlì se perioqè ìpou h p�esh e�nai qamhl  kai ant�strofa. Peraitè-rw, na anafèroume ìti mèsw tou montèlou MHD, ìpw kai tou kinhtikoÔ montèloupou akolouje�, mpore� na kajoriste� h eust�jeia th isorrop�a tou pl�smato.O trìpo upologismoÔ twn astajei¸n kai tou rujmoÔ ex�plws  tou e�nai parì-moio me to genikì trìpo upologismoÔ kum�twn sto pl�sma, o opo�o ja melethje�sthn epìmenh enìthta. 'Alle efarmogè e�nai sth melèth th di�qush kai twnolisj sewn twn reust¸n kai th di�qush twn magnhtik¸n gramm¸n.1.2.3 Kinhtik  jewr�aSto montèlo pou ja ma apasqol sei se aut  thn upoenìthta, h perigraf e�nai men sto mikroskopikì ep�pedo all� èqei statistikì qarakt ra. Me autìennooÔme ìti den endiafèrei h akrib  jèsh kai taqÔthta twn swmatid�wn, all� mìnoh pijanìthta na br�skontai sth geiton�a mia sugkekrimènh kat�stash sto q¸rof�sewn. H b�sh gi’ aut  thn perigraf  e�nai h sun�rthsh katanom  (distribution

function) f(r,p, t), pou d�nei thn puknìthta pijanìthta èna swmat�dio na br�sketaisthn kat�stash (r,p, t), dhl. th qronik  stigm  t na br�sketai se mia jèsh stodi�sthma [r, r + dr) me orm  apì p w p + dp. H akr�beia mia tètoia perigraf sthr�zetai sto ìti h ep�drash twn dun�mewn apì makrinè apost�sei diarke� polÔperissìtero qrìno apì thn ant�stoiqh twn kontin¸n dun�mewn. Autì epitrèpei th
”mazopo�hsh” twn isoenergeiak¸n swmatid�wn se apost�sei n−1/3

p < |dr| ≪ λD,dhl. th mh anagkaiìthta di�krish metaxÔ swmatid�wn pou èqoun per�pou thn �diaorm  kai br�skontai gÔrw apì mia sugkekrimènh jèsh se akt�na polÔ mikrìterh apìth qarakthristik  apìstash ep�drash twn sullogik¸n fainomènwn.



1.2. Jewrhtik  perigraf  tou pl�smato 23Gia na upolog�sei kane� th sun�rthsh katanom  xekin� ap’ to gegonì ìtio sunolikì arijmì swmatid�wn se opoiad pote perioq  tou q¸rou f�sewn denall�zei sto qrìno. Autì shma�nei ìti oi rujmo� eisìdou/exìdou apì to sÔnoro thperioq  kai oi allagè lìgw sugkroÔsewn èqoun allhloanairoÔmene metabolè.Sto pla�sio th sun�rthsh katanom , o arijmì swmatid�wn sto stoiqe�o ìgkou
d3rd3p tou 6-di�statou q¸rou f�sewn th qronik  stigm  t e�nai ∫ f(r,p, t)d3rd3p.Me diafìrish w pro to qrìno, kai lamb�nonta upìyh ti sqèsei dr/dt = v kaithn ex�swsh k�nhsh (1.9), katal goume sthn kinhtik  ex�swsh Boltzmann-Vlasov6

∂f

∂t
+ v · ∂f

∂r
+ q (E + v ×B) · ∂f

∂p
=
∂f

∂t

∣∣∣∣
col

. (1.30)H ex�swsh aut  e�nai genik  (isqÔei kai gia klasik� kai gia sqetikistik� swmat�dia).Autì pou all�zei se k�je per�ptwsh e�nai h majhmatik  sqèsh metaxÔ taqÔthtakai orm  pou prèpei na antikatast soume ¸ste na proqwr soume sth lÔsh. To�jroisma twn ìrwn sto aristerì mèlo apotele� thn olik  par�gwgo df/dt, en¸ oìro sto dex� mèlo d�nei ti allagè sthn f lìgw sugkroÔsewn.Sthn per�ptwsh pou oi sugkroÔsei e�nai shmantikè, o kajorismì tou ìrousugkroÔsewn pa�zei prwtagwnistikì rìlo sthn ep�lush th ex�swsh Boltzmann-
Vlasov kai th morf  th lÔsh. Merikè forè e�nai dunatì na qrhsimopoihjoÔnaplè majhmatikè ekfr�sei gia ton ìro sugkroÔsewn, ìpw p.q.

∂f

∂t

∣∣∣∣
col

= −νei (f − f |t=0) .H parap�nw diatÔpwsh e�nai epark  gia na perigr�yei to pl�sma kaj¸ odeÔeipro th jermodunamik  isorrop�a, all� de mpore� na perigr�yei p.q. to fainìmenoth skèdash sto q¸ro taqut twn. 'Otan e�nai epijumht  h pl rh perigraf  twnsugkroÔsewn, prèpei na katafÔgoume sth diaforik  ex�swsh Fokker-Planck

∂f

∂t

∣∣∣∣
col

= − ∂

∂v

(
d〈∆v〉
dt

f

)
+

1

2

∂2

∂v∂v

(
d〈∆v∆v〉

dt
f

)
. (1.31)Sthn ex�swsh aut , oi metabolè th taqÔthta upolog�zontai apì ti troqiè twnswmatid�wn lÔnonta thn ant�stoiqh ex�swsh k�nhsh. Oi ìroi d〈∆v〉/dt èqounen gènei ant�jeth for� me thn taqÔthta kai sundèontai me th dunamik  trib  pouprokaloÔn oi sugkroÔsei, en¸ oi ìroi d〈∆v∆v〉/dt e�nai ousiastik� suntelestèdi�qush, kaj¸ èqoun thn t�sh na prokaloÔn ex�plwsh twn tim¸n th taqÔthtase meg�lo eÔro entì tou q¸rou taqut twn.Mia eidik  lÔsh me meg�lo fusikì endiafèron èqoume sthn per�ptwsh pou topl�sma br�sketai se jermodunamik  isorrop�a. Sthn kat�stash aut  oi makrosko-pikè par�metroi den all�zoun me to qrìno, en¸ ta mikroskopik� megèjh èqountuqa�e diakum�nsei gÔrw apì mèse timè. Genik�, to pl�sma de br�sketai se miatètoia kat�stash lìgw th ep�drash exwterik¸n ped�wn   astajei¸n. 'Otan ìmw6 Στη βιβλιογραφία συνηθίζεται η κινητική εξίσωση να αναφέρεται σαν εξίσωση Boltzmann όταν

συμπεριλαμβάνεται ο όρος συγκρούσεων και σαν Vlasov όταν δε συμπεριλαμβάνεται.



24 1. Eisagwgikè ènnoieden up�rqei isqur  allhlep�drash me to perib�llon, tìte lìgw tou tuqa�ou qara-kt ra twn sugkroÔsewn to pl�sma telik� ft�nei sth jermodunamik  isorrop�a kaiparamènei eke�. Sthn per�ptwsh aut  h kinhtik  ex�swsh aplopoie�tai diìti ìleoi qronikè par�gwgoi mhden�zontai, kai an epiplèon upojèsoume ìti h isorrop�aisqÔei omogen¸ se ìlo to pl�sma (∂f/∂r = 0) h ep�lush e�nai arket� apl . HlÔsh aut  e�nai gnwst  w sun�rthsh katanom  Maxwell, kai sth mh sqetikistik th morf  (bl. Sq. 1.5) gr�fetai
f(p) =

n

π3/2m3v3
t

e−p2/(2m2v2
t ). (1.32)'Otan to pl�sma e�nai sqetikistikì, h katanom  Maxwell èqei th morf 

f(p) =
n

m3v3
tK2(v2

t/c
2)
e−

√
p2+m2c2/(2m2v2

t ), (1.33)ìpou K2(x) e�nai h tropopoihmènh sun�rthsh Bessel tÔpou 2 kai 2ης t�xh. Sthnkatanom  Maxwell, h jermokras�a (emfan�zetai sth jermik  taqÔthta) e�nai miapolÔ shmantik  par�metro7. En gènei, lìgw tou diaforetikoÔ rujmoÔ sugkroÔ-sewn, se k�je plhjusmì antistoiqe� diaforetik  jermokras�a kai kat� sunèpeiakai diaforetik  sun�rthsh katanom . H kat�stash g�netai piì polÔplokh ìtan topl�sma e�nai magnhtismèno, ki autì giat�, lìgw th morf  th dÔnamh Lorentz,oi dun�mei pou askoÔntai se swmat�dia pou kinoÔntai par�llhla kai k�jeta stomagnhtikì ped�o e�nai diaforetikè. Epomènw, oi taqÔthte k�jeta kai par�llhlasto magnhtikì ped�o endèqetai na an koun se diaforetikè katanomè Maxwell mediaforetikè jermokras�e T||, T⊥.H kinhtik  jewr�a parèqei thn ìso to dunatì piì pl rh perigraf  se ìlo tof�sma twn paramètrwn. To statistikì montèlo e�nai plhrèstero apì autì twnreust¸n diìti melet� to pl�sma sto mikroskopikì ep�pedo, opìte sumperilamb�neifusikè leptomèreie pou h jewr�a reustoÔ de mpore� lìgw tou makroskopikoÔ thqarakt ra, all� kai piì praktikì apì th mikroskopik  perigraf  twn kin sewnswmatid�wn. Me thn kinhtik  jewr�a mporoÔn na melethjoÔn ìla ta probl matapou anafèrame san efarmogè sti prohgoÔmene upoenìthte. Pèra ìmw apìti diapist¸sei autè, to piì isqurì epiqe�rhma gia thn plhrìthta th kinhtik jewr�a e�nai ìti emperièqei sth dom  th tìso thn kinhmatik  twn swmatid�wn ìsokai th jewr�a reustoÔ.A mil soume pr¸ta gia th sqèsh th kinhtik  jewr�a me thn k�nhsh tou enìswmatid�ou. H genik  lÔsh th ex�swsh k�nhsh (1.9) perilamb�nei èxi stajerèolokl rwsh, èstw Bj (j = 1, ..., 6), kaj¸ aut  e�nai 2ης t�xh diaforik  ex�swshsti trei diast�sei. E�nai eÔkolo na deiqje� ìti opoiad pote sun�rthsh twnstajer¸n k�nhsh e�nai sun�rthsh katanom , dhl. lÔsh th kinhtik  ex�swsh.Pr�gmati, antikajist¸nta mia tètoia sun�rthsh f = f(Bj) = f(r,p, t) (mporoÔmeapì thn ex�swsh k�nhsh na ekfr�soume ti Bj sunart sei twn r,p, t) sthn Ex.7 Στις εφαρμογές συνήθως λογίζεται σαν θερμοκρασία το KBT , μετρούμενο σε eV.
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Sq ma 1.5: H mh sqetikistik  katanom  Maxwell gia diaforetikè timè th jermik taqÔthta sto pl�sma.(1.30) br�skoume ìti thn epalhjeÔei
∂f

∂t
+ v · ∂f

∂r
+ q (E + v ×B) · ∂f

∂p
=
df

dt
=

6∑

j=1

∂f

∂Bj

dBj

dt
= 0.Sunep¸, se sunduasmì me ti sugkekrimène arqikè kai sunoriakè sunj ke, hlÔsh th kinhtik  ex�swsh kajor�zetai epakrib¸ apì ti troqiè twn swmatid�wnmèsw twn stajer¸n th k�nhsh.H sÔndesh me ta montèla reust¸n br�sketai sto ìti oi makroskopikè po-sìthte pou qarakthr�zoun to pl�sma phg�zoun ousiastik� apì mèse timè ka-t�llhla orismène me b�sh th sun�rthsh katanom . Sugkekrimèna, h puknìthta,h taqÔthta ro  kai o tanust  p�esh or�zontai w akoloÔjw

ns(r, t) =

∫
fs(r,p, t)d

3p, (1.34a)
us(r, t) =

1

ns(r, t)

∫
vfs(r,p, t)d

3p, (1.34b)
P̃s(r, t) = ms

∫
(v − us) ⋆ (v − us) fs(r,p, t)d

3p, (1.34g)ìpou me ton aster�sko sumbol�zoume to duðkì ginìmeno (dual product) dÔo dia-nusm�twn. Se autì to pla�sio, oi exis¸sei twn reust¸n prokÔptoun apì tistatistikè ropè th ex�swsh Boltzmann-Vlasov. Endeiktik�, gia th rop  mhde-nik  t�xh, oloklhr¸nonta thn Ex. (1.30) w pro thn orm  kai upolog�zonta



26 1. Eisagwgikè ènnoieton k�je ìro xeqwrist�, katal goume apeuje�a sthn ex�swsh th sunèqeia. Oipr¸toi dÔo ìroi d�noun
∫
∂fs

∂t
d3p =

∂

∂t

∫
fsd

3p =
∂ns

∂t
,

∫
v · ∂fs

∂r
d3p =

∂

∂r
·
∫

vfsd
3p = ∇ · (nsus),dhl. tou ìrou th ex�swsh sunèqeia. O tr�to ìro pa�rnei th morf 

∫
(E + v × B)·∂fs

∂p
d3p =

∫
∂(fsE)

∂p
d3p+

∫
∂(fsv ×B)

∂p
d3p−

∫
fs
∂(v × B)

∂p
d3p,kai e�nai mhdèn diìti (a) ta dÔo pr¸ta oloklhr¸mata metatrèpontai se epifaneiak�,ta opo�a e�nai mhdenik� kaj¸ h sun�rthsh katanom  mhden�zetai sto �peiro (b) totr�to olokl rwma e�nai ep�sh mhdèn diìti h metabol  tou dianÔsmato v×B e�naik�jeth sthn orm . Sthn per�ptwsh pou jewroÔme kai ton ìro sto deÔtero mèlo,kai autì e�nai mhdèn diìti oi sugkroÔsei den all�zoun to sunolikì arijmì twnswmatid�wn. Me akrib¸ ant�stoiqo trìpo prokÔptei h ex�swsh isozug�ou orm apì th rop  pr¸th t�xh, pollaplasi�zonta thn ex�swsh Boltzmann-Vlasov methn taqÔthta kai oloklhr¸nonta w pro thn orm .1.3 Hlektromagnhtik� kÔmata sto pl�smaOi mhqanismo� diègersh kai di�dosh hlektromagnhtik¸n kum�twn sto pl�smae�nai polÔ shmantiko� gia th melèth tou pl�smato. 'Ena apì tou kuriìteroulìgou e�nai ìti ta kÔmata aut�, ìtan aniqneutoÔn, apoteloÔn qr sima diagnwstik�gia th dunamik  sumperifor� tou pl�smato, tìso sth fÔsh ìso kai sto ergast -rio. H di�dosh hlektromagnhtik¸n kum�twn dièpetai apì ti exis¸sei Maxwell, oiopo�e apoteloÔn kai omadopo�hsh twn shmantikìterwn nìmwn tou Hlektromagnh-tismoÔ, twn nìmwn Gauss, Faraday kai Ampère. To megalÔtero mèro th melèthtwn kum�twn sto pl�sma apotele� h (�mesh   èmmesh) ep�lush twn exis¸sewn Ma-

xwell se sunduasmì me ti exis¸sei pou qarakthr�zoun to pl�sma (l.q. kinhtik ex�swsh), me skopì (a) na entopistoÔn kai na kathgoriopoihjoÔn ta e�dh kum�twn,(b) na diereunhjoÔn oi allhlepidr�sei tou me ta fort�a.Se mh magnhtismèno pl�sma, ta hlektromagnhtik� kÔmata pou diad�dontai e�naiuyhl  suqnìthta, kai lìgw th diègersh twn hlektron�wn (sugkritik� h diè-gersh twn iìntwn e�nai agno simh) ”blèpoun” to pl�sma san èna aplì dihlektrikì.H prosj kh magnhtikoÔ ped�ou sto pl�sma eis�gei anisotrop�a kai all�zei ta e�dhtwn kum�twn pou mporoÔn na diadojoÔn. Ta qarakthristik� twn kum�twn uyhl suqnìthta pou up rqan apous�a tou magnhtikoÔ ped�ou metab�llontai shmantik�,en¸ g�netai efikt  h di�dosh kai nèwn eid¸n kum�twn. Ta kÔmata aut� den e�naimìno se uyhlè suqnìthte all� kai se qamhlìtere, kont� sthn kuklotronik suqnìthta twn iìntwn, dhl. plèon h diègersh twn iìntwn e�nai upolog�simh. Lìgw



1.3. Hlektromagnhtik� kÔmata sto pl�sma 27th anisotrop�a, h perigraf  aut¸n twn fainomènwn e�nai majhmatik� polÔplokh,kai autì empod�zei se arketè peript¸sei thn exagwg  fusik¸n sumperasm�twn.Parìla aut�, me di�fore teqnikè mpore� na perigrafe� epark¸ to megalÔteromèro twn kumatik¸n fainomènwn.'Ena �llo par�gonta pou pa�zei shmantikì rìlo ston kajorismì twn hle-ktromagnhtik¸n kum�twn e�nai h jermokras�a tou pl�smato. 'Otan h jermokras�ae�nai polÔ qamhl , tìte oi jermikè kin sei twn swmatid�wn tou pl�smato denepidroÔn sto kÔma kai h di�dosh perilamb�nei arket� apì ta qarakthristik� thdi�dosh se èna koinì dihlektrikì. 'Otan ìmw h jermokras�a e�nai arket� uyhl kai oi kin sei autè e�nai shmantikè, tìte k�noun thn emf�nis  tou ta legìmena
”kinhtik� fainìmena”. To fusikì a�tio e�nai ìti se mia (èstw kai kat� prosèggish)jermik  katanom  up�rqei èna arijmì swmatid�wn pou kine�tai me taqÔthta �sh  polÔ kont� sth fasik  taqÔthta tou kÔmato. Aut� ta swmat�dia èrqontai sesuntonismì me to kÔma, dhl. allhlepidroÔn sumfasik� me to kÔma gia meg�lo qro-nikì di�sthma, kai oi allhlepidr�sei autè odhgoÔn e�te se apìsbesh tou kÔmatoe�te se en�sqush (ast�jeia). Se sunduasmì me magnhtikì ped�o, ta fainìmena aut�odhgoÔn sthn emf�nish kai nèwn eid¸n kum�twn.Sthn paroÔsa enìthta k�noume mia eisagwg  sta hlektromagnhtik� kÔmatapl�smato se tr�a mèrh. To pr¸to mèro afor� ti exis¸sei pou dièpoun thnexèlixh/di�dosh enì kÔmato sto pl�sma, dhl. ti exis¸sei Maxwell kai thnkumatik  ex�swsh. Epiprìsjeta, parousi�zontai merikè ènnoie apara�thte giathn aploÔsterh perigraf  th kumatik  di�dosh. Sto deÔtero mèro epexhge�taih mèjodo me thn opo�a upolog�zontai oi kumatikè diataraqè sto pl�sma, kaipragmatopoie�tai mia omadopoi sh twn apotelesm�twn an�loga me ti timè twnparamètrwn pou ephre�zoun th di�dosh (jermokras�a kai magnhtikì ped�o). Tèlo,sto tr�to mèro parajètoume ti kuriìtere efarmogè twn hlektromagnhtik¸nkum�twn sto pl�sma, me èmfash sthn Astrofusik  kai th jermopurhnik  sÔnthxh.1.3.1 Apì ti exis¸sei Maxwell sthn kumatik  ex�swshH di�dosh hlektromagnhtik¸n kum�twn se ìla ta ulik� mèsa kai se ìlo toeÔro suqnot twn perigr�fetai apì ti exis¸sei Maxwell. S’ aut  thn upoenìthtaja k�noume mia sÔntomh perigraf  twn exis¸sewn (èqoume  dh anafèrei k�poiastoiqe�a sthn Enìt. 1.2). Sth genik  tou morf  autè gr�fontai

∇ · D = ρ, (1.35a)
∇ · B = 0, (1.35b)
∇× E = −∂B

∂t
, (1.35g)

∇× H =
∂D

∂t
+ j, (1.35d)



28 1. Eisagwgikè ènnoieìpou D e�nai h dihlektrik  metatìpish kai B, H h magnhtik  puknìthta ro  kaito magnhtikì ped�o ant�stoiqa8. O Maxwell den anak�luye o �dio ti exis¸seiautè, all� omadopo�hse  dh up�rqonte nìmou tou HlektromagnhtismoÔ. Piìsugkekrimèna, oi Ex. (1.35a), (1.35b) apoteloÔn tou nìmou Gauss gia th ro  touhlektrikoÔ kai tou magnhtikoÔ ped�ou, h (1.35g) e�nai o nìmo tou Faraday gia thnepagwg  kai h (1.35d) o nìmo Ampère me thn prosj kh tou reÔmato metatìpishapì ton Maxwell. H prosj kh aut  èqei meg�lh fusik  shmas�a, diìti mìno ètsimporoÔn na perigrafoÔn dunamik� fainìmena pèran th epagwg , ìpw l.q. hdi�dosh hlektromagnhtik  aktinobol�a (ta statik� fainìmena perigr�fontai stoìrio ∂/∂t = 0). Oi puknìthte fort�ou kai reÔmato ikanopoioÔn thn ex�swshsunèqeia (bl. prohgoÔmenh anafor� sthn Upoen. 1.2.2). Apous�a fort�wn kaireum�twn, to sÔnolo twn exis¸sewn Maxwell e�nai summetrikì.Ep�lush twn exis¸sewn Maxwell shma�nei kajorismì twn ped�wn E, B. 'Opwd�nontai oi exis¸sei sth morf  (1.35), autì pou katarq n apaite�tai gia thn ep�-lush e�nai na susqetistoÔn ta D, H, ρ, j me ta E, B. H morf  tètoiwn ”domik¸n”exis¸sewn exart�tai apì ta sugkekrimèna qarakthristik� tou mèsou. Ed¸ maendiafèrei h di�dosh sto pl�sma, èna mèso to opo�o perièqei eleÔjera fort�a, kailìgw autoÔ o qeirismì prèpei na e�nai diaforetikì ap’ ìti sta koin� dihlektrik�.'En gènei, to pl�sma w mèso e�nai dunamikì, dianèmon (dispersive), mh grammikì,anomoiogenè kai anisìtropo, dhl. h apìkrish se exwterikè diegèrsei exart�taiap’ to qrìno, th suqnìthta, ta ped�a, to q¸ro kai thn kateÔjunsh ant�stoiqa. Ensuneqe�a, apara�thto e�nai o kajorismì twn sunoriak¸n sunjhk¸n sta opoia-d pote fusik� sÔnora kai asunèqeie tou probl mato. To piì koinì par�deigmasunìrou e�nai èna idanik� ag¸gimo to�qo, ìpw p.q. ta metallik� toiq¸matatou tokamak. Oi sunj ke pou prèpei na ikanopoioÔn ta ped�a se tètoie asunè-qeie prokÔptoun me olokl rwsh twn Ex. (1.35) p�nw se apeirostoÔ ìgkou pouperikle�ontai apì ti sunoriakè epif�neie.Oi domikè sqèsei mporoÔn na prokÔyoun mèsw dÔo isodÔnamwn jewr sewn.Sthn pr¸th antimetwp�zoume to pl�sma w mèso, èna ag¸gimo kai hlektrik� ani-sìtropo dihlektrikì qwr� phgè fort�ou. Sthn per�ptwsh pou epiplèon jewroÔmeìti ta ped�a e�nai arket� asjen  ¸ste h dihlektrik  apìkrish tou pl�smato nae�nai grammik , oi sqèsei e�nai th morf 
D(r, t) = ε̃(r, t) ·E(r, t) (1.36a)
B(r, t) = µ0H(r, t) (1.36b)
ρ(r, t) = 0 (1.36g)
j(r, t) = σ̃(r, t) · E(r, t). (1.36d)8 Στη διατριβή αυτή, αλλά και στο μεγαλύτερο μέρος της βιβλογραφίας της Φυσικής Πλάσματος,

εκτός από το H ως μαγνητικό πεδίο αναφέρεται και το B.



1.3. Hlektromagnhtik� kÔmata sto pl�sma 29Ed¸ ε̃ e�nai o dihlektrikì tanust , µ0 h magnhtik  diaperatìthta tou kenoÔ kai
σ̃ o tanust  agwgimìthta. Se ant�jesh me ta koin� dihlektrik�, ìpou h apìkrishexart�tai ap’ thn pìlwsh twn desmeumènwn fort�wn, sto pl�sma oi tanustè ε̃,
σ̃ kajor�zontai ap’ th dunamik  twn eleÔjerwn fort�wn. Sthn �llh je¸rhsh, thnopo�a èqoume  dh parousi�sei sthn Enìt. 1.2, to pl�sma jewre�tai w mia sullog fort�wn kai reum�twn sto kenì. Oi sqèsei (1.36) diaforopoioÔntai w pro toìti ε̃ → ε0, σ̃ = 0 (all� j 6= 0) kai ρ 6= 0, kai oi exis¸sei Maxwell katal gounsth morf  (1.10) me ti puknìthte fort�ou kai reÔmato na d�nontai ap’ ti (1.11).Mia enallaktik  perigraf  th exèlixh twn kum�twn mpore� na g�nei mèswth kumatik  ex�swsh. Se genikè grammè, aut  prokÔptei apì ti exis¸seistrobilismoÔ (1.35g), (1.35d) me apaloif  tou enì ek twn dÔo ped�wn, kai hakrib  morf  th exart�tai apì ti domikè sqèsei tÔpou (1.36), dhl. ap’ tomèso. A exet�soume merik� parade�gmata pou èqoun meg�lo praktikì endiafèron.Upì th je¸rhsh tou pl�smato w sullog  fort�wn kai reum�twn sto kenì, hkumatik  ex�swsh gia to hlektrikì kai to magnhtikì ped�o èqei th morf 

∇2E − 1

c2
∂2E

∂t2
=

∇ρ
ε0

+ µ0
∂j

∂t
, (1.37a)

∇2B − 1

c2
∂2B

∂t2
= µ0∇× j. (1.37b)Na shmei¸soume ìti, kat� thn exagwg  twn (1.37), el fjh upìyh h dianusmatik tautìthta ∇ × (∇×G) = ∇ (∇ · G) − ∇2G. ParathroÔme ìti ìtan up�rqounfort�a kai reÔmata, ìpw sto pl�sma, oi diaforikè exis¸sei e�nai mh omogene�,kai h lÔsh kajor�zetai apì to pw apeikon�zetai h k�nhsh twn fort�wn sti puk-nìthte ρ, j. H omogen  ex�swsh prokÔptei gia ρ = j = 0 kai perigr�fei thdi�dosh hlektromagnhtik¸n kum�twn sto kenì. Sthn per�ptwsh aut , h lÔsh e�naith morf  ep�pedou kÔmato to opo�o diad�detai eujÔgramma, me ta dianÔsmatatwn ped�wn E, B na e�nai orjog¸nia kai metaxÔ tou kai me th dieÔjunsh di�dosh.Ta ped�a e�nai armonikè sunart sei sto q¸ro kai sto qrìno, kai gi’ autì to lìgosunhj�zetai na ta anaparistoÔme sto migadikì ep�pedo, p.q. gia to E

Ē(r, t) = Ē0e
i(k·r−ωt), (1.38)ìpou Ē0 to stajerì pl�to kai ϕ = k · r − ωt h f�sh tou kÔmato. Lìgw thgrammikìthta 2ης t�xh th kumatik  ex�swsh, tìso to pragmatikì ìso kai tofantastikì mèro apoteloÔn lÔsh th ex�swsh sto pragmatikì ep�pedo. Bèbaia,w metr simh posìthta e�nai antilhptì to pragmatikì mèro th èkfrash (1.38).Autì to shme�o e�nai kat�llhlo gia na anafèroume merikè qr sime ènnoiesqetik� me thn kumatik  di�dosh. H anafor� ja g�nei gia ep�peda kÔmata, ìmw hisqÔ twn ennoi¸n e�nai genik . H f�sh emperièqei to megalÔtero mèro th plhro-for�a gia th di�dosh twn kum�twn. H suqnìthta ω kajor�zei th qronik  exèlixhtwn talant¸sewn tou kÔmato, en¸ o kumat�rijmo k kajor�zei thn kateÔjunshth di�dosh. Sto pla�sio enì genikìterou orismoÔ, o kumat�rijmo kai h suq-nìthta prokÔptoun ant�stoiqa apì ti merikè parag¸gou ∇ϕ kai ∂ϕ/∂t. Oi iso-fasikè epif�neie kinoÔntai sto q¸ro me taqÔthta υp = ω/k, h opo�a onom�zetai



30 1. Eisagwgikè ènnoiefasik  taqÔthta (phase velocity). Sthn per�ptwsh enì piì sÔnjetou kÔmato,p.q. enì ”kumatopakètou” (wavepacket), pou prokÔptei apì thn upèrjesh pol-l¸n ep�pedwn kum�twn, up�rqei to endeqìmeno k�je sunist¸sa na diad�detai mediaforetik  fasik  taqÔthta. Tìte, o rujmì th di�dosh perigr�fetai kalÔteraapì thn taqÔthta om�da (group velocity) υg = ∂ω/∂k, h opo�a antistoiqe� sthntaqÔthta me thn opo�a rèei h enèrgeia tou kÔmato. H diat rhsh th hlektro-magnhtik  enèrgeia kat� th di�dosh apotele� to perieqìmeno tou jewr mato
Poynting, to opo�o apotup¸netai majhmatik� sthn akìloujh sqèsh

∇ · (E × H) = −1

2

∂ (E · D + B · H)

∂t
− j · E. (1.39)O ìro sto aristerì mèlo antiproswpeÔei thn enèrgeia pou exèrqetai apì ènakleistì ìgko diamèsou th sunoriak  epif�neia, o pr¸to ìro sto dex� mèlothn enèrgeia pou paramènei apojhkeumènh sta ped�a kai o deÔtero thn enèrgeiapou aporrof jhke apì to mèso entì tou kleistoÔ ìgkou.O upologismì th fasik  kai th omadik  taqÔthta pro�pojètei thn Ôparxhmia algebrik  sqèsh an�mesa sth suqnìthta kai ton kumat�rijmo. Aut  hsqèsh e�nai gnwst  w sqèsh diaspor� (dispersion relation) kai perièqei ìlh thnplhrofor�a gia th suqnotik  apìkrish tou mèsou se èna dedomèno kÔma. En gènei,h sqèsh diaspor� gia hlektromagnhtik� kÔmata upolog�zetai antikajist¸nta thjewrhtik  morf  th lÔsh (ansatz) sthn kumatik  ex�swsh kai lamb�nonta thsunj kh gia mh mhdenikè lÔsei. Sto kenì, h sqèsh aut  prokÔptei na e�nai h

ω = ck,   isodÔnama υp = c. H melèth th sqèsh diaspor� e�nai aploÔsterhìtan gr�fetai sto pla�sio tou de�kth di�jlash (refraction index) N = ck/ω. Giapar�deigma, h sqèsh diaspor� sto kenì e�nai apl� N = 1. H sqèsh diaspor�kajor�zei ìle ti perioqè twn fusik¸n paramètrwn sti opo�e e�nai dunat  hÔparxh kai h di�dosh kum�twn. Endiafèron parousi�zoun trei peript¸sei: (a)'Otan N < 1 e�nai υp > c kai lème ìti èqoume an¸malh diaspor� (h per�ptwsh aut e�nai polÔ sunhjismènh sto pl�sma), (b) 'Otan N = 0   o N e�nai fantastikì,to kÔma de mpore� na diadoje� kai èqoume apokop  (cutoff), (g) 'Otan N → ∞  o N e�nai migadikì tìte èqoume suntonismì (resonance), dhl. èntonh antallag enèrgeia an�mesa sto kÔma kai to mèso. Se anomoiogenè pl�sma, sto shme�o ìpouèqoume apokop  to kÔma anakl�tai, en¸ ìtan up�rqei suntonismì aporrof�tai.'Otan melet�tai h di�dosh hlektromagnhtik¸n kum�twn sto pl�sma, gia naepiteuqje� lÔsh twn Ex. (1.37), ìpw e�pame kai parap�nw, prèpei na kajoristoÔnoi puknìthte ρ, j. Sthn per�ptwsh aut  exuphrete� h perigraf  tou pl�smato wag¸gimou dihlektrikoÔ mèsou. H isodunam�a me thn prosèggish w kenì me fort�akai reÔmata ègkeitai sto ìti h je¸rhsh w mèso me tanustè apìkrish ε̃, σ̃ e�naiousiastik� èna montèlo gia thn perigraf  th k�nhsh twn fort�wn mèsw twn ρ, j(oi majhmatikè sqèsei e�nai oi ρ = ∇· (ε̃ ·E) kai j = σ̃ ·E). Oi piì sunhjismèneparadoqè, oi opo�e sundu�zoun thn aplìthta me th realistik  perigraf , e�naiìti: (a) To kÔma èqei stajer  suqnìthta, (b) Ta ped�a e�nai tìso asjen  ¸ste hapìkrish tou pl�smato na e�nai grammik , (g) To pl�sma e�nai anomoiogenè kaianisìtropo, (d) Oi fusikè idiìthte tou pl�smato de metab�llontai me to qrìno.



1.3. Hlektromagnhtik� kÔmata sto pl�sma 31Upì ti paradoqè autè, oi domikè sqèsei e�nai th morf  (1.36) kai h kumatik ex�swsh gia to migadikì hlektrikì ped�o e�nai
∇× (∇× Ē) − ω2

c2
ǫ̃ · Ē = 0. (1.40)Sthn Ex. (1.40) h apìkrish tou pl�smato kajor�zetai mèsw enì adi�statoumigadikoÔ tanust , tou dihlektrikoÔ tanust  pl�smato (plasma dielectric tensor)

ǫ̃, pou sqet�zetai me tou pragmatikoÔ tanustè ε̃, σ̃ me ti sqèsei
ε0ǫ̃ = ε̃ + i

σ̃

ω
, (1.41)  ant�strofa ε̃ = ε0Re(ǫ̃) kai σ̃ = ωε0Im(ǫ̃).Se anomoiogenè mèso, to ep�pedo kÔma den e�nai h akrib  lÔsh th kumatik ex�swsh. An ìmw oi idiìthte tou mèsou metab�llontai arg� sto q¸ro, ìpwèqoume upojèsei, tìte oi lÔsei autè mporoÔn na qrhsimopoihjoÔn gia th majhma-tik  apotÔpwsh th pl rou lÔsh. Autì g�netai me th bo jeia twn asumptwtik¸nmejìdwn, oi opo�e metatrèpoun thn kumatik  ex�swsh se èna sÔnolo aploÔsterwnexis¸sewn mèsw th an�ptuxh th jewrhtik  morf  th lÔsh gia to hlektrikìped�o se asumptwtik  seir�. H prosèggish aut  perigr�fei th di�dosh sto pla�siokumatik¸n akt�nwn   desm¸n pou diajl¸ntai diadoqik� apì to asjen¸ qwrik� me-taballìmeno mèso, me ton �dio trìpo pou h troqi� enì swmatid�ou ektrèpetai apìèna sugkekrimèno dunamikì. To hlektrikì ped�o perigr�fetai me gen�keush thmorf  th Ex. (1.38)

Ē(r) = Ē0(r)e
iκϕ̄(r),ìpou h migadik  sun�rthsh ϕ̄(r) e�nai h genikeumènh morf  th f�sh k · r giaasjen¸ anomoiogenè mèso. H par�metro κ = ωLp/c≫ 1 kajor�zei pìso mikrìe�nai to m ko kÔmato se sqèsh me thn kl�maka anomoiogèneia Lp. H sqèshth genikeumènh f�sh me ton kumat�rijmo e�nai h k = Re(κ∇ϕ̄). Sto pla�sioth enìthta aut  de ja epektajoÔme perissìtero sto sugkekrimèno jèma (autìg�netai sto Kef. 3).Telei¸nonta, prèpei na anafèroume ìti oi exis¸sei Maxwell kai h kumatik ex�swsh e�nai dunatì na diatupwjoÔn sto pla�sio twn dunamik¸n Φ, A ant� twnped�wn E, B. Jum�zoume (bl. Upoen. 1.2.1) ìti ta dunamik� sundèontai me ta ped�amèsw twn Ex. (1.17). 'Eqonta upìyh th dianusmatik  tautìthta ∇·(∇× G) = 0,blèpoume ìti h deÔterh ap’ autè e�nai sunèpeia th Ex. (1.10b) kai h pr¸thprokÔptei me sunduasmì th deÔterh kai th (1.10g). En¸ ta ped�a kajor�zontaipl rw apì ta dunamik�, ta dunamik� den kajor�zontai monos manta apì ta ped�a.Sugkekrimèna, an up�rqei sun�rthsh g tètoia ¸ste

Φ′ = Φ − 1

c

∂g

∂t
,

A′ = A + ∇g,



32 1. Eisagwgikè ènnoietìte ta dunamik� Φ′, A′ antistoiqoÔn sta �dia ped�a me ta Φ, A, dhl. o meta-sqhmatismì autì af nei anallo�wta ta ped�a. O parap�nw metasqhmatismìonom�zetai metasqhmatismì bajm�da (gauge transformation), kai h sun�rthsh gor�zei th bajm�da sthn opo�a upolog�zontai ta dunamik�. Sthn Hlektrodunamik qrhsimopoie�tai w ep� to ple�ston h bajm�da Lorentz c∇ · A + ∂Φ/∂t = 09, upìthn opo�a oi kumatikè exis¸sei gia ta dunamik� pa�rnoun th morf 
∇2Φ − 1

c2
∂2Φ

∂t2
= − ρ

ε0
, (1.42a)

∇2A − 1

c2
∂2A

∂t2
= µ0j. (1.42b)1.3.2 Upologismì kai e�dh kum�twn sto pl�smaDe�xame sthn prohgoÔmenh enìthta ìti to pl�sma mpore� na perigrafe� apìèna sÔsthma diaforik¸n exis¸sewn, ti exis¸sei Maxwell gia thn exèlixh twn pe-d�wn kai ti exis¸sei gia th dunamik  tou pl�smato. Gia ti teleuta�e up�rqoundi�fore epilogè, an�loga me thn perioq  paramètrwn tou pl�smato. 'Otan hjermokras�a kai h puknìthta e�nai qamhlè, eparke� h ex�swsh Newton, en¸ ìtanm�a ek twn dÔo e�nai uyhl  protim¸ntai oi exis¸sei reustoÔ. 'Otan ìmw oi sunj -ke sto pl�sma e�nai sthn endi�mesh perioq , ofe�loume na qrhsimopoi soume thnkinhtik  ex�swsh. H anaz thsh kum�twn sto pl�sma, ìpw �llwste kai opoiou-d pote �llou fainomènou, pern�ei anagkastik� apì thn �mesh   èmmesh ep�lushk�poiwn ek twn parap�nw exis¸sewn. Anex�rthta ap’ th sugkekrimènh epilog ,oi exis¸sei autè e�nai en gènei mh grammikè, k�ti pou kajist� arket� dÔskolhthn ep�lush. Sthn per�ptwsh pou oi kumatikè diataraqè èqoun mikrì pl�to,h melèth twn exis¸sewn mpore� na aplopoihje� shmantik� kaj¸ oi mh grammiko�ìroi mporoÔn na paraleifjoÔn. Ta kÔmata pou prokÔptoun ap’ aut  thn an�lushonom�zontai grammik� kÔmata (linear waves), kai apoteloÔn ta jemeli¸dh kÔmatapou mporoÔn na diadojoÔn sto pl�sma. Akìmh kai gia meg�le timè tou pl�touta kÔmata aut� suneq�zoun na up�rqoun, me diaforetikè ìmw idiìthte, kaj¸plèon up�rqei ex�rthsh th suqnìthta apì to pl�to.O kajorismì twn grammik¸n kum�twn sto pl�sma analÔetai sta ex  b mata:(a) GrammikopoioÔme ti exis¸sei k�nhsh me thn upìjesh ìti oi metablhtè èqounth morf  g = g0 + g1, ìpou g0 h tim  sthn isorrop�a kai g1 h diataraq , (b) Upo-jètoume ìti h diataraq  èqei th morf  Fourier g1 = g10e

i(k·r−ωt), dhl. èna ep�pedoarmonikì kÔma mikroÔ pl�tou, (g) Apì th sunj kh epilusimìthta twn grammi-kopoihmènwn exis¸sewn br�skoume th sqèsh diaspor�, (d) LÔnoume w pro tohlektrikì ped�o kai ap’ ti (1.36d), (1.40) upolog�zoume ton dihlektrikì tanust pl�smato. Profan¸, se aut  thn prosèggish agnoe�tai h ep�drash pou èqoun oi9 Στην Ηλεκτροστατική είναι βολικό να χρησιμοποιείται η βαθμίδα Coulomb ∇ ·A = 0, με την
οποία καταλήγουμε στη γνωστή εξίσωση Poisson για το Φ.



1.3. Hlektromagnhtik� kÔmata sto pl�sma 33talant¸sei sto mh diataragmèno tm ma tou pl�smato (dhl. sthn g0) kaj¸ kaioi allhlepidr�sei twn kum�twn, pou e�nai kat’ exoq n mh grammik� fainìmena. TosÔsthma twn exis¸sewn pou epilègoume na analÔsoume k�je for� exart�tai apìthn perioq  suqnot twn tou hlektromagnhtikoÔ kÔmato kai apì thn kat�stashtou pl�smato. H epilog  tou montèlou gia th dihlektrik  apìkrish tou pl�sma-to pa�zei meg�lo rìlo sto e�do twn kum�twn pou prokÔptoun, kaj¸ an�loga methn perioq  twn paramètrwn (eidik� th jermokras�a) kuriarqoÔn diaforetikèfusikè sumperiforè. Sto pla�sio aut  th diatrib , ja asqolhjoÔme apo-kleistik� me hlektromagnhtik� kÔmata uyhl    qamhl  suqnìthta parous�aexwterikoÔ magnhtikoÔ ped�ou.Ja melet soume analutik� èna sugkekrimèno par�deigma gia na g�nei h diadi-kas�a katanoht , ta hlektromagnhtik� kÔmata uyhl  suqnìthta se mh magnhti-smèno pl�sma. Epeid  ta kÔmata èqoun uyhl  suqnìthta, mporoÔme na jewr soumeìti ta iìnta e�nai ak�nhta (mi ≈ 0) kaj¸ de mporoÔn na parakolouj soun autèti talant¸sei. JewroÔme ep�sh ìti Te ≈ 0, diìti υp ≈ c en¸ vt ≪ c. Ed¸e�nai protimìtero na antimetwp�soume to pl�sma w reustì, opìte to sÔsthma twnexis¸sewn pro an�lush e�nai oi (1.10g) kai (1.10d) me j = −eneue, kai gia toreustì hlektron�wn h (1.26) me T ei = 0, P̃e = 0. An paragwg�soume thn (1.10d)w pro to qrìno, efarmìsoume ton telest  ∇× sthn (1.10g), antikatast soumesthn pr¸th ta apotelèsmata maz� me thn (1.26) kai Ôstera grammikopoi soumejètonta ne = ne0 + ne1, E = E1, B = B1 kai ue = ue1, prokÔptei h ex�swsh
∇× (∇×E1) +

1

c2
∂2E1

∂t2
= −ne0|qe|2

ε0me

E1.Jewr¸nta ìti oi diataraqè èqoun th morf  Fourier kai ìti E1 ⊥ k, kai lam-b�nonta upìyh thn Ex. (1.5), katal goume sth sqèsh diaspor�
ω2 = ω2

pe + c2k2. (1.43)Parathr ste ìti ìtan ω < ωpe e�nai k2 < 0, dhl. o kumat�rijmo g�netai fantasti-kì kai to kÔma aposbènei ekjetik�. An to pl�sma e�nai anomoiogenè, to shme�osto opo�o ω = ωpe e�nai shme�o apokop  kai eke� to kÔma anakl�tai.Me thn parap�nw teqnik  e�nai dunatì na upologistoÔn ta kÔmata pl�smatose ìle ti peript¸sei. Parousi�zoume ti lÔsei gia kÔmata se magnhtismènopl�sma gia ti diaforetikè fusikè prosegg�sei tou yuqroÔ (mh allhlepidr¸ntafort�a), tou jermoÔ (reustì) kai tou kinhtikoÔ pl�smato. 'Opw anafèrame kaiparap�nw, h qr sh k�je montèlou anadeiknÔei diaforetik  fusik , kai autì odhge�se shmantikè metabolè twn uparqìntwn eid¸n kum�twn all� kai sthn an�deixhnèwn. Me ton ìro ”yuqrì” pl�sma ennooÔme ìti oi jermikè kin sei jewroÔntaiamelhtèe. Aut  pollè forè e�nai mia kal  prosèggish, all� den perilamb�neith fusik  twn fainomènwn lìgw peperasmènh jermokras�a. Ta fainìmena aut�mporoÔn na sumperilhfjoÔn se di�fore t�xei megèjou. Sthn piì apl  diìr-jwsh, h opo�a sunist� thn prosèggish tou ”jermoÔ” pl�smato, h ep�drash twnjermik¸n kin sewn antikatoptr�zetai se èna ìro p�esh sti exis¸sei reustoÔ. H



34 1. Eisagwgikè ènnoieTÔpo kÔmato Qarakthristik� Sqèsh diaspor� N = N(ω)

Alfvèn ω ∼ ωci, k || B0 N2 = 1 + c2

υ2

A

L ω ∼ ωce, k || B0, Im(Ē)

Re(Ē)
> 0 N2 = 1 − ω2

pe

ω(ω−ωce)

R ω ∼ ωce, k || B0, Im(Ē)

Re(Ē)
< 0 N2 = 1 − ω2

pe

ω(ω+ωce)

Magnetosonic ω ∼ ωci, k ⊥ B0 N2 = 1 + c2

υ2

A

O ω ∼ ωce, k ⊥ B0, E || B0 N2 = 1 − ω2
pe

ω2

X ω ∼ ωce, k ⊥ B0, E ⊥ B0 N2 = 1 − ω2
pe(ω

2−ω2
pe)

ω2(ω2−ω2
pe−ω2

ce)P�naka 1.2: Ta kÔria e�dh hlektromagnhtik¸n kum�twn se yuqrì magnhtismèno pl�sma.pl rh sumper�lhyh twn jermik¸n fainomènwn pro�pojètei th qr sh th kinhtik ex�swsh, kai to pl�sma sthn prosèggish aut  onom�zetai kinhtikì.A xekin soume me thn per�ptwsh tou yuqroÔ pl�smato. H kathgor�a aut e�nai jemeli¸dh kaj¸, parìlo pou h perigraf  tou pl�smato sthr�zetai sepolÔ aplè fusikè arqè, perilamb�nontai ìla ta e�dh kum�twn pou e�nai dunatìna diadojoÔn sto pl�sma. Eke�no pou all�zei ìtan jewr soume �llo montèlo giato pl�sma e�nai h sqèsh diaspor�, dhl. h sugkekrimènh majhmatik  sqèsh toukumatar�jmou me th suqnìthta. Ston P�n. 1.2 fa�nontai sunoptik� ta kÔria e�dhhlektromagnhtik¸n kum�twn pou mporoÔn na diadojoÔn se yuqrì magnhtismènopl�sma, ta basik� qarakthristik� tou kai oi ant�stoiqe sqèsei diaspor�. Tìsosti uyhlè suqnìthte (ω ∼ ωce) ìso kai sti qamhlìtere (ω ∼ ωci), up�rqounkÔmata pou diad�dontai tìso par�llhla sto exwterikì magnhtikì ped�o (k||B0)ìso kai k�jeta (k ⊥ B0). Aut� e�nai ta basik� e�dh kum�twn pou diad�dontai seyuqrì magnhtismèno pl�sma, kai ìla ta upìloipa e�dh (p.q. kÔmata pou diad�dontaiupì gwn�a) e�nai allhlouq�a twn basik¸n aut¸n eid¸n.Sti uyhlè suqnìthte, ta e�dh kum�twn par�llhla sto magnhtikì ped�o e�-nai dÔo (bl. Sq. 1.6): (a) To dexiìstrofo kÔma (Right wave   R), sto opo�oto di�nusma tou hlektrikoÔ ped�ou peristrèfetai gÔrw apì to B0 kat� thn orj for�, (b) To aristerìstrofo kÔma (Left wave   L), sto opo�o h peristrof  tou Ee�nai an�strofh. Lìgw th peristrof  tou hlektrikoÔ ped�ou, ta kÔmata autoÔtou e�dou e�nai kuklik� polwmèna (circularly polarized). H for� tou kÔmato Rsump�ptei me thn peristrof  twn hlektron�wn, en¸ aut  tou L me thn k�nhsh twniìntwn. Autì e�nai se sumfwn�a me to ìti to kÔma R emfan�zei suntonismì ìtan
ω = ωce (bl. sqèsh diaspor�). Sthn per�ptwsh aut  to hlektrikì ped�o toukÔmato epitaqÔnei suneq¸ to hlektrìnio, gi’ autì kai o suntonismì onom�ze-tai kuklotronikì (cyclotron resonance). Apì th sqèsh diaspor� mporoÔme nabroÔme kai ti suqnìthte apokop , oi opo�e e�nai oi ±ωce/2 +

√
ω2

pe + ω2
ce/4.



1.3. Hlektromagnhtik� kÔmata sto pl�sma 35Oi suntonismo� kai oi apokopè twn kum�twn R, L fa�nontai dexi� sto Sq. 1.6(a),ìpou parist�netai grafik� o de�kth di�jlash w sun�rthsh tou lìgou ω/ωc.Ta e�dh uy�suqnwn hlektromagnhtik¸n kum�twn pou diad�dontai k�jeta sto
B0 e�nai kai aut� dÔo (Sq. 1.6): (a) To sÔnhje kÔma (Ordinary wave   O),tou opo�ou to hlektrikì ped�o e�nai par�llhlo pro to B0, (b) To asÔnhje kÔma(eXtraordinary wave   X), tou opo�ou to E peristrèfetai sto egk�rsio ep�pedotou B0. To sÔnhje kÔma e�nai grammik� polwmèno (linearly polarized), lìgw touìti to hlektrikì tou ped�o èqei stajer  for�, kai èqei ti �die akrib¸ idiìthte meta kÔmata uyhl  suqnìthta se mh magnhtismèno pl�sma. Dhlad , toul�qistonìson afor� th diaspor�, ta sun jh kÔmata den antilamb�nontai thn parous�a toumagnhtikoÔ ped�ou sto pl�sma. Ta kÔmata X e�nai en gènei elleiptik� polwmèna,èqoun ti �die suqnìthte apokop  me ta kÔmata R, L kai emfan�zoun suntonismìsth suqnìthta ωUH =

√
ω2

pe + ω2
ce, h opo�a onom�zetai �nw ubridik  suqnìthta(Upper-Hybrid (UH) frequency).Mèqri t¸ra anaferj kame se kÔmata uyhl  suqnìthta sto yuqrì pl�sma.Up�rqoun ìmw kai hlektromagnhtik� kÔmata sti qamhlè suqnìthte, ta opo�adiad�dontai tìso par�llhla me ti magnhtikè grammè, ta kÔmata Alfvèn, ìsokai k�jeta se autè, ta magnetosonic kÔmata. Ta dÔo aut� e�dh kum�twn èqounthn �dia sqèsh diaspor� (ìpw fa�netai kai ston P�n. 1.2), ìpou qarakthristik par�metro e�nai h taqÔthta Alfvèn υA =

√
ε0B2

0/(ni0mi). 'Otan υA ≪ c h sqèshdiaspor� pa�rnei thn polÔ apl  morf  ω = kυA, h opo�a jum�zei th di�doshhlektromagnhtik¸n kum�twn sto kenì. Ta kÔmata Alfvèn mporoÔn na jewrhjoÔnw o mhqanismì di�dosh mia k�jeth pro to magnhtikì ped�o diataraq , kat�m ko mia magnhtik  gramm  mèsa sto pl�sma, en¸ ant�stoiqa leitourgoÔn kaita magnetosonic kÔmata all� k�jeta sti magnhtikè grammè.'Otan prosegg�zoume to pl�sma w jermì   kinhtikì, oi upologismo� de�qnounìti up�rqoun ta �dia akrib¸ kÔmata me to yuqrì pl�sma, me th diafor� ìti (a)sto jermì pl�sma up�rqei to endeqìmeno metatrop  twn kum�twn apì egk�rsiase diam kh, (b) sto kinhtikì pl�sma up�rqei kuklotronik  apìsbesh kai èntonhmetabol  sth diaspor�. Sto jermì pl�sma, ta kÔmata L, R kai X ìtan plhsi�zounthn perioq  tou suntonismoÔ metatrèpontai se akoustik�, kai met� thn apom�krun-sh apì eke� xanag�nontai hlektromagnhtik�. To an to akoustikì kÔma ja diadoje�me thn taqÔthta tou  qou   th jermik  taqÔthta exart�tai apì th sugkekrimènhsqèsh diaspor�. Se omogenè pl�sma ta kÔmata aut� e�nai grammik� anex�rthta,opìte kai den up�rqei antallag  enèrgeia metaxÔ tou, k�ti ìmw pou de sum-ba�nei ìtan to pl�sma e�nai anomoiogenè. H perigraf  tou jermoÔ pl�smato dene�nai akrib  sth geiton�a twn perioq¸n suntonismoÔ, kaj¸ eke� υp ∼ vt kai denisqÔei h jewr�a reustoÔ. Bèbaia, h ax�a th perigraf  ègkeitai sthn an�deixhth metatrop  tou e�dou tou kÔmato kai ìqi sthn pl rh perigraf  twn jer-mik¸n fainìmenwn, k�ti to opo�o e�nai apostol  tou kinhtikoÔ montèlou (me thsumper�lhyh kai sqetikistik¸n fainomènwn).'Ola ta parap�nw sumper�smata gia ta qarakthristik� th di�dosh twn ku-m�twn sun�gontai me th bo jeia mìno th ex�swsh diaspor�. To teleuta�o poumènei gia ton pl rh kajorismì th exèlixh tou kÔmato sto pl�sma e�nai o upo-
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Sq ma 1.6: KÔria qarakthristik� (qwrik  dieujèthsh kai di�gramma diaspor�) twn uy�-suqnwn hlektromagnhtik¸n kum�twn pou diad�dontai se yuqrì magnhtismènopl�sma (a) par�llhla sto magnhtikì ped�o (R, L), (b) k�jeta sto magnhtikìped�o me pìlwsh O, (g) k�jeta sto magnhtikì ped�o me pìlwsh Q.



1.3. Hlektromagnhtik� kÔmata sto pl�sma 37logismì tou dihlektrikoÔ tanust  ǫ̃. Ston tanust  autì antikatoptr�zetai ìlh hfusik  th apìkrish tou pl�smato, h opo�a an�loga me to montèlo perilamb�neikai diaforetik� qarakthristik� (p.q. apokopè, suntonismoÔ kai kuklotronik apìsbesh). Me th bo jeia twn stoiqe�wn tou ǫ̃ = [ǫkl] mpore� na ekfraste� h sqè-sh diaspor� se genikìterh morf  kai na exaqjoÔn ìle oi sqèsei tou P�n. 1.2,qwr� qr sh th sunj kh epilusimìthta. Lìgw tou eisagwgikoÔ qarakt ra thenìthta aut , den ja proqwr soume parapèra. Sto Kef. 5 d�netai h majhmatik èkfrash gia th morf  tou dihlektrikoÔ tanust  se ìla ta montèla gia to pl�smakai an�loga me ta qarakthristik� tou hlektromagnhtikoÔ kÔmato.Telei¸nonta, anafèroume ìti ektì apì ta kÔmata pou melet same mèqri t¸raup�rqei kai èna �llo e�do diataraq¸n pou to pl�to tou aux�netai me to qrì-no, me apotelèsma na odhgoÔn to pl�sma se astaj  kat�stash. E¸ t¸ra, kat�ton upologismì twn kum�twn jewr same to magnhtismèno pl�sma omogenè kai sejermodunamik  isorrop�a,   me �lla lìgia ìti h mình diajèsimh phg  enèrgeia stopl�sma e�nai h jermìthta. E�n mia apì ti paramètrou pou anafèrame all�xei,tìte dhmiourge�tai pleìnasma enèrgeia pou mpore� na diege�rei talant¸sei. Seaut  thn per�ptwsh, oi astaje� talant¸sei e�nai o trìpo me ton opo�o to pl�-sma epistrèfei sthn isorrop�a (me el�qisth eswterik  enèrgeia). Ta diegeirìmenakÔmata all�zoun ta qarakthristik� tou pl�smato kai te�noun stadiak� na exa-le�youn ta a�tia pou trofodotoÔn thn ast�jeia. Ta astaj  kÔmata katat�ssontaise di�fore kathgor�e, an�loga me ton trìpo pou h eleÔjerh enèrgeia eisèrqetaisto pl�sma: (a) Ast�jeie ro , lìgw th parous�a reum�twn, (b) Ast�jeie
Rayleigh-Taylor, lìgw exwterik¸n dun�mewn/anomoiogenei¸n, (g) Kinhtikè ast�-jeie, lìgw apìklish apì th jermodunamik  isorrop�a, (d) Kajolikè ast�jeie,lìgw pag�deush tou pl�smato se mikrì q¸ro.1.3.3 EfarmogèOi pr¸te efarmogè twn hlektromagnhtik¸n kum�twn sto pl�sma èginan sthnionìsfaira. Apì ta arqik� st�dia th radiofwn�a, k�poio akatanìhto fainìmenosta an¸tata str¸mata th atmìsfaira empìdize th met�dosh me èna polÔplokotrìpo. Apì to 1932, ìtan o Appleton dhmos�euse thn ergas�a sqetik� me thnom¸numh sqèsh diaspor�, sugkentr¸jhke plhj¸ra dedomènwn gia th jèsh kai thfÔsh tou ionosfairikoÔ pl�smato kai poll� apì ta parathroÔmena fainìmena stiradiofwnikè metadìsei èginan katanoht�. Ta kuriìtera jèmata èreuna s meraapoteloÔn ta qarakthristik� th di�dosh kum�twn sto ionosfairikì pl�sma, oimetabolè sthn ionìsfaira lìgw th allhlep�drash kÔmato-pl�smato, kaj¸kai oi metabolè sth di�dosh lìgw th ep�drash tou Hl�ou. Oi melète autèsunèbalan sth belt�wsh twn thlepikoinwni¸n. Sti mère ma, h radiofwnik met�dosh diamèsou th ionìsfaira bas�zetai sthn an�klash twn kum�twn stastr¸mata apokop . Me dedomène ti gewgrafikè jèsei pompoÔ kai dèkth kai tiparamètrou tou ionosfairikoÔ pl�smato (kur�w thn puknìthta kai to magnhtikìped�o), h suqnìthta kai h gwn�a ekpomp  tou s mato mporoÔn na rujmistoÔnkat�llhla ¸ste h met�dosh na e�nai epituq .



38 1. Eisagwgikè ènnoieGenikìtera sthn Astrofusik , h melèth twn hlektromagnhtik¸n kum�twn e�naieurèw diadedomènh kai, ektì apì th belt�wsh th l yh plhrofori¸n apì makrin�astrik� s¸mata, parèqei th b�sh gia thn katanìhsh th metafor� enèrgeia kaitwn astajei¸n sto pl�sma. H metafor� enèrgeia kai orm  mèsw twn kum�twnodhge� sth jèrmansh tou pl�smato kai sth metabol  th katanom  taqut twn.Ant�strofa, katanomè pou den antistoiqoÔn se jermodunamik  isorrop�a odhgoÔnse ast�jeie kai sthn en�sqush twn kum�twn apì ta swmat�dia. Sto astrofusikìpl�sma kÔrio rìlo pa�zoun oi mh grammikè allhlepidr�sei kÔmato-swmatid�ou,all� meg�lo endiafèron parousi�zei kai h di�dosh twn grammik¸n kum�twn diìtieke� emfan�zontai oi antagwnistiko� mhqanismo� apìsbesh (jèrmansh) kai en�squ-sh (ast�jeia). En¸ h kl�maka m kou tou astrofusikoÔ pl�smato e�nai meg�lh,opìte kai h upìjesh tou omogenoÔ pl�smato dÔnatai na perigr�yei epark¸ taperissìtera fainìmena, e�nai h asjen  anomoiogèneia pou kajor�zei ti perioqèsuntonismoÔ kai apokop  twn kum�twn.Meg�lh ¸jhsh sth melèth twn kum�twn pl�smato èdwse h diejn  prosp�-jeia gia thn ep�teuxh elegqìmenh jermopurhnik  sÔnthxh. Kaj¸ ta astaj kÔmata kajor�zoun th qronik  kl�maka th eust�jeia,   me �lla lìgia thn an�-ptuxh mikroastajei¸n kai tÔrbh, h katanìhsh twn grammik¸n kai mh grammik¸nastajei¸n apotele� p�nta èna shmantikì komm�ti th jewr�a kum�twn pl�smato.S mera, me thn ter�stia upologistik  dÔnamh pou e�nai diajèsimh, e�nai efikt  hqr sh kwd�kwn pou upolog�zoun thn exèlixh tètoiwn astajei¸n topik� all� kaise ìlo to sÔsthma. Oi k¸dike auto� èqoun diaforetik  teqnotrop�a an�loga meto sugkekrimèno montèlo fusik  gia to pl�sma. Ep�sh, h di�dosh hlektroma-gnhtik¸n kum�twn sto pl�sma èqei pollè efarmogè. Sta peir�mata sÔnthxh,ta kÔmata par�gontai apì ta gurotrìnia (gyrotrons). To gurotrìnio e�nai mia di�-taxh tÔpou maser, h fusik  th leitourg�a tou opo�ou parousi�sthke sti arqèth dekaet�a tou ’60 (gia leptomèreie bl. Kef. 4). H leitourg�a tou bas�zetaisth metafor� enèrgeia apì mia asjen¸ sqetikistik  dèsmh hlektron�wn se ènauy�suqno kÔma mèsw tou suntonismoÔ twn hlektron�wn me mia kat�llhlh kuklik�polwmènh sunist¸sa tou kÔmato (bl. Sq. 1.7(a)). To kumat�nusma th para-gìmenh (sÔmfwnh) aktinobol�a e�nai sqedìn k�jeto ston �xona th di�taxh.Qarakthristikì tou gurotron�ou e�nai h Ôparxh isquroÔ mìnimou magnhtikoÔ ped�-ou kat� m ko tou �xon� tou, opìte ta hlektrìnia pou par�gontai sthn k�jodoakoloujoÔn elikoeide� troqiè kat� m ko th di�taxh.San pr¸te efarmogè twn hlektromagnhtik¸n kum�twn sto pl�sma anafè-roume th jèrmansh pl�smato kai thn od ghsh reum�twn. H jèrmansh mèsw hle-ktromagnhtik¸n kum�twn èqei èrjei sto prosk nio lìgw th an�gkh na auxhje� hjermokras�a tou pl�smato se ep�peda an�flexh (dhl. p�nw apì to kat¸fli giathn ènarxh twn jermopurhnik¸n antidr�sewn), en¸ h od ghsh hlektrikoÔ reum�tosumb�lei sthn omal  exèlixh tou pl�smato me thn katapolèmhsh MHD astajei¸nkai th dhmiourg�a eswterik¸n fragm�twn metafor� (Internal Transport Barrier,(ITB)), all� kai sthn en�sqush tou poloeidoÔ magnhtikoÔ ped�ou. H prosomo�w-sh tètoiwn katast�sewn apaite� polÔ leptomer  perigraf  th kumatik  di�doshkai th aporrìfhsh (lìgw kuklotronikoÔ suntonismoÔ) sto anomoiogenè magnh-
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Sq ma 1.7: (a) To gurotrìnio, h kuriìterh di�taxh gia thn paragwg  uy�suqnh hle-ktromagnhtik  aktinobol�a, (b) Sqhmatik  anapar�stash peir�mato ana-klastometr�a (reflectometry) gia th mètrhsh th puknìthta sto pl�sma.tismèno pl�sma, kaj¸ e�nai anagka�a h akrib  prìbleyh tou apì pou ja per�seikai pou ja apoteje� h kumatik  enèrgeia. Lìgw th polÔplokh ex�rthsh thapìjesh isqÔo apì polloÔ par�gonte, p.q. to magnhtikì ped�o, th gewmetr�ath di�dosh tou kÔmato kai thn apìkrish tou pl�smato, mia realistik  melèthapaite� arijmhtik  antimet¸pish. Ta kÔmata pou qrhsimopoioÔntai e�nai se ìleti perioqè suqnot twn: Ion-Cyclotron (IC), Lower-Hybrid (LH) kai Electron-
Cyclotron (EC). Sta Kef. 3-5 th diatrib , ìpou melet¸ntai ta probl mata aut�apì diaforetikè skopiè, ja d¸soume perissìtere sqetikè leptomèreie.Mia �llh kathgor�a efarmog¸n èqei na k�nei me ta diagnwstik� pl�smato
(plasma diagnostics), ta opo�a e�nai peiramatikè diat�xei metr sew twn paramè-trwn tou pl�smato. DÔo e�nai oi kuriìtere teqnikè mètrhsh pou bas�zontai sehlektromagnhtik� kÔmata: H anaklastometr�a (reflectometry) kai h sumbolome-tr�a (interferometry). Sthn pr¸th, ekpèmpontai mikrokÔmata me tètoia suqnìthta¸ste na anaklastoÔn sto epijumhtì shme�o entì tou pl�smato (bl. Sq. 1.7(b)℄.O upologismì th jèsh twn strwm�twn an�klash bas�zetai sth sqèsh dia-spor�, opìte g�netai antilhptì pw to montèlo th apìkrish pl�smato e�naikajoristikì gia ta apotelèsmata. To pl�to kai h f�sh tou anakl¸menou kÔma-to sqet�zontai me th migadik  ant�stash tou pl�smato, h opo�a me th seir� thsundèetai me ti metroÔmene posìthte (puknìthta, magnhtikì ped�o). Apì thn�llh, h sumbolometr�a bas�zetai sth dhmiourg�a kai di�dosh enì sÔnjetou kÔma-to me thn upèrjesh dÔo   perissìterwn kum�twn. 'Otan to kÔma autì diad�detaisto pl�sma, oi diaforè twn sustatik¸n kum�twn, oi opo�e arqik� e�nai polÔ mi-krè, aux�nontai lìgw tou ìti to pl�sma e�nai dianèmon mèso. Apì ti diaforèsth f�sh twn kum�twn e�nai dunatì na upologiste� h puknìthta pl�smato.Tèlo, mia �llh perioq  ìpou ta hlektromagnhtik� kÔmata pa�zoun prwteÔontarìlo e�nai h paragwg  pl�smato apì laser. Ed¸ h isqÔ twn kum�twn e�nai tìso



40 1. Eisagwgikè ènnoiemeg�lh ¸ste h apìkrish tou pl�smato e�nai ìqi mìno mh grammik  all� kai sqe-tikistik , kaj¸ ta hlektrìnia kerd�zoun se k�je per�odo enèrgeie sugkr�simeme thn enèrgeia hrem�a. Epiprìsjeta, up�rqoun kai �llou e�dou mh grammikìth-te pou odhgoÔn sth dhmiourg�a kroustik¸n kum�twn (shock waves). En gènei toparagìmeno pl�sma den e�nai magnhtismèno, up�rqoun ìmw kai peript¸sei ìpoudhmiourge�tai magnhtikì ped�o lìgw th ep�drash tou kÔmato. Akìmh, oi baj-m�de metabol  twn qwrik¸n anomoiogenei¸n e�nai polÔ meg�le, me apotèlesmapollè forè h prosèggish th  pia anomoiogèneia pou anafèrame parap�nw namhn apotele� kal  perigraf . 'Ola aut� katadeiknÔoun ìti h perigraf  tou pl�-smato laser apaite� poluplokìtera montèla ap’ aut� pou qrhsimopoioÔntai giato jermopurhnikì pl�sma. Thn kÔria efarmog  twn parap�nw apotele� h adra-neiak  sÔnthxh (inertial fusion), ìpou g�netai prosp�jeia na epiteuqje� sÔnthxhbombard�zonta stìqou udrogìnou me isqur  aktinobol�a laser.



2. TO PLASMA UPO THN EPIDRASHHLEKTROMAGNHTIKWN KUMATWNSto parìn kef�laio epikentr¸noume sta qarakthristik� th ep�drash hle-ktromagnhtik¸n kum�twn sto pl�sma. To prìblhma autì sunant�tai se pollèparallagè, an�loga me th suqnìthta tou kÔmato kai thn puknìthta tou pl�sma-to. Sth diatrib  aut , ja asqolhjoÔme sugkekrimèna me thn ep�drash uy�suqnwnhlektromagnhtik¸n kum�twn se araiì magnhtismèno pl�sma, h opo�a br�skei efar-mog  sth melèth th ionìsfaira. H uyhl  suqnìthta, th t�xh megèjou thkuklotronik  suqnìthta hlektron�wn, kai h qamhl  puknìthta epitrèpoun thje¸rhsh tou pl�smato w sunìlou mh allhlepidr¸ntwn hlektron�wn. Se autìto pla�sio, to katallhlìtero ergale�o gia thn perigraf  e�nai h jewr�a Hamiltongia thn k�nhsh fort�wn se hlektromagnhtik� ped�a. Pèran th dunamik  th mhgrammik  allhlep�drash fort�ou-kÔmato, ta kuriìtera jèmata pro melèth e�-nai: (a) O statistikì qarakt ra th dÔnamh pou aske�tai sta hlektrìnia kaidiamorf¸nei ti troqiè tou, (b) H energeiak  kai qwrik  di�qush twn hlektro-n�wn egk�rsia sto magnhtikì ped�o, (g) H èntash kai to f�sma th aktinobol�a
cyclotron pou ekpèmpoun ta hlektrìnia upì thn ep�drash tou kumatikoÔ ped�ou.H dom  tou kefala�ou èqei w ex : Sthn Enìt. 2.1 parousi�zetai to genikìprìblhma th dunamik  fortismènwn swmatid�wn upì thn ep�drash hlektrosta-tik¸n/hlektromagnhtik¸n kum�twn, me èmfash sthn up�rqousa arjrograf�a kaista jèmata ìpou up�rqei an�gkh gia diereÔnhsh. Sthn Enìt. 2.2 analÔetai hallhlep�drash hlektron�wn kai hlektromagnhtik¸n kum�twn sto pla�sio th jew-r�a Hamilton, me kat�lhxh th diatÔpwsh twn kanonik¸n exis¸sewn k�nhsh. Taqarakthristik� th dunamik  twn hlektron�wn sto q¸ro f�sewn parousi�zontaisthn Enìt. 2.3, mèsw th apeikìnish Poincaré kai th sun�rthsh katanom taqut twn. Sthn Enìt. 2.4 kajor�zetai o statistikì qarakt ra th hlektro-magnhtik  dÔnamh Lorentz kai h an¸malh di�qush, en¸ sthn 2.5 melet�tai haktinobol�a cyclotron apì ta epitaqunìmena hlektrìnia. Tèlo, sthn Enìt. 2.6sunoy�zontai kai suzhtoÔntai ta sumper�smata th melèth.2.1 Genik� stoiqe�aH mh grammik  allhlep�drash fortismènwn swmatid�wn me hlektrostatik� kaihlektromagnhtik� kÔmata e�nai polÔ shmantikì fainìmeno, tìso gia to astrofu-sikì ìso kai gia to ergasthriakì pl�sma. To fusikì prìblhma èqei diereunhje�leptomer¸ ta teleuta�a tri�nta qrìnia, kai sthn enìthta aut  parousi�zoume takuriìtera apotelèsmata. Arqik�, melet jhke h allhlep�drash mh sqetikistik¸n



42 2. To pl�sma upì thn ep�drash hlektromagnhtik¸n kum�twniìntwn me hlektrostatik� kÔmata entì magnhtikoÔ ped�ou. Gia kÔmata me suqnì-thte kont� sthn iontik  kuklotronik  suqnìthta, h allhlep�drash katal gei seèntonh epit�qunsh twn iìntwn ìtan to pl�to tou kÔmato kai h arqik  enèrgeiatou iìnto èqoun timè p�nw apì èna kat¸fli. H k�nhsh twn iìntwn g�netai qaotik ,opìte h jèrmansh twn swmatid�wn lamb�nei q¸ra sth qaotik  perioq  tou fasikoÔq¸rou [Smith and Kaufman 1975, Fukuyama et al 1977, Karney and Bers 1977℄.H perioq  aut  e�nai fragmènh gewmetrik�, sunep¸ up�rqei èna ìrio sth mègi-sth enèrgeia pou mporoÔn na p�roun ta iìnta. O parap�nw mhqanismì parèqeimia ex ghsh gia th dhmiourg�a uperjermik¸n plhjusm¸n iìntwn (dhl. our¸n sthnkatanom  taqut twn) se peir�mata kuklotronik  jèrmansh pl�smato se toka-
mak [Gladkovskii et al 1974℄, all� kai gia sugkekrimène parathr sei kat� thnepit�qunsh iìntwn sthn ionìsfaira [Vago et al 1992℄.H melèth th mh grammik  allhlep�drash hlektron�wn kai iìntwn me poll�hlektrostatik� kÔmata (kumatopakèto) entì magnhtikoÔ ped�ou anèdeixe ìti e�naidunatì na èqoume allhlep�drash kai qwr� thn Ôparxh suntonismoÔ. To fainì-meno autì, gia kat�llhle timè twn paramètrwn tou pl�smato kai tou kumati-koÔ f�smato, mpore� na odhg sei se aperiìristh prìslhyh enèrgeia, anex�rthtaapì thn arqik  tim  th enèrgeia twn fort�wn [Benisti et al 1998℄. Epiplèon,èqei melethje� h epirro  twn sqetikistik¸n fainomènwn. Oi idiìthte tou fasi-koÔ q¸rou metab�llontai shmantik� ìtan oi sqetikistikè diorj¸sei lamb�nontaiupìyh stou upologismoÔ twn troqi¸n, kai h prìslhyh enèrgeia apì ta for-t�a emfan�zetai entonìterh [Shklyar 1981, Akimoto and Karimabadi 1987℄. Tasqetikistik� fainìmena endèqetai na e�nai polÔ shmantik� gia ta hlektrìnia, ìqiìmw tìso shmantik� gia ta iìnta. Gia par�deigma, to fainìmeno ìpou hlektrìniame polÔ qamhl  arqik  enèrgeia epitaqÔnontai shmantik� mpore� na prosomoiw-je� mìno sta pla�sia tou sqetikistikoÔ montèlou [Akimoto and Karimabadi 1987,
Karimabadi and Angelopoulos 1989℄.Ta hlektromagnhtik� kÔmata, k�tw apì orismène sunj ke, e�nai piì apotele-smatik� apì ta hlektrostatik� sthn epit�qunsh twn hlektron�wn. Se sqetikistikìmagnhtismèno pl�sma, o suntonismì th kuklotronik  suqnìthta me thn metato-pismènh kat� Doppler suqnìthta kÔmato odhge� se aperiìristh sumfasik  epit�-qunsh, efìson to kÔma diad�detai par�llhla me to magnhtikì ped�o kai o suntele-st  di�jlash e�nai kont� sto 1 [Roberts and Buchsbaum 1964, Woolley 1969℄.Parìmoia e�nai ta sumper�smata kai sthn per�ptwsh ìpou monoqrwmatik  aktino-bol�a (dhl. kÔma me mia mìno suqnìthta) diad�detai upì gwn�a sto magnhtikì pe-d�o [Villalon and Burke 1987, Menyuk et al 1988, Polymilis and Hizanidis 1993℄.'Otan h par�llhlh sunist¸sa th fasik  taqÔthta tou kÔmato e�nai megalÔ-terh apì thn taqÔthta tou fwtì sto kenì, o q¸ro f�sewn den e�nai perio-rismèno gewmetrik� kai e�nai efikt  h aperiìristh epit�qunsh twn hlektron�wn[Menyuk et al 1988℄, se ant�jesh me thn k�jeth di�dosh hlektrostatik¸n kum�-twn pou melet jhke apì tou Smith kai Kaufman [Smith and Kaufman 1975,
Fukuyama et al 1977℄, all� kai me th mh sqetikistik  prosèggish th allhlep�-drash [Polymilis and Hizanidis 1993℄, ìpou o q¸ro f�sewn e�nai fragmèno kaih epit�qunsh e�nai periorismènh.



2.1. Genik� stoiqe�a 43H allhlep�drash hlektron�wn me perissìtera apì èna hlektromagnhtik� kÔma-ta èqei melethje� tìso sto pla�sio th jewr�a Hamilton [Hizanidis 1989℄ ìso kaimèsw sumplektik¸n apeikon�sewn gia thn exèlixh twn troqi¸n sto q¸ro f�sewn[Lichtenberg et al 1986℄. Kai sti dÔo peript¸sei, anadeiknÔetai mia isquropo�h-sh tou mhqanismoÔ stoqastik  epit�qunsh se sqèsh me thn per�ptwsh tou enìkÔmato. Oi efarmogè twn parap�nw e�nai polÔ shmantikè gia th melèth thepit�qunsh fortismènwn swmatid�wn sthn ionìsfaira all� kai gia ta sÔgqro-na peir�mata jermopurhnik  sÔnthxh. Gia par�deigma, h jèrmansh pl�smatomèsw tou kuklotronikoÔ suntonismoÔ twn hlektron�wn, qrhsimopoi¸nta ènan  perissìterou kumatikoÔ rujmoÔ, e�nai ousiastikì sustatikì twn shmerin¸n pei-ramatik¸n suskeu¸n sÔnthxh (tokamaks, stellarators) [Gruber et al 2001℄.O rujmì metafor� twn swmatid�wn sto q¸ro f�sewn e�nai shmantik  par�me-tro gia thn exèlixh tou pl�smato, idia�tera gia to ergasthriakì pl�sma ìpou operiorismì th ol�sjhsh/di�qush twn swmatid�wn e�nai kajoristik  shmas�agia thn omal  leitourg�a twn antidrast rwn sÔnthxh. Sthn per�ptwsh ìpou h epi-t�qunsh e�nai stoqastik , ta fort�a ekteloÔn qaotikè troqiè, dhl. èqoume di�qu-sh [Smith and Kaufman 1975, Menyuk et al 1988℄. Se autì to pla�sio di�foremelète èdeixan ìti, gia èna pl jo peript¸sewn, plhroÔntai oi pro�pojèsei ¸steh ex�swsh di�qush Fokker-Planck (FP) na perigr�fei kal� thn exèlixh th sun�r-thsh katanom  twn hlektron�wn [Zaslavsky and Chirikov 1972, Chirikov 1979℄.To ìti h sun�rthsh katanom  d�netai ap’ thn ex�swsh FP den e�nai auja�rethupìjesh, all� prokÔptei an jewr soume thn ep�drash pou èqei h diataraq  (kÔ-ma) sto mh diataragmèno tm ma th katanom  twn hlektron�wn (gia perissìtereleptomèreie bl. [Brambilla 1998, Swanson 2003℄). H prosèggish aut  e�nai ènam�gma th grammik  upìjesh kai th pl rou mh grammik  antimet¸pish, gi’autì kai kale�tai hmigrammik  (quasilinear).H hmigrammik  jewr�a parèqei th dunatìthta exagwg  sumperasm�twn pè-ran th grammik  prosèggish qwr� na e�nai an�gkh na lujoÔn oi pl rei mhgrammikè exis¸sei, ìmw to eÔro isqÔo th e�nai kai autì periorismèno. Hallhlep�drash hlektron�wn-hlektromagnhtik¸n kum�twn èqei melethje� sto pla�-sio th ex�swsh FP sthn per�ptwsh monoqrwmatik  aktinobol�a pou diad�detaik�jeta sto magnhtikì ped�o [Farina et al 1993a, Farina et al 1993b℄   upì gwn�a[Hizanidis et al 1989, Farina et al 1994℄, all� kai sthn per�ptwsh diakritoÔ kuma-topakètou [Hizanidis 1989℄. 'Otan h an�lush g�netai sthn pl rh qaotik  perioq ,oi hmigrammikè problèyei sumfwnoÔn me ta arijmhtik� apotelèsmata ap’ ti tro-qiè [Farina et al 1993a℄, en¸ sthn per�ptwsh topik� qaotikoÔ fasikoÔ q¸rou oiapokl�sei e�nai shmantikè gia meg�lou qrìnou [Farina et al 1993b℄. 'Alle me-lète [Hizanidis 1989, Hizanidis et al 1989℄ èdeixan ìti h di�qush exel�ssetai setr�a st�dia me arket� diaforetikè qronikè kl�make, polÔ megalÔtere apì eke�-ne pou anafèrjhkan se prohgoÔmene melète [Smith and Kaufman 1975℄, kai hprosèggish FP den isqÔei plèon met� apì k�poio qrìno. Akìmh, se mh grammikèprosomoi¸sei pou èginan prìsfata, ta apotelèsmata de�qnoun ìti h apìklish mpo-re� na e�nai polÔ meg�lh gia paramètrou sqetikè me ta twrin� peir�mata sÔnthxh[Kamendje et al 2003, Kamendje et al 2005℄.



44 2. To pl�sma upì thn ep�drash hlektromagnhtik¸n kum�twnSe poll� �rjra ep�nw sto jèma (l.q. [Zaslavsky 1985, Kornienko et al 1991,
Chaikovsky and Zaslavsky 1991, Afanasiev et al 1991℄) anafèretai ìti h hmigram-mik  jewr�a den isqÔei lìgw th parous�a suntonismènwn periodik¸n troqi¸n(nhs�dwn) sto q¸ro f�sewn. Auto� oi sqhmatismo� prokaloÔn shmantikè meta-bolè th katanom  tou pl�smato sto q¸ro/qrìno, oi opo�e odhgoÔn se mhkanonik  di�qush. H met�bash se kanonik  di�qush sumba�nei mìno sthn isqu-r� qaotik  perioq . Se arketè dhmosieÔsei [Chaikovsky and Zaslavsky 1991,
Afanasiev et al 1991, Shlesinger et al 1993℄ diatup¸jhke h �poyh ìti h an¸malhdi�qush e�nai apotèlesma mia diadikas�a Lévy [Lévy 1937℄. Se sust mata ìpouup�rqei an¸malh di�qush, h exèlixh th mèsh tim  th apom�krunsh twn fort�wnapì thn arqik  jèsh e�nai [Shlesinger et al 1993, Zaslavsky et al 1993℄

〈
(r − r0)

2
〉
∝ tα, (2.1)ìpou α 6= 1 e�nai o ekjèth di�qush1 (gia α = 1 h di�qush e�nai kanonik ). Toe�do th an¸malh di�qush kajor�zetai ap’ ton ekjèth α: An α < 1 h exèlixh stoqrìno qarakthr�zetai san upodi�qush (sub-diffusion), en¸ an α > 1 èqoume uper-di�qush (super-diffusion). Apì polloÔ jewre�tai ìti h ex�swsh Fokker-Planck meklasmatikè parag¸gou (Fractional Fokker-Planck (FFP)) e�nai to katallhlìte-ro ergale�o gia th melèth dunamik¸n susthm�twn ìpou emfan�zetai an¸malh di�qu-sh [Zaslavsky 1994, Metzler et al 1998, Sokolov et al 2002, Chechkin et al 2002℄.'Ola ta parap�nw katadeiknÔoun ìti oi kin sei twn swmatid�wn kat� thn al-lhlep�drash kÔmato-fort�ou e�nai arket� piì polÔploke ap’ ìti k�poio ja per�-mene arqik�. Epikentr¸nonta sthn allhlep�drash sqetikistik¸n hlektron�wn mehlektromagnhtik� kÔmata uyhl  suqnìthta entì magnhtikoÔ ped�ou, parìti toprìblhma autì èqei melethje� diexodik� sto pareljìn (bl. parap�nw ti anafo-rè) up�rqei akìmh isqur  asumfwn�a sqetik� me to e�do kai ta qarakthristik�th di�qush twn swmatid�wn, all� kai arket� jèmata pou den èqoun diereunhje�ìpw p.q. ta qarakthristik� tou f�smato th aktinobol�a pou ekpèmpoun taepitaqunìmena hlektrìnia. Ta basik� erwt mata pou t�jentai e�nai dÔo: (a) Hqronik  exèlixh th metafor� twn swmatid�wn kat� th mh grammik  allhlep�dra-sh akolouje� kanonik    an¸malh di�qush; (b) H hmigrammik  prosèggish e�naiikan /epark  na perigr�yei thn exèlixh th sun�rthsh katanom ;2.2 Jewr�a Hamilton th allhlep�drash kÔmato-fort�ouSe aut  thn enìthta ja asqolhjoÔme me th jewr�a Hamilton kai ti kano-nikè exis¸sei gia th mh grammik  allhlep�drash sqetikistik¸n hlektron�wn meèna   perissìtera hlektromagnhtik� kÔmata entì omogenoÔ magnhtikoÔ ped�ou.Oi peript¸sei tou aploÔ kÔmato kai tou kumatopakètou parousi�zoun orismènediaforè sthn antimet¸pish. Ed¸ de ja anafèroume ìle ti sqetikè leptomè-reie (gi’ autì to z thma o anagn¸sth parapèmpetai sti ergasiè twn Polum�lh1 Το μισό του εκθέτη διάχυσης (δηλ. το α/2) συναντάται στη βιβλιογραφία (ειδικά στον τομέα

της ανάλυσης χρονοσειρών) και ως εκθέτης Hurst.



2.2. Jewr�a Hamilton th allhlep�drash kÔmato-fort�ou 45kai Qitzan�dh [Hizanidis 1989, Polymilis and Hizanidis 1993℄), all� ja parousi�-soume th genik  per�ptwsh tou kumatopakètou kai ap’ aut  ja sun�goume thnaploÔsterh per�ptwsh pou up�rqei èna mìno kÔma.To kumatopakèto apotele�tai apì N2 dexiìstrofa hlektromagnhtik� kÔmatame suqnìthte ωj ǫ [ω − ∆ω/2, ω + ∆ω/2] (j = 1, ..., N), dhl. me timè gÔrwapì mia kÔria suqnìthta ω, ta opo�a diad�dontai sto ep�pedo (x, z) upì gwn�a ϑwse sqèsh me to stajerì magnhtikì ped�o B0 = B0ẑ. To eÔro z¸nh ∆ω e�naimikrì kl�sma th kÔria suqnìthta ω, ta pl�th twn pleurik¸n kum�twn (dhl.twn kum�twn me thn el�qisth kai mègisth suqnìthta) e�nai kl�smata tou pl�tou
A0 tou kÔriou rujmoÔ, en¸ ta pl�th twn upolo�pwn kum�twn pa�rnoun timè poukatanèmontai an�mesa sta pl�th twn pleurik¸n me grammik  parembol . Gia thnallhlep�drash twn hlektron�wn me to kumatopakèto to bajmwtì dunamikì e�naimhdèn, en¸ to dianusmatikì dunamikì e�nai [Hizanidis 1989℄

A =

N∑

j=1

A0j(cosϑw sinϕjx̂ + cosϕjŷ − sinϑw sinϕj ẑ) + xB0ŷ, (2.2)ìpou A0j = E0j/ωj e�nai ta pl�th twn ìrwn tou dianusmatikoÔ dunamikoÔ (ekpe-frasmèna w pro ta ant�stoiqa pl�th twn hlektrik¸n ped�wn), ϕj = ωj(Nxjx +
Nzjz − ct)/c oi f�sei twn rujm¸n, Nj o de�kth di�jlash pou antistoiqe� sesuqnìthta ωj kai Nxj = Nj sinϑw, Nzj = Nj cosϑw e�nai o par�llhlo kai oegk�rsio de�kth di�jlash se sqèsh me to magnhtikì ped�o. Jewr¸nta to pe-rib�llon pl�sma yuqrì, gia ton upologismì tou de�kth di�jlash qrhsimopoioÔmeth sqèsh diaspor� gia kÔmata R apì ton P�n. 1.2

N2
j = 1 − ω2

pe

ωj (ωj − |ωce|)
.H prohgoÔmenh sqèsh den e�nai h akrib  sqèsh diaspor� gia thn per�ptwsh poumelet�me, dhlad  gia kÔmata diadidìmena upo gwn�a sto magnhtikì ped�o (gia thsugkekrimènh sqèsh bl. [Stix 1992℄), parìla aut� e�nai mia polÔ kal  prosèg-gish gia ti timè twn paramètrwn pou ja qrhsimopoihjoÔn se aut  th melèth[Menyuk et al 1988℄.Sto kartesianì sÔsthma suntetagmènwn, h morf  th sun�rthsh Lagrangegia th sqetikistik  k�nhsh hlektron�wn entì mikrokumatikoÔ ped�ou e�nai

L = −mec
2

(
1 − ẋ2 + ẏ2 + ż2

c2

)1/2

− |qe|(ẋAx + ẏAy + żAz). (2.3)O upologismì twn kanonik¸n orm¸n πi (χi = x, y, z) d�nei
πi =

∂L
∂χ̇i

= meχ̇i

(
1 − ẋ2 + ẏ2 + ż2

c2

)−1/2

− |qe|Ai, (2.4)2 Δεν πρέπει να συγχέονται τα σύμβολα που αντιστοιχούν σε δείκτες με τα σύμβολα που αντι-
στοιχούν σε μεγέθη (εδώ π.χ. ο συνολικός αριθμός ρυθμών N με το δείκτη διάθλασης N).



46 2. To pl�sma upì thn ep�drash hlektromagnhtik¸n kum�twnkai h morf  th sun�rthsh Hamilton prokÔptei
H = c

[
m2

ec
2 + (πx + |qe|Ax)

2 + (πy + |qe|Ay)
2 + (πz + |qe|Az)

2]1/2
,ìpou, gia eukol�a sthn anagn¸rish twn metablht¸n, qrhsimopoioÔme gia ti ormèkai to sumbolismì π1 = πx, π2 = πy, π3 = πz. Me qr sh th Ex. (2.2) gia tisunist¸se tou dianusmatikoÔ dunamikoÔ mporoÔme na broÔme th sugkekrimènh èk-frash th sun�rthsh Hamilton. Gia thn aploÔsterh ep�lush tou probl mato,kanonikopoioÔme thn H me mec

2, to qrìno me |ωce|−1, ti suntetagmène me c/|ωce|,ti kanonikè ormè me mec kai ta pl�th tou kÔmato me mec/|qe|, en¸ oi kanoni-kopoihmène f�sei e�nai ϕj = ωj(Nxjx+Nzjz− t). Akìmh, qrhsimopoioÔme ta �diasÔmbola gia ti fusikè kai ti kanonikopoihmène metablhtè. Se autì to pla�sio,h morf  th sun�rthsh Hamilton e�nai
H =


1 +

(
πx +

N∑

j=1

A0j cosϑw sinϕj

)2

+

(
πy + x+

N∑

j=1

A0j cosϕj

)2

+

(
πz −

N∑

j=1

A0j sin ϑw sinϕj

)2



1/2

. (2.5)Parathr ste ìti me b�sh thn Ex. (1.24) e�nai H = γ, dhl. h sun�rthsh Hamiltone�nai �sh me thn enèrgeia tou hlektron�ou. Epiplèon, h H den exart�tai rht� apìth suntetagmènh y, kai sunep¸ h suzug  orm  πy e�nai stajer� th k�nhsh.H sun�rthsh Hamilton th Ex. (2.5) e�nai qronik� exarthmènh, kaj¸ oi f�sei
ϕj e�nai sunart sei tou qrìnou. H melèth aplopoie�tai shmantik� an apaleife�o qrìno. Autì mpore� na g�nei me th bo jeia enì kanonikoÔ metasqhmatismoÔtÔpou 2 (bl. P�n. 1.1), me genn tria sun�rthsh [Hizanidis 1989℄

F2 = x′πx + y′πy +

N∑

j=1

(
z′ − t

Nzj

)
πzj, (2.6)ìpou w tonoÔmene sumbol�zontai oi palaiè metablhtè. H parap�nw genn triasun�rthsh d�nei ti sqèsei metasqhmatismoÔ

π′
x =

∂F2

∂x′
= πx, (2.7a)

x =
∂F2

∂πx
= x′, (2.7b)

π′
y =

∂F2

∂y′
= πy, (2.7g)

y =
∂F2

∂πy
= y′, (2.7d)



2.2. Jewr�a Hamilton th allhlep�drash kÔmato-fort�ou 47

π′
z =

∂F2

∂z′
= πz, (2.7e)

zj =
∂F2

∂πzj
= z′ − t

Nzj
, (2.7στ)

H = H′ +
∂F2

∂t
= γ −

N∑

j=1

πzj

Nzj
. (2.7z)Sthn teleuta�a sqèsh o par�gonta Lorentz èqei thn �dia majhmatik  èkfrash poue�qe kai sthn pali� sun�rthsh Hamilton, me th f�sh tou kÔmato ìmw na èqeit¸ra th morf  ϕj = ωj(Nxjx+Nzjz) (qwr� qronik  ex�rthsh).'Ustera ap’ to metasqhmatismì gia thn apaloif  tou qrìnou to sÔsthma g�netai

N + 2 bajm¸n eleujer�a, twn suntetagmènwn (x, y, zj). Autì kajist� th melèthtou sust mato arket� dÔskolh, lìgw tou meg�lou arijmoÔ kanonik¸n exis¸sewnpou antistoiqoÔn sth nèa sun�rthsh Hamilton. 'Omw, oi bajmo� eleujer�a e�naidunatì na meiwjoÔn se tèsseri me th bo jeia enì �llou kanonikoÔ metasqhmati-smoÔ, tÔpou 3. Or�zoume ti nèe suntetagmène za, zh par�llhla me to magnhtikìped�o kai th genn tria sun�rthsh tou metasqhmatismoÔ
F3 = za

N∑

j=1

(
1 − Nh

Nzj

)
πzj + zh

N∑

j=1

Nh

Nzj
πzj ,ìpou Nh e�nai o armonikì mèso twn par�llhlwn deikt¸n di�jlash Nzj. Oisqèsei tou metasqhmatismoÔ ìson afor� ton �xona z e�nai

zj = −∂F3

∂πz

= za

(
1 − Nh

Nzj

)
+ zh

Nh

Nzj

,

πa = −∂F3

∂za

=
N∑

j=1

(
1 − Nh

Nzj

)
πzj ,

πh = −∂F3

∂zh

= Nh

N∑

j=1

πzj

Nzj

,kai prokÔptei h nèa sun�rthsh Hamilton [Hizanidis 1989℄
H = γ − πh

Nh
, (2.8)ìpou o par�gonta Lorentz d�netai apì th sqèsh

γ =


1 +

(
πx + cos ϑw

N∑

j=1

A0j
sinϕj

)2

+

(
πy + x+

N∑

j=1

A0j cosϕj

)2

+

(
πa + πh − sinϑw

N∑

j=1

A0j sinϕj

)2



1/2

, (2.9)



48 2. To pl�sma upì thn ep�drash hlektromagnhtik¸n kum�twnkai h f�sh tou k�je rujmoÔ e�nai
ϕj = ωj [Nxjx+ (Nzj −Nh) za +Nhzh] . (2.10)Oi nèe kanonikè metablhtè tou sÔsthmato e�nai oi x, y, za, zh, πx, πy, πa, πh.Apì ton parap�nw formalismì mporoÔme na upolog�soume ti kanonikè exi-s¸sei k�nhsh twn hlektron�wn me to gnwstì trìpo (bl. Upoen. 1.2.1). Tiparajètoume se kanonikopoihmènh morf 
dx

dt
=
∂H
∂πx

=
πx + cos ϑw

∑N
j=1A0j sinϕj

γ
, (2.11a)

dy

dt
=
∂H
∂πy

=
πy + x+

∑N
j=1A0j cosϕj

γ
, (2.11b)

dza

dt
=
∂H
∂πa

=
πa − sinϑw

∑N
j=1A0j sinϕj

γ
, (2.11g)

dzh

dt
=
∂H
∂πz

=
πh − sinϑw

∑N
j=1A0j sinϕj

γ
− 1

Nh

, (2.11d)
dπx

dt
= −∂H

∂x
=

1

γ

{
(πy + x)

(
N∑

j=1

NxjωjA0j sinϕj − 1

)
−

N∑

j=1

A0j cosϕj

+ [(πa + πh) sinϑw − πx cos ϑw]
N∑

j=1

NxjωjA0j cosϕj

}
, (2.11e)

dπy

dt
= −∂H

∂y
= 0, (2.11στ)

dπa

dt
= −∂H

∂za

=
1

γ

{
(πy + x)

N∑

j=1

(Nzj −Nh)ωjA0j sinϕj + [(πa + πh) sinϑw

−πx cosϑw]

N∑

j=1

(Nzj −Nh)ωjA0j cosϕj

}
, (2.11z)

dπz

dt
= −∂H

∂zh

=
1

γ

{
(πy + x)

N∑

j=1

NhωjA0j sinϕj + [(πa + πh) sinϑw

−πx cosϑw]

N∑

j=1

NhωjA0j cosϕj

}
. (2.11h)



2.3. Dunamik  tou q¸rou f�sewn 49H jewr�a Hamilton gia monoqrwmatikì kÔma (N = 1) mpore� na sqhmatiste�me b�sh ìti parousi�same parap�nw. S’ aut  thn per�ptwsh to sÔsthma e�naiaploÔstero: Oi bajmo� eleujer�a met� thn apaloif  tou qrìnou e�nai trei, oikartesianè suntetagmène x, y, z me thn y na e�nai agno simh, kai de qrei�zetaimetasqhmatismì gia na meiwjoÔn oi diast�sei tou sust mato. H sun�rthsh
Hamilton mpore� na breje� afoÔ jèsoume za = pa = 0, zh = z, ph = pz kai
Nh = Nz sti Ex. (2.8), (2.9) kai (2.10), opìte ϕ = ω(Nxx+Nzz) kai

H =
[
1 + (πx + A0 cosϑw sinϕ)2 + (πy + x+ A0 cosϕ)2

+ (πz −A0 sin ϑw sinϕ)2]1/2 − πz

Nz

,kai oi kanonikè exis¸sei upolog�zontai me th gnwst  diadikas�a.2.3 Dunamik  tou q¸rou f�sewnOi kuriìteroi stìqoi th melèth th dunamik  twn hlektron�wn kat� thnallhlep�drash me hlektromagnhtikì kÔma e�nai: (a) H sqhmatik  apeikìnish kaih perigraf  tou q¸rou f�sewn, (b) O upologismì th exèlixh th sun�rthshkatanom  twn hlektron�wn (eidik� gia meg�lou qrìnou). O q¸ro f�sewn tousugkekrimènou sust mato e�nai tri¸n diast�sewn, kai se tètoie peript¸sei hapeikìnish g�netai mèsw epifanei¸n tom  Poincaré. Me autì ton trìpo e�nai du-natì na entopistoÔn eÔkola oi perioqè ìpou up�rqei org�nwsh  /kai q�o, dhl.ousiastik� na g�nei mia ”qartogr�fhsh” tou q¸rou f�sewn.Sti arijmhtikè prosomoi¸sei, tìso sthn paroÔsa ìso kai sti epìmeneenìthte, h epilog  gia ti timè twn paramètrwn e�nai h akìloujh: To magnhtikìped�o e�nai B0 = 3.5 · 10−5T, pou antistoiqe� se kuklotronik  suqnìthta ωce =
1.96πMHz, en¸ h puknìthta pl�smato e�nai ne = 102cm−3, opìte h suqnìthtapl�smato e�nai ωpe = 0.564MHz. Praktik�, oi timè autè antistoiqoÔn sthnionìsfaira se Ôyo per�pou 130km. H kÔria suqnìthta tou kumatopakètou e�nai
ω = 6πMHz, sto tm ma tou f�smato twn radiokum�twn, kai to eÔro z¸nhe�nai ∆ω = 0.12πMHz, to opo�o analoge� se 2% th kÔria suqnìthta. H gwn�adi�dosh, ektì an dhlwje� diaforetik , e�nai ϑw = 40o. Oi kanonikè exis¸seik�nhsh oloklhr¸nontai arijmhtik� me ènan algìrijmo Runge-Kutta 4ης t�xh[Press et al 1993℄. H akr�beia elègqetai mèsw tou sf�lmato ston upologismìth stajer  sun�rthsh Hamilton, to opo�o brèjhke na e�nai th t�xh tou 10−8.Sto sugkekrimèno sÔsthma, to posostì twn qaotik¸n troq�wn arq�zei na g�-netai shmantikì gia pl�th megalÔtera apì mia kr�simh tim  A0c, h opo�a exart�taiap’ th suqnìthta kÔmato kai th gwn�a di�dosh [Polymilis and Hizanidis 1993℄.H tim  A0c mpore� na breje� topik� me b�sh to ìti gia A0 > A0c ta hlektrìnia arq�-zoun na epitaqÔnontai shmantik�. Sto Sq. 2.1 d�netai h mèsh enèrgeia enì arqik�monoenergeiakoÔ plhjusmoÔ 1000 hlektron�wn san sun�rthsh tou pl�tou A0,tìso gia allhlep�drash me èna kÔma ìso kai me kumatopakèto N = 3, 5 rujm¸n.
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Sq ma 2.1: Mèsh enèrgeia 〈γ〉 enì arqik� monoenergeiakoÔ plhjusmoÔ hlektron�wn(γ0 = 2.5) san sun�rthsh tou pl�tou kÔmato A0 gia N = 1, 3, 5.H arqik  enèrgeia tou de�gmato e�nai γ0 = 2.5 (1.279MeV), kai h allhlep�drashdiarke� t = 3000 (0.48ms). H enèrgeia paramènei per�pou stajer  gia mikr� pl�th,¸spou mia apìtomh aÔxhsh sumba�nei kont� sthn tim  A0c = 0.035 gia N = 1,
A0c = 0.025 gia N = 3 kai A0c = 0.01 gia N = 5. H emf�nish tou q�ou stosÔsthma èrqetai me parìmoio trìpo san sun�rthsh th gwn�a di�dosh.2.3.1 Epif�neie tom  PoincaréSta dunamik� sust mata poll¸n bajm¸n eleujer�a up�rqei adunam�a na èqou-me kal  epopte�a tou q¸rou f�sewn, kaj¸ oi diast�sei tou e�nai perissìtereapì trei. Prob�lonta to q¸ro f�sewn se opoiod pote ep�pedo up�rqei meg�-lh pijanìthta na qaje�   na alloiwje� h diajèsimh plhrofor�a, kaj¸ oi pro-bolè de diathroÔn basikè idiìthte tou q¸rou f�sewn, ìpw p.q. to ìti oifasikè kampÔle den tèmnontai metaxÔ tou. H piì axiìpisth mèjodo e�nai nalhfje� mia tom  tou q¸rou f�sewn ep� enì kat�llhla epilegmènou epipèdou pousqhmat�zetai apì suzuge� metablhtè. H epif�neia pou prokÔptei me autì tontrìpo onom�zetai epif�neia tom  Poincaré (Poincaré surface of section (PSS))[Poincaré 1957, Lichtenberg and Lieberman 1992℄. To krit rio gia thn epilog tou epipèdou e�nai autì na tèmnetai apì ìso to dunatì perissìtere fasikè tro-qiè, ètsi ¸ste na sullègetai sthn epif�neia tom  h mègisth dunat  plhrofor�a.Gi’ autì to lìgo, kat� thn epilog  lamb�noume upìyh eidik� qarakthristik� tousust mato ìpw l.q. periodikìthte   summetr�e.Anaparist�me th diadikas�a aut  gia sÔsthma dÔo bajm¸n eleujer�a sto Sq.2.2(a), ìpou fa�nontai tèssera diadoqik� shme�a tom  mia fasik  troqi�. Tashme�a tom  Σj lamb�nontai k�je for� pou h troqi� tèmnei to ep�pedo y = 0 me thn
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Sq ma 2.2: (a) Sqhmatik  anapar�stash th diadikas�a l yh shme�wn tom  Poincarése sÔsthma dÔo bajm¸n eleujer�a, (b) Tupik  eikìna (sketch) tou q¸rouf�sewn enì dunamikoÔ sust mato.�dia for� ro . Majhmatik�, h diadikas�a aut  e�nai ant�stoiqh me èna diaforomor-fismì Σj = g(Σj−1, tj), mèsw tou opo�ou h k�nhsh diakritopoie�tai sthn apeikìnishtou shme�ou tom  Σj−1 sto Σj (tj o qrìno k�nhsh metaxÔ twn dÔo shme�wn). Odiaforomorfismì autì e�nai gnwstì san apeikìnish Poincaré (Poincaré map)[Poincaré 1957℄. Me autì ton trìpo, h qronik  exèlixh mia troqi� sqhmat�zeip�nw sthn epif�neia tom  mia monos manth allhlouq�a shme�wn. E�nai eunìhtoìti (a) mia periodik  troqi� antistoiqe� se èna sÔnolo stajer¸n shme�wn, (b) miahmiperiodik  troqi� sqhmat�zei mia kleist , suneq  kampÔlh, (g) mia qaotik  troqi�antistoiqe� se tuqa�a katanemhmèna shme�a. Kaj¸ ìla ta parap�nw e�dh troqi¸nsun jw sunup�rqoun sto q¸ro f�sewn enì dunamikoÔ sust mato, e�nai logikìkai oi morfolog�e pou perigr�yame na sunant¸ntai sthn �dia epif�neia tom . Miatupik  eikìna gia èna diathrhtikì sÔsthma dÔo bajm¸n eleujer�a fa�netai sto Sq.2.2(b). Sthn per�ptwsh aut , lìgw th diat rhsh th enèrgeia, o q¸ro f�sewne�nai tri¸n diast�sewn kai h epif�neia tom  e�nai 2-di�stath.H allhlep�drash hlektron�wn me hlektromagnhtikì kÔma antistoiqe� se duna-mikì sÔsthma dÔo bajm¸n eleujer�a (h suntetagmènh y e�nai kuklik ) me stajer sun�rthsh Hamilton, kai sunep¸ o q¸ro f�sewn mpore� na apeikoniste� stidÔo diast�sei qrhsimopoi¸nta tomè Poincaré. Sto Sq. 2.3 parousi�zoume thnepif�neia tom  gia pl�to kÔmato (a) A0 = 0.5, (b) A0 = 0.05. Gia na sqh-mat�soume ti epif�neie tom , upolog�zoume arijmhtik� ti troqiè enì arijmoÔhlektron�wn (20− 50) me tuqa�e arqikè sunj ke gia qrìnou t = 2000− 3000.Sto sugkekrimèno prìblhma, lìgw tou ìti h k�nhsh twn hlektron�wn den e�naiperiorismènh sto q¸ro all� aut� diafeÔgoun kat� m ko tou magnhtikoÔ ped�ou,exait�a th par�llhlh sunist¸sa tou hlektrikoÔ ped�ou Ez, h katallhlìterhepilog  e�nai to ep�pedo tom  na akolouje� thn k�nhsh twn hlektron�wn. 'Etsi, tashme�a tom  lamb�nontai ”stroboskopik�” (dhl. epanalhptik�) k�je for� pou oìro f�sh ωNzz e�nai pollapl�sio tou 2π me thn �dia for� k�nhsh ż < 0.
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-3 -2 -1  0  1  2  3Sq ma 2.3: Ep�pedo tom  Poincaré (χ, πχ) gia thn allhlep�drash hlektron�ou-kÔmato,gia pl�to kÔmato (a) A0 = 0.5, (b) A0 = 0.05.Ap’ to Sq. 2.3(a) blèpoume ìti gia pl�to A0 = 0.5 h qaotik  perioq  touq¸rou f�sewn e�nai polÔ megalÔterh apì thn ant�stoiqh organwmènh (e�nai oi klei-stè kampÔle gÔrw ap’ thn arq  twn axìnwn). 'Oso kateba�noume se mikrìteropl�to, o fasikì q¸ro moi�zei ìlo kai perissìtero me èna polÔploko m�gmaorganwmènh kai qaotik  sumperifor� (bl. Sq. 2.3(b)). Mèsa sth qaotik  pe-rioq , up�rqei èna meg�lo arijmì apì nhs�de se pollè diaforetikè kl�makemegèjou. Oi sqhmatismo� auto� e�nai apotèlesma tou suntonismoÔ th peristro-f  twn hlektron�wn gÔrw ap’ to magnhtikì ped�o me thn kumatik  tal�ntwsh,kai antistoiqoÔn se eustaje� periodikè troqiè. Autì shma�nei ìti k�poia apìta hlektrìnia pou ja brejoÔn sthn perioq  eke�nh tou q¸rou f�sewn endèqetaina pagideutoÔn se troqiè gÔrw ap’ to magnhtikì ped�o. 'Etsi, ektì apì ti ka-jar� organwmène kai ti kajar� qaotikè troqiè, up�rqoun kai piì polÔploketroqiè pou e�nai sunduasmì peristrof  kai di�qush.2.3.2 Katanom  enèrgeia twn hlektron�wnH sun�rthsh katanom  th enèrgeia twn hlektron�wn parèqei shmantikèplhrofor�e gia th dunamik  twn hlektron�wn qwr� na apaite�tai h an�lush twnleptomerei¸n twn troqi¸n (bl. Upoen. 1.2.3). 'Opw anafèrame kai sthn Enìt.2.1, se sust mata ìpou h di�qush sto q¸ro f�sewn e�nai to kur�arqo fainìmeno,h sun�rthsh katanom  (  swstìtera ”sun�rthsh puknìthta pijanìthta”) mpo-re� na antistoiqhje� me th lÔsh mia ex�swsh FP. 'Otan ìmw o q¸ro f�sewnèqei thn eikìna tou Sq. 2.3(b), dhl. ta dunamik� qarakthristik� twn kin sewne�nai an�mikta organwmèna kai qaotik�, o apeuje�a upologismì th sun�rthshkatanom  apaite� thn ep�lush mia ex�swsh FFP   twn ant�stoiqwn oloklhrw-tik¸n exis¸sewn (integral equations), oi opo�e e�nai arket� uyhl  duskol�a.
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Sq ma 2.4: (a) Sun�rthsh katanom  enèrgeia, (b) Hlektrikì reÔma san sun�rthsh touqrìnou, gia thn allhlep�drash hlektron�wn arqik  enèrgeia γ0 = 2.5 me
N = 1, 5 hlektromagnhtik� kÔmata pl�tou A0 = 0.1.'Emmesa, h sun�rthsh katanom  enì megèjou e�nai dunatì na upologiste� mèswth arijmhtik  olokl rwsh twn troqi¸n enì kat�llhla epilegmènou statisti-koÔ de�gmato hlektron�wn kai thn taxinìmhsh (binning) twn apotelesm�twn sekajorismèna diast mata (kl�sei) tou megèjou.Akolouj same aut  thn odì kai parousi�zoume ta apotelèsmata. Sto Sq.2.4(a) fa�netai h sun�rthsh katanom  th enèrgeia twn hlektron�wn f(γ) met�thn allhlep�drash me aplì kÔma (N = 1) kai me kumatopakèto N = 5 rujm¸n.O upologismì pragmatopoi jhke me b�sh de�gma 10000 hlektron�wn th �diaarqik  enèrgeia γ0 = 2.5, opìte h arqik  sun�rthsh katanom  e�nai f(γ, t =

0) = δ(γ − γ0). To pl�to kÔmato e�nai A0 = 0.1, en¸ h allhlep�drash diarke�
t = 3000. Kai sti dÔo peript¸sei, h morf  th katanom  faner¸nei thn Ôparxhan¸malh di�qush sto sÔsthma. Me mia pr¸th mati�, o arijmì twn hlektron�wnsthn our� th katanom  (dhl. sti uyhlè enèrgeie) e�nai arket� megalÔtero ap’ìti problèpei h hmigrammik  jewr�a mèsw th ex�swsh FP. H leptomer  sÔgkrishth sun�rthsh katanom  apì pl rei mh grammikoÔ upologismoÔ me th lÔshth ex�swsh FP xefeÔgei apì ta ìria th diatrib  aut , all� èqei melethje� seprìsfate ergas�e [Kamendje et al 2003℄.Sto Sq. 2.4(b) apeikon�zetai h qronik  exèlixh tou hlektrikoÔ reÔmato ι =
|qe| 〈v〉 (rop  1ης t�xh th sun�rthsh katanom ) pou dhmiourge�tai ap’ ti kin -sei twn hlektron�wn. Sto sq ma autì, oi timè tou reÔmato e�nai kanonikopoi-hmène w pro to arqikì reÔma ι0 = |qe|v0. Kai sti dÔo peript¸sei to reÔmaaux�netai sthn arq  me èntono rujmì, o opo�o sth sunèqeia mei¸netai shmantik�.Parathr ste ìti h epit�qunsh twn hlektron�wn g�netai piì èntonh ìso aux�netai oarijmì twn kumatik¸n rujm¸nN . Autì fa�netai kai sto 2.4(a), ìpou h sun�rthshkatanom  gia N = 5 e�nai piì ”aplwmènh” ap’ ìti gia N = 1.



54 2. To pl�sma upì thn ep�drash hlektromagnhtik¸n kum�twn2.4 An¸malh di�qushH melèth th morfolog�a tou q¸rou f�sewn kai th sun�rthsh katanom ,h opo�a ma apasqìlhse sthn prohgoÔmenh enìthta, d�nei m�a pr¸th èndeixh gia takÔria poiotik� qarakthristik� twn kin sewn twn hlektron�wn. Mia deÔterh èndeixhgia to e�do th di�qush mpore� na èrjei apì th melèth twn qarakthristik¸n thdÔnamh Lorentz. En gènei, se dunamik� sust mata ìpou èna mèro twn troqi¸ne�nai qaotikè, oi timè twn dun�mewn pou askoÔntai sta swmat�dia akoloujoÔnk�poia statistik  katanom . H katanom  aut  sundèetai �mesa,   piì swst�kajor�zei to e�do th di�qush twn swmatid�wn.O kajorismì tou e�dou th di�qush apaite� ton upologismì tou ekjèth αpou emfan�zetai sthn Ex. (2.1). Se sust mata ìpou to q�o e�nai suntriptik� hkur�arqh sumperifor�, h k�nhsh moi�zei arket� me ton tuqa�o bhmatismì (random
walk) th k�nhsh Brown. Se autè ti peript¸sei, h sun�rthsh katanom  twntuqa�wn dun�mewn e�nai Gaussian kai h mèsh tim  tou tetrag¸nou th apom�krun-sh e�nai an�logh tou qrìnou (per�ptwsh α = 1). 'Omw, ìpw e�pame kai sthnEnìt. 2.1, up�rqoun pollè �lle peript¸sei ìpou oi dun�mei den èqoun tìsoapl  statistik  kai h di�qush e�nai an¸malh. Mia tètoia per�ptwsh e�nai en gè-nei kai h allhlep�drash fort�ou-kÔmato, ìpou oi suntonismo� sto q¸ro f�sewnperiplèkoun ti statistikè idiìthte twn kin sewn twn fort�wn.2.4.1 Statistikì qarakt ra th dÔnamh LorentzH ex�swsh k�nhsh gia èna hlektrìnio upì thn ep�drash hlektromagnhtik¸nkum�twn entì magnhtikoÔ ped�ou prokÔptei me b�sh ti Ex. (1.9), (1.13)

d(γmev)

dt
= −|qe| {E1(r, t) + v × [B0(r, t) + B1(r, t)]} , (2.12)ìpou E1(r, t) = −∂A(r, t)/∂t kai B1(r, t) = ∇ × A(r, t) to sunolikì hlektrikìkai magnhtikì ped�o twn hlektromagnhtik¸n kum�twn. Ta ped�a aut� kajor�zounkai th dÔnamh Lorentz pou aske�tai sta hlektrìnia

F = −|qe| [E1(r, t) + v ×B1(r, t)] . (2.13)H dÔnamh Lorentz èqei thn idiomorf�a ìti exart�tai, mèsw th taqÔthta, apìthn �dia thn k�nhsh. Sthn per�ptwsh pou h troqi� e�nai qaotik , h dÔnamh apo-kt� èna statistikì qarakt ra, k�ti pou epitrèpei mia piì apl , fainomenologik prosèggish sto pla�sio th ex�swsh Langevin (bl. [Reif 1965℄). Se di�fora�rjra èqei melethje� h k�nhsh magnhtismènwn iìntwn upì thn ep�drash dun�mewnpou akoloujoÔn k�poia statistik . Upì thn ep�drash dÔnamh pou aske�tai setuqa�ou qrìnou kai dieujÔnsei, apous�a trib¸n, h k�nhsh e�nai upèrjesh tuqa�-ou bhmatismoÔ kai kuklotronik  peristrof , kai h sun�rthsh katanom , ìtano arijmì twn epidr�sewn th dÔnamh e�nai polÔ meg�lo, perigr�fetai kal� apìthn ex�swsh FP [Newman and Newman 1991℄. Sthn [Carreras et al 2001℄, ìpou
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Sq ma 2.5: Sun�rthsh katanom  f(F⊥) th sunist¸sa th dÔnamh Lorentz k�jetasto magnhtikì ped�o gia A0 = 0.1 kai (a) N = 1, (b) N = 5.melet�tai h k�nhsh se èna turb¸de hlektrostatikì ped�o, f�nhke ìti h di�qushe�nai an¸malh kai h ex�swsh FFP e�nai apara�thth gia thn perigraf  th katano-m . Sthn [Chechkin et al 2002℄ melet�tai èna hlektrikì ped�o me non-Gaussianstatistik  kai epilÔetai h ant�stoiqh ex�swsh FFP. H kat�stash isorrop�a e�nai
non-Maxwellian kai oi apomakrÔnsei twn iìntwn upodeiknÔoun uperdi�qush. 'Enaparìmoio ped�o me autì th [Carreras et al 2001℄ melet jhke apì tou Carbone et
al [Carbone et al 2003℄. Ektì apì thn an¸malh di�qush, brèjhke ìti lìgw thtuqaiìthta twn f�sewn tou turb¸dou ped�ou e�nai dunatì na dhmiourghje� ènafr�gma metafor� (transport barrier), dhl. el�ttwsh tou ekjèth di�qush.'Opw fa�netai kai ap’ thn Ex (2.13), h dÔnamh Lorentz exart�tai (mèsw twnped�wn) ap’ ti suntetagmène kat� m ko th troqi�. Sto Sq. 2.5 de�qnoume thnkatanom  tim¸n th sunist¸sa th dÔnamh k�jeta sto magnhtikì ped�o, h opo�ae�nai kai ”upeÔjunh” gia th di�qush twn hlektron�wn, gia thn per�ptwsh A0 = 1kai (a) N = 1, (b) N = 5. H katanom  aut  sqhmat�zetai me b�sh de�gma 10000hlektron�wn, ìpou upolog�zontai kai akoloÔjw taxinomoÔntai oi timè th F⊥ giak�je hlektrìnio. Oi arqikè sunj ke lamb�nontai entì th qaotik  perioq tou fasikoÔ q¸rou, kai oi troqiè twn hlektron�wn upolog�zontai w th qronik stigm  t = 3000. H dÔnamh fa�netai na akolouje� mia statistik , h apìklish thopo�a apì thn kanonik  katanom  e�nai emfan  (polÔ piì èntona sth deÔterhper�ptwsh). Ta hlektrìnia emfan�zoun mia prot�mhsh na br�skontai se perioqèìpou h egk�rsia dÔnamh e�nai mikr , eidik� sth deÔterh per�ptwsh.H ep�drash th sugkekrimènh statistik  pou akolouje� h dÔnamh F⊥ stitroqiè twn hlektron�wn mpore� na prosdioriste� mèsw th melèth th k�nhsh toukèntrou-odhgoÔ. Se mia prosèggish ”1ης t�xh”, gia timè tou pl�tou kÔmatoarket� mikrè ¸ste na ikanopoie�tai h sunj kh B1 < B0, mpore� na agnohje� hsuneisfor� tou magnhtikoÔ ped�ou tou kÔmato kai na melet soume mia piì apl 
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Sq ma 2.6: H troqi� tou kèntrou-odhgoÔ th peristrof  upì thn ep�drash th dÔnamhol�sjhsh E1⊥ × B0 gia A0 = 0.1 kai (a) N = 1, (b) N = 5.èkdosh th Ex. (2.12) gia thn k�nhsh k�jeta sto magnhtikì ped�o
d(γmev⊥)

dt
= −|qe| (E1⊥ + v⊥ ×B0) . (2.14)Se analog�a me thn perigraf  th ol�sjhsh tÔpou E × B (bl. Upoen. 1.2.1,kai gia perissìtere leptomèreie to bibl�o [Bl�qo 2000℄), b�sei th Ex. (2.14)mpore� na oriste� mia sqetikistik  taqÔthta ol�sjhsh gia to kèntro-odhgì

vD =
E1⊥ ×B0

γB2
0

. (2.15)Sto Sq. 2.6 fa�netai h troqi� tou kèntrou-odhgoÔ Ôstera apì t = 1000 k�tw apìthn ep�drash th dÔnamh ol�sjhsh E1⊥ × B0, gia A0 = 0.1 (B1/B0 ≈ 0.3) kai(a) N = 1, (b) N = 5. ParathroÔme ìti h k�nhsh tou kèntrou-odhgoÔ sun�stataise ”�lmata” an�mesa se jèsei ìpou paramènei pagideumèno gia meg�lou qrìnou.Oi enallagè autè sthn k�nhsh e�nai endeiktikì th non-Gaussian statistik  pouanafèrjhke parap�nw. Na shmei¸soume ìti ta apotelèsmata prokÔptoun poiotik�ta �dia akìmh kai an to B1 e�nai arket� meg�lo ¸ste na prèpei na sumperilhfje�ston orismì th vD.2.4.2 Upologismì tou ekjèth di�qushO upologismì tou ekjèth di�qush akolouje� ta ex  b mata: (a) Oloklh-r¸noume arijmhtik� ti troqiè 10000 hlektron�wn me thn �dia arqik  enèrgeia
γ0 = 2.5 kai arqikè sunj ke pou epilègontai tuqa�a, (b) Apì ta dedomènatwn troqi¸n, upolog�zoume ti mèse tetragwnikè diakum�nsei th enèrgeia
〈(γ − γ0)

2〉 kai th jèsh sto ep�pedo xy 〈(r⊥ − r0⊥)2〉, (g) Sto tm ma tou gra-f mato ln 〈(γ − γ0)
2〉 = g(t) pou e�nai eujÔgrammo, upolog�zoume ton ekjèth
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Sq ma 2.7: (a) H posìthta ln
〈
(γ − γ0)

2
〉 san sun�rthsh tou ln t gia N = 1 (A0 =

0.1, 0.5) kai N = 5 (A0 = 0.5), (b) H posìthta ln
〈
(r⊥ − r0⊥)2

〉 san sun�r-thsh tou ln t gia ti �die timè twn N , A0 me to (a).di�qush αγ apì thn kl�sh tou graf mato, (d) Epanalamb�noume to b ma (g) giaton upologismì tou ekjèth di�qush αr gia to di�nusma jèsh. 'Olh h diadikas�a,eidikìtera ta b mata (g) kai (d), bas�zontai sti sqèsei
ln
〈
(γ − γ0)

2
〉
∝ αγ ln t, (2.16a)

ln
〈
(r⊥ − r0⊥)2

〉
∝ αr ln t, (2.16b)oi opo�e prokÔptoun me logar�jmhsh th Ex. (2.1) kai th ant�stoiqh sqèshgia th qronik  exèlixh th diakÔmansh th enèrgeia. Basik  pro�pìjesh gia thnaxiopist�a twn upologism¸n e�nai kai h statistik  tuqaiìthta tou de�gmato twnhlektron�wn. Autì e�nai kai o lìgo pou h epilog  twn arqik¸n sunj kwn denprèpei na emperièqei kanèna �llo susqetismì ektì apì ìpoiou epib�llontai apìth fusik  tou probl mato (p.q. stajerè th k�nhsh).Sto Sq. 2.7(a) fa�netai h posìthta ln 〈(γ − γ0)

2〉 san sun�rthsh tou ln t gia
N = 1 (A0 = 0.1, 0.5) kai N = 5 (A0 = 0.5). Se ìle ti peript¸sei, oi logarij-mikè kampÔle g�nontai sqedìn eujÔgramme Ôstera apì k�poio qarakthristikìqrìno, o opo�o e�nai sun�rthsh tou pl�tou kÔmato. Autì shma�nei ìti, entè-lei, oi mèse timè apoktoÔn qronik  ex�rthsh nìmou dÔnamh (power law). Giata mikrìtera pl�th (p.q. A0 = 0.1), o qrìno pou qrei�zetai gia na edraiwje� hex�rthsh nìmou dÔnamh e�nai megalÔtero, diìti o q¸ro f�sewn e�nai perissìte-ro anomoiogen  dunamik�. Parìla aut�, h grammik  klim�kwsh sto logarijmikìep�pedo suneq�zei na up�rqei, èstw kai an emfan�zetai met� apì arketì qrìno. HaÔxhsh twn kumatik¸n rujm¸n prokale� en gènei piì èntonh epit�qunsh twn hle-ktron�wn, ìmw o qrìno pou apaite�tai gia na edraiwjoÔn oi nìmoi dÔnamh dene�nai p�ntote mikrìtero, ìpw fa�netai p.q. gia N = 5. 'Ena lìgo e�nai ìti h
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Sq ma 2.8: Ekjète di�qush αγ kai αr san sun�rthsh tou pl�tou kÔmato A0 gia (a)aplì kÔma (N = 1), (b) kumatopakèto N = 5 rujm¸n.parous�a poll¸n rujm¸n mpore� na epifèrei shmantikè allagè sto fasikì q¸ro:Nèe nhs�de mpore� na gennhjoÔn   up�rqouse mpore� na exafanistoÔn, kai dene�nai eÔkolo na g�nei prìbleyh poÔ kai pìte mpore� autì na sumbe�. H exèlixh thposìthta 〈(r⊥ − r0⊥)2〉 e�nai parìmoia me parap�nw kai d�netai sto Sq. 2.7(b).Tìso gia thn enèrgeia ìso kai gia th jèsh twn hlektron�wn, h qronik  klim�-kwsh th di�qush kajor�zetai ap’ tou ekjète αγ kai αr twn ant�stoiqwn nìmwndÔnamh. Sto Sq. 2.8 oi ekjète auto� sqedi�zontai san sun�rthsh tou pl�tou
A0 gia (a) aplì kÔma (N = 1) kai (b) kumatopakèto N = 5 rujm¸n. ParathroÔ-me ìti, gia opoiod pote pl�to megalÔtero th kr�simh tim  (A0 > A0c), kai oidÔo ekjète di�qush pa�rnoun timè k�tw apì 1. Autì shma�nei ìti h exèlixh thdi�qush twn hlektron�wn ”kajustere�” se sqèsh me thn kanonik  di�qush, dhl.èqoume upodi�qush. Gia N = 1, sta meg�la pl�th (0.2 < A0 < 0.5) oi ekjètepa�rnoun timè entopismène se polÔ sten� diast mata. Gia pl�th k�tw apì 0.1oi ekjète arq�zoun na mei¸nontai, diìti o fasikì q¸ro gia tètoie timè dia-taraq  emfan�zei meg�lo arijmì nhs�dwn. Oi sqhmatismo� auto� antistoiqoÔn seperiodikè kin sei kai se pag�deush swmatid�wn, h opo�a antiba�nei sth diaqutik sumperifor�. H me�wsh twn ekjet¸n g�netai piì èntonh ìso to pl�to plhsi�zeithn kr�simh tim  A0c.H kat�stash e�nai parìmoia kai gia thn allhlep�drash twn hlektron�wn meperissìtera apì èna kÔmata, ìpw fa�netai kai ap’ to Sq. 2.8(b). Kajèna ap’tou ekjète di�qush pa�rnei timè l�go megalÔtere ap’ autè th prohgoÔmenhper�ptwsh, toul�qiston entì twn or�wn sf�lmato twn upologism¸n ma, all�p�nta mikrìtere tou 1. Sunep¸, exakoloujoÔme na èqoume upodi�qush kai denparathre�tai k�poia �llh allag  sto e�do th di�qush. Bèbaia, mia tètoia allag mpore� na emfaniste� sto pla�sio enì kat�llhla orismènou suntelest  di�qush,all� èna tètoio upologismì e�nai pèra apì ta ìria aut  th melèth.



2.5. Aktinobol�a cyclotron apì ta epitaqunìmena hlektrìnia 592.5 Aktinobol�a cyclotron apì ta epitaqunìmena hlektrìnia'Ena �llo shmantikì jèma pro exètash e�nai h melèth th aktinobol�a pouekpèmpoun ta hlektrìnia kat� thn allhlep�drash me to kÔma. Opoiod pote for-tismèno swmat�dio, ìtan epitaqÔnetai, ekpèmpei hlektromagnhtik  aktinobol�a (giaperissìtere leptomèreie bl. [Jackson 1999℄). H aktinobol�a aut  qwr�zetai sedÔo kathgor�e: (a) Aktinobol�a pèdh (bremsstrahlung), ìtan h epit�qunsh e�naisuggrammik  me thn taqÔthta, (b) Kuklotronik  aktinobol�a (cyclotron), ìtan hepit�qunsh e�nai k�jeth sthn taqÔthta. Sto prìblhma pou ma endiafèrei, h Ôpar-xh tou magnhtikoÔ ped�ou kai h kuklik  pìlwsh tou hlektromagnhtikoÔ kÔmatoanagk�zei ta hlektrìnia se gr gore peristrofikè kin sei, opìte h aktinobol�apèdh pou ekpèmpetai e�nai amelhtèa se sqèsh me thn ant�stoiqh kuklotronik .H ekpomp  g�netai sti �die suqnìthte me eke�ne pou to hlektrìnio aporrof�aktinobol�a (p.q. lìgw suntonismoÔ).Sto ped�o tou qrìnou, h melèth sun�statai ston upologismì th isqÔo thekpempìmenh aktinobol�a cyclotron. H isqÔ aut  e�nai an�logh me thn epit�-qunsh, opìte h exèlix  th kajor�zetai kai aut  ap’ ti statistikè idiìthte thdÔnamh Lorentz. Sto ped�o twn suqnot twn, idia�tero endiafèron parousi�zei hmelèth tou f�smato th aktinobol�a kai h sÔgkrish me thn per�ptwsh th ka-jar� kuklik  peristrof  (dhl. apous�a tou kÔmato). 'Ena �llo endiafèronz thma e�nai o autosunep  upologismì th k�nhsh tou hlektron�ou lamb�no-nta upìyh ti ap¸leie enèrgeia lìgw aktinobol�a. Sti exis¸sei k�nhsh, hep�drash th aktinobol�a ekfr�zetai mèsw mia dÔnamh tÔpou trib  (radiation
reaction) [Barut 1980℄. To sugkekrimèno jèma de ja ma apasqol sei ed¸, kaj¸ja uiojet soume thn (sun jh) paradoq  ìti ìsh aktinobol�a ekpèmpetai apì ènahlektrìnio epanaporrof�tai omoiìmorfa ap’ ìla ta upìloipa.2.5.1 IsqÔ th aktinobol�a cyclotronH isqÔ th hlektromagnhtik  aktinobol�a pou ekpèmpetai apì èna epitaqu-nìmeno hlektrìnio se mia sugkekrimènh qronik  stigm  d�netai ap’ ton tÔpo tou
Lienard [Rybicki and Lightman 1979, Jackson 1999℄
PR(t) =

2|qe|2γ6

3c

[
c2a2 − (v × a)2

]
, (2.17)ìpou a = dv/dt e�nai h stigmia�a epit�qunsh. H ex�swsh aut  pa�rnei mia piì apl morf  an kanonikopoi soume thn isqÔ me c|qe|2ωce kai thn epit�qunsh me cωce, kaiekfr�soume ta v, a se kartesianè suntetagmène

PR(t) =
2γ6

3

[
a2

x + a2
y + a2

z − (vyaz − vzay)
2 − (vzax − vxaz)

2 − (vxay − vyax)
2
]
.Me b�sh thn parap�nw sqèsh, gia ton upologismì th isqÔo apaite�tai h gn¸shtwn sunistws¸n th taqÔthta kai th epit�qunsh. Autè mporoÔn na upologi-stoÔn w sun�rthsh twn kanonik¸n metablht¸n kai twn parag¸gwn tou.



60 2. To pl�sma upì thn ep�drash hlektromagnhtik¸n kum�twn'Oson afor� thn taqÔthta, ston upologismì me b�sh ti kanonikè metablhtèup�rqei èna leptì shme�o: O kanonikì metasqhmatismì (2.6) gia thn apaloif tou qrìnou ap’ th sun�rthsh Hamilton den e�nai sumbatì me thn eidik  sqeti-kìthta Lorentz (bl. p.q. [Barut 1980℄   [Goldstein 1980℄). Sunep¸, prèpei naupolog�soume ti sunist¸se th taqÔthta me b�sh ti timè twn χj , πj prin tometasqhmatismì. Autì ìmw de ma empod�zei na ti ekfr�soume se sqèsh me titimè met� to metasqhmatismì, k�ti to opo�o mpore� na g�nei me b�sh ti Ex. (2.7d),(2.7e), (2.7στ). Oi ekfr�sei e�nai
vx = ẋ, (2.18a)
vy = ẏ, (2.18b)
vz = ż +

1

Nz
. (2.18g)Oi sunist¸se th epit�qunsh upolog�zontai ap’ th sqèsh pou prokÔptei pa-ragwg�zonta w pro to qrìno thn ex�swsh pou sundèei th sqetikistik  mhqanik orm  me thn taqÔthta (h orm  e�nai kanonikopoihmènh me mec)

dp

dt
=
d(γv)

dt
= γa + γ3(v · a)v.AnalÔonta thn parap�nw dianusmatik  ex�swsh se kartesianè suntetagmène,prokÔptei èna sÔsthma tri¸n exis¸sewn w pro ti ax, ay, az tou opo�ou h lÔshd�nei ti sunist¸se th epit�qunsh

ax =
(1 + γ2v2

y + γ2v2
z)ṗx − γ2vxvyṗy − γ2vxvzṗz

γ(1 + γ2v2)
, (2.19a)

ay =
−γ2vxvyṗx + (1 + γ2v2

x + γ2v2
z)ṗy − γ2vyvzṗz

γ(1 + γ2v2)
, (2.19b)

az =
−γ2vxvzṗx − γ2vyvzṗy + (1 + γ2v2

x + γ2v2
y)ṗz

γ(1 + γ2v2)
. (2.19g)Sti parap�nw exis¸sei, oi par�gwgoi twn sunistws¸n th p ekfr�zontai wpro ti kanonikè ormè me th bo jeia twn (2.2), (2.4)

ṗx = π̇x + A0φ̇ cosϑw cosφ,

ṗy = π̇y + ẋ− A0φ̇ sinφ,

ṗz = π̇z −A0φ̇ sin ϑw cosφ.
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Sq ma 2.9: Mèsh isqÔ aktinobol�a cyclotron apì de�gma 1000 hlektron�wn pou allhle-pidr� me hlektromagnhtikì kÔma pl�tou (a) A0 = 0.02, 0.05, (b) A0 = 0.5.
Me b�sh ta parap�nw, e�nai dunatìn ap’ ti arijmhtik� upologismène troqiètwn hlektron�wn na breje� h isqÔ th ekpempìmenh aktinobol�a. Epeid , sthnpr�xh, h aktinobol�a pou lamb�noume apì to pl�sma e�nai h upèrjesh th aktino-bol�a ap’ ìla ta fort�a pou to apoteloÔn, h posìthta pou endiafèrei ousiastik�e�nai h mèsh isqÔ apì èna antiproswpeutikì de�gma hlektron�wn. Sto Sq. 2.9parousi�zetai h mèsh isqÔ apì 1000 hlektrìnia pou allhlepidroÔn me èna kÔmapl�tou (a) A0 = 0.02, 0.05, (b) A0 = 0.5. Apì thn Ex. (2.17) blèpoume ìti hisqÔ e�nai an�logh th epit�qunsh, k�ti pou shma�nei ìti h exèlix  th en gèneiakolouje� th sumperifor� pou parousi�sthke sti prohgoÔmene enìthte. Pr�g-mati, sto Sq. 2.9(a) blèpoume ìti gia A0 = 0.02, pou e�nai mia tim  k�tw apì tokat¸fli gia to q�o, h isqÔ e�nai polÔ mikr  kai paramènei sqedìn stajer  kaj¸ta hlektrìnia den epitaqÔnontai shmantik�. H epit�qunsh, kai maz� h aÔxhsh th

PR(t), arq�zei na emfan�zetai gia timè A0 > A0c, ìpw fa�netai sto �dio sq ma gia
A0 = 0.05. Gia megalÔtero pl�to kÔmato h isqÔ ft�nei se polÔ uyhlìteretimè, ìpw fa�netai qarakthristik� sto Sq. 2.9(b) gia A0 = 0.5.2.5.2 Upologismì tou f�smatoA upojèsoume ìti èna epitaqunìmeno hlektrìnio ekpèmpei aktinobol�a cyclo-
tron, h opo�a lamb�netai apì adraneiakì parathrht  sth dieÔjunsh r̂′ (bl. Sq.2.10(a)). O parathrht  jewre�tai ìti br�sketai se arket� makrin  apìstash,¸ste to di�nusma r̂′ na mhn exart�tai apì ti leptomèreie th troqi� tou hle-ktron�ou, dhl. na e�nai stajerì sto qrìno. To f�sma th aktinobol�a, dhl. hkatanom  th ekpempìmenh enèrgeia sti di�fore suqnìthte, ekfr�zetai stopla�sio th isqÔo an� mon�da stere� gwn�a dPR(ω)/dΩ, ìpou ed¸ sto ped�o



62 2. To pl�sma upì thn ep�drash hlektromagnhtik¸n kum�twn
(α) (β)

γω/ωc γω/ωc

v≈c

γω/ωc

v<<c v~c

1

vv r

Ηλεκτρόνιο

a

dPR(ω)/dΩ dPR(ω)/dΩ

dPR(ω)/dΩ

1 2 3

0 1

ΔωØ0Sq ma 2.10: (a) SÔsthma suntetagmènwn gia ton upologismì tou f�smato th aktino-bol�a cyclotron, (b) Met�bash th morf  tou f�smato apì diakritì (m�aarmonik  gia v ≪ c kai poll¸n gia v ∼ c) se suneqè (gia v ≈ c).suqnot twn h isqÔ or�zetai w h ekpempìmenh enèrgeia an� mon�da suqnìthta.To kanonikopoihmèno pl�to tou f�smato d�netai ap’ th sqèsh [Jackson 1999℄
dPR(ω)

dΩ
=

ω2

4π2

∣∣∣∣∣∣

∞∫

−∞

r̂′ × (r̂′ × v)eiω(t−r̂′·r/c)dt

∣∣∣∣∣∣

2

=
ω2

4π2
|Ī|2, (2.20)ìpou o ìro t− r̂′ ·r/c ston ekjèth antiproswpeÔei thn arq  th aitiokrat�a, dhl.to ìti h aktinobol�a qrei�zetai k�poio qrìno gia na dianÔsei thn apìstash metaxÔhlektron�ou kai parathrht  lìgw tou ìti diad�detai me peperasmènh taqÔthta.Apì thn Ex. (2.20) fa�netai kajar� ìti to migadikì olokl rwma Ī e�nai autìpou ousiastik� kajor�zei th morf  tou f�smato. To pragmatikì kai to fanta-stikì tou mèro e�nai

Re(Ī) =

∞∫

−∞

(V r̂′ − v)cos[ω(t−R)]dt, (2.21a)
Im(Ī) =

∞∫

−∞

(V r̂′ − v) sin[ω(t−R)]dt. (2.21b)Gia na prokÔyoun oi parap�nw sqèsei, qrhsimopoi same th dianusmatik  tau-tìthta r̂′×(r̂′×v) = (r̂′ ·v)r̂′−v kai or�same ti probolè twn dianusm�twn jèshkai taqÔthta sth dieÔjunsh parat rhsh,R = r̂′ ·r kai V = dR/dt = r̂′ ·v. 'Opwfa�netai sto Sq. 2.10(a), sto kartesianì sÔsthma suntetagmènwn me kèntro to ki-noÔmeno hlektrìnio, to monadia�o di�nusma sth dieÔjunsh hlektron�ou-parathrht e�nai r̂′ = sin θ cosφx̂ + sin θ sin φŷ + cos θẑ, ìpou θ, φ e�nai oi stajerè gwn�e



2.5. Aktinobol�a cyclotron apì ta epitaqunìmena hlektrìnia 63parat rhsh. Oi posìthte R, V ekfr�zontai w akoloÔjw
R = x sin θ cosφ+ y sin θ sinφ+ z cos θ,

V = vx sin θ cos φ+ vy sin θ sinφ+ vz cos θ,kai antikajist¸nta sthn Ex. (2.21) br�skoume ti sunist¸se tou migadikoÔ olo-klhr¸mato. Gia ta pragmatik� mèrh e�nai
Re(Īx) =

∞∫

−∞

(V sin θ cosφ− vx) cos[ω(t−R)]dt, (2.22a)
Re(Īy) =

∞∫

−∞

(V sin θ sin φ− vy) cos[ω(t−R)]dt, (2.22b)
Re(Īz) =

∞∫

−∞

(V cos θ − vz) cos[ω(t−R)]dt, (2.22g)en¸ h morf  gia ta fantastik� mèrh diafèrei mìno sto ìti o sunhmitonikì ìro
cos(ωt′) g�netai hmitonikì sin(ωt′) (bl. kai Ex. (2.21)).'Opw kai sthn per�ptwsh th isqÔo sto ped�o tou qrìnou, to f�sma e�naidunatì na upologiste� ap’ ti timè twn megej¸n kat� m ko th troqi� touhlektron�ou. O piì gr goro kai akrib  trìpo na upolog�soume arijmhtik� taparap�nw oloklhr¸mata e�nai me qr sh tou diakritoÔ metasqhmatismoÔ Fourier(Discrete Fourier Transform (DFT)) [Press et al 1993℄. Ta oloklhr¸mata aut�,lìgw tou ìrou e−iωR, den e�nai sth morf  Fourier e−iωt, all� mporoÔn na èrjounse aut  me thn akìloujh allag  metablht 

t′ = t−R,

dt′ = (1 − V)dt,ìpou o qrìno t′ èqei sugkekrimènh fusik  shmas�a: E�nai o qrìno sto sÔsthmaanafor� tou parathrht . Ta oloklhr¸mata (2.22) pa�rnoun th morf  Fourier,kai gia ta pragmatik� mèrh èqoume
Re(Īx) =

∞∫

−∞

[V sin θ cosφ− vx

1 − V

]

t=t′+R

cos(ωt′)dt′,

Re(Īy) =

∞∫

−∞

[V sin θ sin φ− vy

1 − V

]

t=t′+R

cos(ωt′)dt′,



64 2. To pl�sma upì thn ep�drash hlektromagnhtik¸n kum�twn
Re(Īz) =

∞∫

−∞

[V cos θ − vz

1 − V

]

t=t′+R

cos(ωt′)dt′,kai, ìpw kai parap�nw, sta fantastik� mèrh o sunhmitonikì ìro g�netai hmi-tonikì. Shmei¸ste ìti, epeid  h exèlixh twn troqi¸n akolouje�tai sto sÔsthmaanafor� tou hlektron�ou, oi oloklhrwtèe posìthte (entì twn agkul¸n) upo-log�zontai th qronik  stigm  t, h opo�a antistoiqe� sth qronik  stigm  t′ = t−Rsto sÔsthma tou parathrht .Poi� e�nai ìmw h morf  pou anamènetai na èqei to f�sma? Lìgw tou ìti hperistrof  tou hlektron�ou sto ep�pedo xy e�nai piì èntonh apì thn k�nhsh kat�m ko tou z, to f�sma ja èqei arketè omoiìthte me autì th kajar� kuklo-tronik  peristrof . H ex�rthsh th morf  tou f�smato apì thn enèrgeiatou hlektron�ou kai th jèsh tou parathrht  parousi�zei arketì endiafèron. Ed¸ja anaferjoÔme epigrammatik� sto jèma autì (gia perissìtere leptomèreie bl.[Rybicki and Lightman 1979, Ternov 1995℄). Oi diaforetikè morfè tou f�sma-to an�loga me thn enèrgeia apeikon�zontai sto Sq. 2.10(b). Gia mikrè enèrgeie(v ≪ c) to hlektrikì ped�o th aktinobol�a talant¸netai me suqnìthta �dia methn kuklotronik , opìte to f�sma apotele�tai apì m�a mìno gramm  sth suqnì-thta ωce. 'Oso o lìgo v/c aux�netai, sto f�sma emfan�zontai kai suneisforèapì uyhlìtere armonikè, kai sto ìrio v = c oi grammè e�nai tìso puknè pou tof�sma e�nai praktik� suneqè. H sumperifor� aut  ofe�letai sto ìti, sto pla�sioth sqetikistik  je¸rhsh, èna peristrefìmeno hlektrìnio ekpèmpei se ìle tisuqnìthte nωce/γ, me pl�to se k�je suqnìthta an�logo tou (v/c)n. Kat� sunè-peia, ìso aux�netai h taqÔthta tou hlektron�ou ìlo kai enisqÔontai oi fasmatikègrammè sti uyhlè suqnìthte.'Ena �llo qarakthristikì th aktinobol�a pou lamb�nei o parathrht  e�nai hmetatìpish twn suqnot twn tou f�smato lìgw tou fainomènou Doppler. H pe-r�odo mia tal�ntwsh sto sÔsthma anafor� tou talantwt  e�nai diaforetik  ap’ìti sto sÔsthma tou parathrht  exait�a th sqetikistik  diastol  tou qrìnou.H metatìpish twn suqnot twn katadeiknÔetai an ekfr�soume thn Ex. (2.21) stopla�sio tou metasqhmatismoÔ Fourier th oloklhrwtèa posìthta
Ī =

∞∫

−∞


 (̥V r̂′ − v)

∞∫

−∞

eit(ω−ωṘ−ω′)dt


dω′ =

∞∫

−∞

(̥V r̂′ − v) δ [ω′ − ω(1 − V)] dω′.Ap’ thn parap�nw sqèsh, e�nai katarq n fanerì ìti h jèsh twn fasmatik¸n gram-m¸n kajor�zetai apì th sun�rthsh δ entì tou oloklhr¸mato. To olokl rwmae�nai mh mhdenikì mìno gia ti suqnìthte ω(1−V), sunep¸ oi fasmatikè grammèpou blèpei o parathrht  e�nai metatopismène kat� ωV.H morf  tou f�smato th aktinobol�a cyclotron apì èna qaotikì hlektrìniofa�netai sto Sq. 2.11. Gia to sugkekrimèno upologismì, to kÔma èqei pl�to
A0 = 0.1, oi arqikè sunj ke tou hlektron�ou e�nai tuqa�e kai h allhlep�drashdiarke� t = 10000. Diakr�noume dÔo peript¸sei gia thn arqik  enèrgeia tou
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Sq ma 2.11: F�sma th aktinobol�a cyclotron apì èna hlektrìnio pou allhlepidr� mehlektromagnhtikì kÔma pl�tou A0 = 0.1 gia qrìno t = 10000. H arqik enèrgeia tou hlektron�ou e�nai (a) γ0 = 1.1, (b) γ0 = 2.5.hlektron�ou: (a) γ0 = 1.1 (v/c ≈ 0.42), (b) γ0 = 2.5 (v/c ≈ 0.92). Kai sti dÔopeript¸sei to f�sma e�nai parìmoio me autì th kuklotronik  aktinobol�a. Sthnpr¸th per�ptwsh, ìpou o lìgo v/c èqei mia asjen¸ sqetikistik  tim , to f�smae�nai diakritì kai ektì apì thn pr¸th armonik  up�rqei shmantik  suneisfor� kaiapì ti dÔo epìmene. Parathr ste ìti oi fasmatikè grammè den emfan�zontai stianamenìmene timè lωce/γ th suqnìthta. Autì sumba�nei diìti h bajmonìmhshtou �xona twn suqnot twn e�nai proseggistik , kaj¸ g�netai me b�sh thn arqik enèrgeia tou hlektron�ou, opìte de lamb�netai upìyh h metabol  th enèrgeiakat� thn allhlep�drash me to kÔma. Sth deÔterh per�ptwsh, kaj¸ h tim  tou v/ce�nai arket� uyhl , oi grammè e�nai polÔ puknè kai to f�sma plhsi�zei arket� thmorf  tou suneqoÔ f�smato pou de�xame sto Sq. 2.10(b).2.6 Sumper�smataSe autì to kef�laio asqolhj kame me thn allhlep�drash pl�smato-kÔmatoapì thn optik  gwn�a th dunamik  twn fortismènwn swmatid�wn pou apoteloÔnto pl�sma. Autì e�nai ousiastik� to pr¸to misì tou probl mato. To deÔteromisì e�nai h di�dosh kai aporrìfhsh tou kÔmato sto pl�sma-mèso, kai diereun�taisto kef�laio pou akolouje�. Sugkekrimèna, melet jhke h ep�drash hlektroma-gnhtik¸n kum�twn uyhl  suqnìthta se sqetikistik� hlektrìnia entì statikoÔmagnhtikoÔ ped�ou. Oi troqiè twn hlektron�wn prokÔptoun apì thn ep�lush twnkanonik¸n exis¸sewn Hamilton kai axiopoioÔntai, ektì apì th melèth th duna-mik  tou q¸rou f�sewn, ston kajorismì tou e�dou th qwrik  kai energeiak di�qush twn hlektron�wn egk�rsia sto magnhtikì ped�o kai tou f�smato thekpempìmenh aktinobol�a cyclotron.



66 2. To pl�sma upì thn ep�drash hlektromagnhtik¸n kum�twnSto sugkekrimèno prìblhma, to posostì twn qaotik¸n troq�wn e�nai axiìlogogia pl�th p�nw apì mia kr�simh tim  A0c. H tim  aut  mpore� na upologiste� tìsoanalutik�, apì to krit rio epik�luyh suntonism¸n tou Chirikov [Chirikov 1979℄,ìso kai arijmhtik� me b�sh to ìti gia A0 > A0c ta hlektrìnia epitaqÔnontai sh-mantik�. Sthn allhlep�drash me èna kÔma, to dunamikì sÔsthma e�nai dÔo bajm¸neleujer�a me stajer  sun�rthsh Hamilton, kai sunep¸ o q¸ro f�sewn mpore�na apeikoniste� sti dÔo diast�sei. Gia meg�la pl�th kÔmato (A0 > 0.3) o q¸rof�sewn e�nai perissìtero qaotikì, kai ìso to pl�to mikra�nei aux�nontai oi do-mè eke�ne pou upodhl¸noun organwmènh sumperifor� (oloklhrwtikè kampÔle,nhs�de). Gia endi�mese timè tou pl�tou, o q¸ro f�sewn e�nai èna polÔplokom�gma t�xh kai q�ou kai h dunamik  sumperifor� xefeÔgei apì ta gnwst� pla�-sia. Poiotik�, kai sti dÔo peript¸sei (N = 1, N > 1), h Ôparxh our� sthnkatanom  enèrgeia twn hlektron�wn èrqetai se ant�jesh me th lÔsh th ex�swsh
FP (hmigrammik  jewr�a) kai faner¸nei thn Ôparxh an¸malh di�qush sto sÔsth-ma. Tìso ap’ thn �dia thn katanom , ìso kai ap’ th rop  1ης t�xh pou e�nai tohlektrikì reÔma, fa�netai ìti h epit�qunsh twn hlektron�wn (a) arqik� aux�netaime èntono rujmì kai sth sunèqeia o rujmì autì stajeropoie�tai, (b) e�nai piìèntonh ìso perissìteroi e�nai oi kumatiko� rujmo� N .E�nai  dh gnwstì pw h allhlep�drash iìntwn me hlektrostatik� kÔmata qa-rakthr�zetai apì an¸malh di�qush. Ed¸ de�xame, gia pr¸th for�, ìti sthn allh-lep�drash hlektron�wn me hlektromagnhtik� kÔmata h exèlixh th jèsh kai thenèrgeia akoloujoÔn an¸malh di�qush [Tsironis and Vlahos 2005℄. Autì diafai-nìtan apì ta qarakthristik� th dunamik  tou sust mato, kai enisqÔjhke apìth diereÔnhsh tou statistikoÔ qarakt ra th dÔnamh Lorentz. H dÔnamh e�naiisqur� anomoiogen  kat� m ko twn troqi¸n twn hlektron�wn kai akolouje� non-
Gaussian statistik . Aut� ta qarakthristik� emfan�zontai kai sthn troqi� toukèntrou-odhgoÔ upì th dÔnamh ol�sjhsh E1⊥×B0, h opo�a br�sketai na e�nai miaallhlouq�a apì omalè metab�sei an�mesa se perioqè pag�deush. Me b�sh timèse timè twn metabol¸n th jèsh kai th enèrgeia ep� twn troqi¸n, h di�qu-sh twn hlektron�wn br�sketai na upakoÔei aplì nìmo dÔnamh. Gia ìla ta pl�th
A0 > A0c oi ekjète di�qush e�nai mikrìteroi tou 1, endeiktikì upodi�qush. Su-nep¸ to hlektromagnhtikì kÔma, parìmoia me to hlektrostatikì, leitourge� san
”fr�gma” sth di�qush twn swmatid�wn, me thn ènnoia ìti apous�a tou kÔmato hdi�qush lìgw twn sugkroÔsewn ja  tan kanonik  kai ja exelissìtan taqÔterasto qrìno (et > eαt). Oi ekjète di�qush mei¸nontai ìso mei¸netai to pl�totou kÔmato, lìgw th aÔxhsh twn periodik¸n troqi¸n sto q¸ro f�sewn.Epiplèon, melet same gia pr¸th for� thn aktinobol�a cyclotron pou ekpèmpounta hlektrìnia kat� thn allhlep�drash me to kÔma. H stigmia�a isqÔ th aktinobo-l�a e�nai an�logh me thn epit�qunsh, opìte h exèlix  th kajor�zetai kai aut  apìti statistikè idiìthte th dÔnamh Lorentz. Ta hlektrìnia ekpèmpoun shmanti-kè posìthte aktinobol�a mìno gia pl�th kÔmato megalÔtera ap’ to kat¸fligia to q�o. Sto ped�o twn suqnot twn, h morf  tou f�smato e�nai parìmoiame autì th kuklotronik  aktinobol�a. Sthn per�ptwsh ìpou o lìgo v/c e�naiasjen¸ sqetikistikì, to f�sma e�nai diakritì me suneisforè ìqi mìno ap’ thn



2.6. Sumper�smata 67kÔria armonik , kai oi suqnìthte e�nai metatopismène lìgw tou fainìmenou Dop-
pler. 'Otan to hlektrìnio e�nai isqur� sqetikistikì, oi fasmatikè grammè e�naipolÔ puknè kai to f�sma e�nai praktik� suneqè. G�netai antilhptì ìti h morf tou f�smato endèqetai na metab�lletai shmantik� an�loga me to pìso all�zei henèrgeia tou hlektron�ou kat� th di�rkeia th troqi�.K�tw apì ti sunj ke pou perigr�yame, h qr sh th hmigrammik  jewr�a kaith ex�swsh FP t�jetai upì amfisb thsh. Sthn up�rqousa arjrograf�a, up�rqeiakìmh diqognwm�a p�nw sto z thma autì. H hmigrammik  jewr�a qrhsimopoie�taieurèw sthn perigraf  th di�qush sto q¸ro f�sewn, tìso sto astrofusikì ìsokai sto ergasthriakì pl�sma. Wstìso ta apotelèsmat� ma, all� kai aut� �llwnereunht¸n, upodeiknÔoun ìti se peript¸sei ìpou to q�o den kalÔptei shmantik�to q¸ro f�sewn, h jewr�a aut  paÔei na isqÔei kai dhmiourge�tai h an�gkh gia�llou e�dou prosegg�sei, ìpw p.q. h ex�swsh FFP. Oi timè twn paramètrwnkai h gewmetr�a sthn opo�a antistoiqoÔn ta apotelèsmata sto kef�laio autì pa-rapèmpoun sto ionosfairikì pl�sma, opìte den e�nai xek�jaro poi� e�nai h isqÔth hmigrammik  jewr�a gia efarmogè se pl�sma sÔnthxh. Autì e�nai èna jèmapou qrei�zetai peraitèrw diereÔnhsh, kai up�rqoun  dh apotelèsmata se aut  thnkateÔjunsh (bl. [Kamendje et al 2003℄).





3. DIADOSH HLEKTROMAGNHTIKWN KUMATIKWNDESMWN STO PLASMA'Ustera ap’ th melèth th ep�drash twn hlektromagnhtik¸n kum�twn stopl�sma ja antimetwp�soume to prìblhma ap’ thn ant�strofh optik  gwn�a, epike-ntr¸nonta sthn ep�drash tou pl�smato sta qarakthristik� th kumatik  di�do-sh. To pl�sma diafèrei shmantik� se sqèsh me ta sunhjismèna dihlektrik� mèsa,kur�w lìgw th Ôparxh twn sullogik¸n fainomènwn, h opo�a èqei san apotèle-sma thn emf�nish mia idia�terh fusik  sumperifor� kat� thn allhlep�drashme hlektromagnhtik� ped�a. To prìblhma th di�dosh ep�pedwn hlektromagnhti-k¸n kum�twn sto pl�sma èqei melethje� diexodik� sto pareljìn kai e�nai plèonel�qista ta erwthmatik� pou paramènoun anap�nthta (bl. Enìt. 1.3). Sthnper�ptwsh pou to m ko kÔmato e�nai polÔ mikrìtero ap’ th qarakthristik  kl�-maka anomoiogèneia sto pl�sma, h lÔsh epitugq�netai gr gora, eÔkola kai mearket� kal  akr�beia mèsw twn asumptwtik¸n mejìdwn. S mera, ta probl matapou parousi�zoun meg�lo praktikì endiafèron èqoun na k�noun perissìtero meth di�dosh hlektromagnhtik¸n kumatik¸n desm¸n1. H qr sh kumatik¸n desm¸nme arqik  est�ash (focusing) emfan�zei pleonekt mata ìpw p.q. o entopismì thhlektromagnhtik  enèrgeia tou kÔmato sto q¸ro kai h aÔxhsh th diakritik ikanìthta twn diagnwstik¸n diat�xewn.Sti mhqanè elegqìmenh jermopurhnik  sÔnthxh, h qr sh kumatik¸n de-sm¸n me arqik  est�ash odhge� sthn aÔxhsh th puknìthta enèrgeia kat� m koth di�dosh kai ston kalÔtero èlegqo twn magnhto�drodunamik¸n kai kinhtik¸nastajei¸n. Sti perissìtere efarmogè qrhsimopoioÔntai Gaussian dèsme, dhl.dèsme ìpou to pl�to tou hlektrikoÔ ped�ou e�nai fj�nousa ekjetik  sun�rth-sh twn genikeumènwn suntetagmènwn egk�rsia sth di�dosh. Ta pleonekt matatwn Gaussian desm¸n e�nai shmantik�: (a) Emfan�zoun el�qiste jermikè ap¸-leie kat� th di�dosh, (b) E�nai polÔ eÔkolh h sÔzeuxh me tou qarakthristikoÔ(kanonikoÔ) rujmoÔ twn kumatodhg¸n, (g) H majhmatik  tou perigraf  se je-wrhtikè kai arijmhtikè efarmogè e�nai idia�tera apl . 'Omw, se peir�mata ìpouemplèkontai kÔmata me suqnìthta pollapl�sia th kuklotronik  suqnìthta twnhlektron�wn, e�nai pijanì na prokÔyoun dèsme me non-Gaussian katanom  pl�toulìgw atelei¸n sth di�taxh ekpomp  th mikrokumatik  aktinobol�a   lìgw thpoluplokìthta th allhlep�drash me to pl�sma. En¸ h jewrhtik  antimet¸pi-sh th di�dosh Gaussian desm¸n èqei ft�sei se polÔ ikanopoihtikì ep�pedo, giadèsme diaforetikoÔ tÔpou to prìblhma den èqei melethje� epark¸.1 Με τον όρο ”κυματική δέσμη” (wave beam) εννοούμε ένα κύμα όπου η ισχύς του ηλεκτρομα-
γνητικού πεδίου είναι περιορισμένη στο χώρο και το μέτωπο κύματος είναι καμπυλόγραμμο.



70 3. Di�dosh hlektromagnhtik¸n kumatik¸n desm¸n sto pl�smaO skopì tou parìnto kefala�ou e�nai h gen�keush twn mejìdwn ep�lushth kumatik  ex�swsh gia thn per�ptwsh ìpou h dèsmh den e�nai Gaussian. Hdom  tou kefala�ou e�nai h akìloujh: Sthn pr¸th enìthta anaferìmaste genik�sto prìblhma th di�dosh kum�twn sto pl�sma, epikentr¸nonta sthn per�ptwshth kumatik  dèsmh. Sthn Enìt. 3.2 parousi�zontai sunoptik� oi asumptwti-kè mèjodoi gia thn ep�lush th kumatik  ex�swsh, en¸ sthn epìmenh enìthtaepekte�noume th mèjodo entopismoÔ dèsmh sthn per�ptwsh pou h katanom  touhlektrikoÔ ped�ou e�nai non-Gaussian. AkoloÔjw, sthn Enìt. 3.4 genikeÔontaioi qarakthristikè par�metroi pou qrhsimopoioÔntai gia thn perigraf  desm¸n me
Gaussian katanom  kai gia thn per�ptwsh ìpou h katanom  èqei diaforetikì sq -ma. Oi arijmhtikè efarmogè parousi�zontai sthn Enìt. 3.5, kai sthn teleuta�aenìthta suzht¸ntai ta kÔria sumper�smata.3.1 Eisagwg H ekpomp  hlektromagnhtik¸n kum�twn me suqnìthta pollapl�sia th suqnì-thta peristrof  twn hlektron�wn (aktinobol�a electron-cyclotron (EC)) e�nai hpiì sunhjismènh mèjodo gia thn ep�teuxh jèrmansh (Electron-Cyclotron Resona-
nce Heating (ECRH)) kai od ghsh mh epagìmenwn reum�twn (Electron-Cyclotron
Current Drive (ECCD)) sti peiramatikè mhqanè jermopurhnik  sÔnthxh (to-
kamaks, stellarators) [Erckmann and Gasparino 1994, Lloyd 1998, Prater 2004℄.H dioqèteush enèrgeia sto pl�sma mèsw hlektromagnhtik¸n kum�twn emfan�zeito pleonèkthma th polÔ entopismènh aporrìfhsh. Parade�gmata th axiopo�-hsh tou pleonekt mato autoÔ e�nai: (a) O èlegqo twn MHD astajei¸n (p.q.prionwt , Neoclassical Tearing mode (NTM)), (b) H dhmiourg�a eswterik¸n frag-m�twn metafor� (ITB), (g) H diamìrfwsh th katanom  tou reÔmato sto q¸ro,(d) H uyhl  an�lush twn diagnwstik¸n pl�smato (interferometry, reflectometry)(bl. p.q. [Erckmann and Gasparino 1994℄ kai anaforè eke�).H di�dosh hlektromagnhtik¸n kum�twn sto pl�sma perigr�fetai apì ti dia-forikè exis¸sei Maxwell,   isodÔnama ap’ thn kumatik  ex�swsh. En gènei,to na luje� pl rw to prìblhma e�nai idia�tera dÔskolo, diìti h kumatik  ex�-swsh e�nai mia merik  diaforik  ex�swsh 2ης t�xh, en¸ e�nai apara�thto na ka-joriste� kai h apìkrish tou pl�smato. Sthn per�ptwsh ìpou to m ko kÔma-to e�nai arket� mikrìtero ap’ to qarakthristikì m ko anomoiogèneia tou pl�-smato, pou e�nai kai h sunhjismènh per�ptwsh gia paramètrou sqetikè me tasÔgqrona peir�mata, h ep�lush th kumatik  ex�swsh aplousteÔetai me qr -sh twn legìmenwn ”asumptwtik¸n mejìdwn” (asymptotic methods). Me autèepiqeire�tai h exeÔresh proseggistik  lÔsh me an�ptuxh th majhmatik  èk-frash th lÔsh th kumatik  ex�swsh se asumptwtik  seir�. Anafèroumeepigrammatik� ti kÔrie asumptwtikè mejìdou (sunoptik  parous�ash ja g�-nei sthn epìmenh enìthta): (a) Entopismì akt�na (ray tracing) [Bernstein 1975,
Friedland and Bernstein 1980℄, (b) Mèjodo migadik  f�sh (complex eikonal
method) [Mazzucato 1989, Permitin and Smirnov 1996, Kravtsov et al 1999℄, (g)Entopismì dèsmh (beam tracing) [Pereverzev 1996, Pereverzev 1998℄.



3.1. Eisagwg  71Sti mejìdou entopismoÔ akt�na kai dèsmh h lÔsh prosdior�zetai mèsw kano-nik¸n exis¸sewn, ìpou h sun�rthsh diaspor� (dispersion function) pa�zei to rìloth sun�rthsh Hamilton. H antimet¸pish aut  parèqei mia �mesh eikìna th fusi-k  th di�dosh tou kÔmato sto pl�sma. Sti perissìtere efarmogè, w sun�r-thsh Hamilton jewre�tai h sun�rthsh diaspor� yuqroÔ pl�smato [Stix 1992℄,en¸ h dihlektrik  apìkrish upolog�zetai me b�sh th grammik  jewr�a th kuklo-tronik  aporrìfhsh apì hlektrìnia [Bornatici et al 1983, Swanson 2003℄. Htìso aplopoihmènh perigraf  dikaiologe�tai ap’ to ìti, ektì apì th sten  z¸-nh tou kuklotronikoÔ suntonismoÔ, h allhlep�drash kÔmato-pl�smato den e�naiidia�tera isqur , en¸ gia par�metrou sqetikè me ta shmerin� peir�mata sÔnth-xh h isqÔ tou kÔmato e�nai polÔ mikr . Up�rqoun pollo� k¸dike entopismoÔakt�na kai dèsmh pou akoloujoÔn th diadikas�a pou anafèrjhke parap�nw (bl.p.q. [Westerhof 1989, Nowak and Orefice 1993, Poli et al 2001b, Farina 2005℄),kai ta apotelèsmata sumfwnoÔn me ènan ikanopoihtikì arijmì peiram�twn apì dia-foretik� tokamaks (gia leptomèreie de�te ti [Erckmann and Gasparino 1994,
Lloyd 1998, Prater 2004℄).Sthn pleioyhf�a twn peiram�twn gia thn ep�teuxh ECRH kai ECCD e�nai epi-jumht  h di�dosh estiasmènwn kumatik¸n desm¸n me mikrì eÔro. Me th qr shdesm¸n tètoiou tÔpou, se peir�mata ECRH aux�netai kat� polÔ o entopismì thaporrìfhsh th kumatik  enèrgeia, se diagnwstik� pl�smato h melet¸menhperioq  mpore� na g�nei polÔ mikrìterh, en¸ belti¸netai o èlegqo twn astajei¸npl�smato mèsw th dhmiourg�a ECCD. Oi perissìtere teqnikè sth jewr�a kaita peir�mata bas�zontai sth qr sh desm¸n pou èqoun Gaussian profile, dhl. pouh katanom  pl�tou tou hlektrikoÔ ped�ou èqei to sq ma th kanonik  katano-m . Tètoie kumatikè dèsme qrhsimopoioÔntai eurÔtata se praktikè efarmogèlìgw twn mikr¸n jermik¸n apwlei¸n sth gramm  di�dosh kai epeid  epitrèpouneÔkolh sÔzeuxh me tou kanonikoÔ rujmoÔ twn kumatodhg¸n. Ep�sh, lìgw twnsummetri¸n pou ti qarakthr�zoun, e�nai eÔkolh h perigraf  kai h prosomo�ws tou sti jewrhtikè kai arijmhtikè efarmogè.'Omw, akìmh ki an oi prodiagrafè tou peir�mato problèpoun to sq ma thdèsmh na e�nai Gaussian, h dèsmh pou eisèrqetai sto pl�sma endèqetai na mhne�nai Gaussian. Autì mpore� na e�nai anepijÔmhto apotèlesma, to opo�o ofe�letaise kak  rÔjmish th di�taxh ekpomp    se paramìrfwsh k�poiwn steleq¸nth di�taxh pou e�nai eua�sjhta sth jermokras�a. Up�rqei ìmw to endeqìmenoh dèsmh na e�nai skìpima non-Gaussian. 'Ena par�deigma e�nai ìtan jèloume nameiwje� h puknìthta enèrgeia sto par�juro pou up�rqei an�mesa sth gramm ekpomp  th aktinobol�a kai sto j�lamo kenoÔ (vacuum vessel) tou tokamak2.Autì mpore� na epiteuqje� sumperilamb�nonta sto hlektrikì ped�o th dèsmhèna rujmì an¸terh t�xh sto rujmì mhdenik  t�xh (Gaussian) [Siegman 1986℄,opìte prokÔptei mia katanom  pl�tou me megalÔtero eÔro ap’ autì th Gaussian(bl. Upoen. 3.5.2). Epiprìsjeta, entì tou pl�smato, endèqetai to arqikì sq math dèsmh na tropopoihje� lìgw entopismènh aporrìfhsh   isqur  est�ash.2 Το παράθυρο αυτό κατασκευάζεται από καθαρό διαμάντι, οπότε και έχει πολύ υψηλό κόστος,
και συνεπώς η αύξηση του χρόνου ζωής του είναι επιβεβλημένη.



72 3. Di�dosh hlektromagnhtik¸n kumatik¸n desm¸n sto pl�smaOi (epijumhtè kai mh) peript¸sei ìpou kumatikè dèsme me non-Gaussian
profile diad�dontai sto pl�sma e�nai èna jèma pou den èqei melethje� arket�. Stokef�laio autì, h mèjodo entopismoÔ dèsmh, h opo�a sto pareljìn èqei efar-moste� sth di�dosh Gaussian desm¸n, genikeÔetai gia thn per�ptwsh desm¸n me
profile auja�retou sq mato. Eidikìtera, kajor�zetai h allhlouq�a twn bhm�twngia thn ep�lush tou probl mato, epikentr¸nonta sti allagè pou apaitoÔntaisthn up�rqousa mèjodo entopismoÔ dèsmh. Oi kuriìtere allagè aforoÔn sthnperigraf  (a) th diafor� f�sh twn rujm¸n se sqèsh me to gewmetrikì �xonasummetr�a th dèsmh, (b) th kuklotronik  aporrìfhsh twn rujm¸n uyhlì-terh t�xh. Epiplèon, diathre�tai h aplopoihmènh anapar�stash th kumatik dèsmh mèsw qarakthristik¸n paramètrwn, ìpw p.q. to eÔro th dèsmh kai hakt�na kampulìthta tou met¸pou kÔmato, me th gen�keush twn paramètrwn pouèqoun  dh oriste� gia thn Gaussian dèsmh.3.2 Asumptwtikè mèjodoi gia thn ep�lush th kumatik  ex�swsh'Opw de�xame sthn Upoen. 1.3.2, apì ti exis¸sei Maxwell prokÔptei hkumatik  ex�swsh gia to hlektrikì   to magnhtikì ped�o. To genikìtero prìblhmaaplopoie�tai akìmh perissìtero me ti paradoqè gia stajer  suqnìthta kÔmato,grammik  apìkrish pl�smato kai polÔ arg  metabol  sto q¸ro kai to qrìno twnfusik¸n idiot twn tou pl�smato (magnhtikì ped�o, puknìthta, jermokras�a). Hmajhmatik  èkfrash tou migadikoÔ hlektrikoÔ ped�ou e�nai Ē(r, t) = Ē(r)e−iωt, kaih kumatik  ex�swsh se anomoiogenè pl�sma me dihlektrik  apìkrish ε̃ èqei morf parìmoia me aut  th Ex. (1.40)

∇× [∇× Ē(r)] − κ2
ε̃(r, ω) · Ē(r) = 0. (3.1)Sthn parap�nw ex�swsh, h par�metro κ = ωLp/c kajor�zei pìso mikrì e�nai tom ko kÔmato se sqèsh me thn kl�maka anomoiogèneia tou pl�smato Lp

3.H efarmog  twn asumptwtik¸n mejìdwn sthn ep�lush th kumatik  ex�swshsun�statai sta ex  b mata: (a) Kajorismì th majhmatik  morf  th lÔshgia to hlektrikì ped�o (ansatz), (b) An�ptuxh th lÔsh se asumptwtik  seir� wpro thn par�metro κ, (g) Antikat�stash th asumptwtik  seir� sthn kumatik ex�swsh kai diaqwrismì twn ìrwn diaforetik  t�xh w pro to κ, (d) Ep�lushth ex�swsh pou antistoiqe� se k�je t�xh tou κ. Up�rqoun diaforetikè asu-mptwtikè mèjodoi, an�loga me to ansatz gia to hlektrikì ped�o kai th morf  twnìrwn th asumptwtik  seir�. Oi trei kuriìtere, ti opo�e kai parousi�zou-me sti upoenìthte pou akoloujoÔn, e�nai oi ex : (a) Entopismì akt�na, pouprokÔptei ap’ th jewr�a th gewmetrik  optik  (geometrical optics), (b) Mè-jodo migadik  f�sh, pou bas�zetai sthn hmioptik  jewr�a (quasi-optics), (g)Entopismì dèsmh, pou e�nai èna sunduasmì twn prohgoÔmenwn dÔo.3 Στις περιπτώσεις που θα μελετήσουμε είναι λ ≪ Lp (ή αλλιώς κ ≫ 1) και λέμε ότι βρισκόμαστε
στο ”μικροκυματικό όριο” (short-wavelength limit).



3.2. Asumptwtikè mèjodoi gia thn ep�lush th kumatik  ex�swsh 733.2.1 Entopismì akt�naH gnwstìterh, kai tautìqrona aploÔsterh, asumptwtik  mèjodo gia thnep�lush th kumatik  ex�swsh e�nai h mèjodo tou entopismoÔ akt�na (ray tra-
cing), h opo�a prokÔptei apì th jewr�a th gewmetrik  optik  [Weinberg 1962,
Bernstein 1975, Friedland and Bernstein 1980, Kravtsov and Orlov 1990℄. H je-wr�a aut  perigr�fei thn kumatik  di�dosh sto pla�sio enì sunìlou apì akt�ne,parìmoie me autè tou fwtì, oi opo�e upìkeintai se suneq  di�jlash apì toqwrik� metaballìmeno mèso. San kinhmatikì an�logo, ja mporoÔsame na anti-stoiq soume thn troqi� enì swmatid�ou upì thn ep�drash enì sugkekrimènoudunamikoÔ. Me ton trìpo autì kajier¸netai mia antistoiq�a an�mesa sth di�doshenì kÔmato, ìpw aut  prokÔptei apì ti exis¸sei Maxwell, kai th mejodolog�a
Hamilton gia thn k�nhsh enì swmatid�ou [Landau and Lifshitz 1997℄.Sth mèjodo entopismoÔ akt�na, to hlektrikì ped�o tou kÔmato perigr�fetaisan gen�keush th ant�stoiqh morf  tou ep�pedou kÔmato, ìpou ed¸ jewroÔmeìti o kumat�rijmo metab�lletai sto q¸ro. H morf  aut  e�nai gnwst  me thnonomas�a ”eikonal ansatz” [Weinberg 1962, Bernstein 1975℄

Ē(r) = Ā(r)eiκs(r), (3.2)ìpou me Ā sumbol�zetai to pl�to tou hlektrikoÔ ped�ou kai s e�nai h gen�keush thf�sh k · r gia asjen¸ anomoiogenè mèso. H sqèsh th genikeumènh f�sh meto m ko kÔmato e�nai h (profan ) k = κ∇s. K�je akt�na tou kumatikoÔ ped�oukajor�zetai apì èna sÔnolo sun jwn diaforik¸n exis¸sewn, oi opo�e d�noun thntroqi� pou diagr�fei h akt�na, ton kumat�rijmo kai to pl�to tou kÔmato kat�m ko th akt�na. Sti exis¸sei autè katal goume w ex : (a) AnaptÔssoumese asumptwtik  seir� to pl�to tou ”eikonal ansatz”

Ā = Ā0 +
Ā1

κ
+

Ā2

κ2
+ ...,(b) AntikajistoÔme sthn kumatik  ex�swsh thn Ex. (3.2) kai to parap�nw an�-ptugma, (g) Upojètoume ìti h aporrìfhsh e�nai asjen , dhl. ìti to antiermitianìmèro tou dihlektrikoÔ tanust  e�nai mia t�xh megèjou mikrìtero ap’ to ant�stoi-qo ermitianì, k�ti pou metafr�zetai sth sqèsh ε̃ = ε̃

H + iκ−1
ε̃

A (gia leptomèreiebl. [Poli 1998℄), (d) Diaqwr�zoume tou ìrou diaforetik  t�xh w pro κ.H ex�swsh pou prokÔptei ap’ tou ìrou mhdenik  t�xh e�nai h
[
κ2(−k2Ĩ + k ⋆ k) + ε̃

H
]
· Ā0 = 0. (3.3)H sunj kh epilusimìthta th Ex. (3.3) e�nai h det[κ2(−k2Ĩ + k ⋆ k) + ε̃

H] = 0.H sunj kh aut  apotele� kai th sqèsh diaspor� gia th di�dosh sto anomoioge-nè mèso, kai e�nai mia ex�swsh Hamilton-Jacobi w pro s. Autì shma�nei ìti hexèlixh th jèsh kai th ”orm ” (dhl. tou kumatar�jmou) th akt�na entì toupl�smato d�netai apì kanonikè exis¸sei Hamilton

dr

dτ
=
∂H
∂k

, (3.4a)



74 3. Di�dosh hlektromagnhtik¸n kumatik¸n desm¸n sto pl�sma
dk

dτ
= −∂H

∂r
. (3.4b)Sti parap�nw exis¸sei, h metablht  τ apotele� mia par�metro pou leitourge� wsuntetagmènh kat� m ko th di�dosh kai or�zetai ap’ th sqèsh

dt

dτ
= −∂H

∂ω
,en¸ h sun�rthsh diaspor� H = det[κ2(−k2Ĩ + k ⋆ k) + ε̃

H] pa�zei to rìlo thsun�rthsh Hamilton. Na shmei¸soume ìti oi kampÔle pou upolog�zontai apìti Ex. (3.4b) taut�zontai me ti grammè ro  th taqÔthta om�da, h opo�a ed¸d�netai ap’ th sqèsh
υg = −∂H/∂k

∂H/∂ω .H ex�swsh pou prokÔptei ap’ tou ìrou 1ης t�xh e�nai h akìloujh
d|Ā0|2
dτ

+ (∇ · υg + 2αL) |Ā0|2 = 0, (3.5)ìpou αL = ˆ̄e∗ · ε̃
A · ˆ̄e e�nai o suntelèsth aporrìfhsh kai ˆ̄e e�nai to monadia�odi�nusma pìlwsh (Ā0 = Ā0ˆ̄e). H ex�swsh aut  parèqei thn exèlixh tou pl�toutou kÔmato kat� m ko th akt�na. O ìro ∇·υg|Ā0|2 upodhl¸nei ìti h enèrgeiatou kÔmato diad�detai kat� m ko th dieÔjunsh th taqÔthta om�da, en¸ oìro 2αL|Ā0|2 ìti h aporrìfhsh e�nai an�logh th probol  tou antiermitianoÔmèrou tou dihlektrikoÔ tanust  p�nw sto di�nusma pìlwsh.3.2.2 Mèjodo migadik  f�shH mèjodo entopismoÔ akt�na apotele� èna idia�tera apotelesmatikì ergale�ogia thn ep�lush th kumatik  ex�swsh. To basikì pleonèkthma e�nai ìti meta-trèpei ti diaforikè exis¸sei pro lÔsh apì merikè se sun jei. Up�rqei ìmwèna shmantikì periorismì: H perigraf  kumatik¸n fainomènwn, ìpw p.q. hper�jlash, den e�nai efikt  mèsw th mejìdou aut . Sth gewmetrik  optik , takumatik� fainìmena emfan�zontai sti exis¸sei an¸terh t�xh, oi opo�e en gèneie�nai polÔ dÔskolo na lujoÔn. 'Eqoume ìmw peript¸sei ìpou tètoia fainìmenade g�netai na agnohjoÔn, ìpw p.q. ìtan qrhsimopoioÔntai estiasmène dèsme,ìpou oi akt�ne e�nai polÔ kont� metaxÔ tou kai èqoume allhlepidr�sei kÔmato-kÔmato, oi opo�e odhgoÔn sth dieÔrunsh th dèsmh. Se autè ti peript¸sei,h qr sh th mejìdou entopismoÔ dèsmh odhge� se fusikè asumbatìthte. Sune-p¸, apaite�tai h anab�jmish th gewmetrik  optik  ¸ste na lamb�nei upìyh takumatik� fainìmena. H jewr�a pou èqei anaptuqje� sthn kateÔjunsh aut  onom�-zetai ”hmioptik ” (quasi-optics), kai san apotèlesma èqoun dhmiourghje� di�foremèjodoi gia na antimetwp�soun ta probl mata pou anafèrame prin.



3.2. Asumptwtikè mèjodoi gia thn ep�lush th kumatik  ex�swsh 75Ap’ ti mejìdou autè, pr¸th èkane thn emf�nis  th h mèjodo migadik f�sh (complex eikonal method) [Choudary and Felsen 1973, Mazzucato 1989,
Bravo-Ortega and Glasser 1991℄. H basik  kainotom�a ed¸ e�nai ìti h f�sh toukÔmato or�zetai na e�nai migadik , s̄ = s+iφ, ìpou to fantastikì mèro φ sundèetaime to profile th dèsmh. H majhmatik  èkfrash gia to hlektrikì ped�o e�nai

Ē(r) = Ā(r)eiκs(r) = Ā(r)eiκs(r)−κφ(r), (3.6)ìpou to fantastikì mèro tou kumatanÔsmato Im(k̄) = κ∇φ e�nai egk�rsio stodi�nusma th taqÔthta om�da. Parathr ste ìti, se autì to pla�sio, emfan�zetaièna nèo qarakthristikì m ko, to eÔro th dèsmh w (λ ≤ w ≤ Lp). Na shmei¸-soume ìti to fantastikì mèro Im(k̄) ∝ w−1 e�nai th t�xh κ−1/2 se sqèsh me topragmatikì mèro Re(k̄), san apotèlesma th sunj kh Fresnel w2 ≥ λLp.An akolouj soume thn �dia odì me aut  th prohgoÔmenh upoenìthta, oilÔsei pou prokÔptoun gia ti troqiè twn kumatik¸n akt�nwn ja e�nai migadikèdiìti h �dia h sun�rthsh Hamilton e�nai migadik . E�nai ìmw dunatì na par�goumemia lÔsh sto pragmatikì ep�pedo, an anaptÔxoume se seir� Taylor th migadik sun�rthsh Hamilton. H egkurìthta th an�ptuxh aut  dikaiologe�tai ap’ thsqèsh Im(k̄) ≪ Re(k̄) pou de�xame parap�nw. H sun�rthsh Hamilton pou pro-kÔptei e�nai pragmatik , kaj¸ to fantastikì mèro e�nai Im(k̄) · υg = 0 lìgwth kajetìthta twn Im(k̄), υg, kai apotele�tai apì dÔo ìrou, ton ìro mhdenik t�xh th gewmetrik  optik  kai ènan ìro an¸terh t�xh pou perigr�fei takumatik� fainìmena (bl. p.q. [Nowak and Orefice 1993, Kravtsov et al 1999℄)
H(k) = H[Re(k̄)] − 1

2

∑

α,β

Im(k̄α)Im(k̄β)
∂2H[Re(k̄)]

∂Re(k̄α)∂Re(k̄β)
,ìpou oi de�kte α, β anafèrontai sti suntetagmène (χα, χβ = x, y, z).Ap’ thn parap�nw sun�rthsh Hamilton pa�rnoume ti hmioptikè exis¸sei

dr

dτ
=
∂H[Re(k̄)]

∂Re(k̄)
− 1

2

∑

α,β

Im(k̄α)Im(k̄β)
∂3H(k̄)

∂Re(k̄α)∂Re(k̄β)∂Re(k̄)
,

dRe(k̄)

dτ
= −∂H[Re(k̄)]

∂r
+
∑

α,β

Im(k̄α)
∂2H(k̄)

∂Re(k̄α)∂Re(k̄β)

dIm(k̄β)

dr
.Oi exis¸sei autè, oi opo�e ousiastik� prokÔptoun apì tou ìrou mhdenik t�xh, perigr�foun thn troqi� th dèsmh sunupolog�zonta thn ep�drash twnkumatik¸n fainomènwn. Na ton�soume ed¸ ìti, se sqèsh me th mèjodo entopismoÔakt�na, oi diaforikè exis¸sei gia ti troqiè twn akt�nwn den e�nai plèon sun jeiall� merikè. Autì ofe�letai sto ìti h sumper�lhyh twn kumatik¸n fainìmenwnapaite� th sÔzeuxh twn exis¸sewn mèsw ìrwn pou perigr�foun thn allhlep�drashk�je akt�na me ti geitonikè th. To meionèkthma autì anaire�tai apì th mèjodoentopismoÔ dèsmh, thn opo�a parousi�zoume sthn epìmenh upoenìthta. 'Osonafor� thn ex�swsh 1ης t�xh gia to pl�to tou kÔmato, aut  e�nai h �dia me thn(3.5) pou parousi�same sthn prohgoÔmenh upoenìthta.



76 3. Di�dosh hlektromagnhtik¸n kumatik¸n desm¸n sto pl�sma3.2.3 Entopismì dèsmhH tr�th asumptwtik  mèjodo, sthn opo�a kai ja basistoÔme sto kef�laioautì gia thn perigraf  th di�dosh non-Gaussian kumatik¸n desm¸n, e�nai h mè-jodo entopismoÔ dèsmh (beam tracing). H mèjodo aut  e�nai mia efarmog  thjewr�a Wentzel-Krammers-Brillouin (WKB) sthn ep�lush th kumatik  ex�sw-sh, kai sundu�zei th majhmatik  aplìthta th mejìdou entopismoÔ akt�na me thnousiastik  perigraf  twn kumatik¸n fainomènwn. H di�dosh th kumatik  dèsmhkajor�zetai apì èna sÔnolo sun jwn diaforik¸n exis¸sewn, oi opo�e parèqoun(a) thn troqi� tou gewmetrikoÔ �xona, (b) thn exèlixh tou eÔrou tou profile touhlektrikoÔ ped�ou kai th kampulìthta tou met¸pou kÔmato, (g) thn aporrìfhshth kumatik  enèrgeia apì to pl�sma. 'Ole oi exis¸sei autè maz� onom�zontaiexis¸sei entopismoÔ dèsmh (beam tracing equations).To hlektrikì ped�o èqei thn �dia morf  me aut  pou sunant same sthn hmio-ptik  jewr�a, dhl. me migadik  genikeumènh f�sh. H diafor� ègkeitai sto ìti toan�ptugma tou pl�tou se asumptwtik  seir� emperièqei kai ìrou th endi�mesht�xh κ−1/2 [Pereverzev 1996, Pereverzev 1998℄
Ā = ΨmnĀ0 −

2∑

j=1

∂Ψmn

∂ξj

iĀj
1

κ1/2
−

2∑

i,j=1

∂2Ψmn

∂ξi∂ξj

Ā
ij
2

2κ
− Ψmn

iĀ3

κ
, (3.7)ìpou i, j = 1, 2. H sun�rthsh Ψmn perigr�fei to egk�rsio profile th dèsmh

Ψmn(ξ1, ξ2) =
Hm(ξ1)Hn(ξ2)√
π2m+nm!n!

e−φ(ξ1,ξ2), (3.8)me Hn ta polu¸numa Hermite [Abramowitz and Stegun 1965℄. Sta parap�nw or�-same èna adi�stato sÔsthma suntetagmènwn (τ, ξ1, ξ2), pou onom�zetai ”sÔsthmasuntetagmènwn dèsmh” (beam coordinate system). H suntetagmènh τ 4 e�nai pa-r�llhlh sth di�dosh, en¸ oi ξ1, ξ2 or�zoun to egk�rsio ep�pedo ìpou sqhmat�zetaito beam profile (bl. Sq. 3.1(a)). H kampÔlh ξ1 = ξ2 = 0 e�nai mia akt�na parì-moia me autè th gewmetrik  optik , thn opo�a onom�zoume ”akt�na anafor�”
(reference ray). H akt�na aut  perigr�fei thn troqi� tou gewmetrikoÔ �xona thdèsmh kai upakoÔei ti exis¸sei entopismoÔ akt�na (3.4). To migadikì mèro thgenikeumènh f�sh e�nai mia tetragwnik  morf  twn ξ1, ξ2, oi opo�e epilègontaiètsi ¸ste h tetragwnik  morf  2φ na e�nai monadia�a, dhl. φ =

∑2
i,j=1 δi,jξiξj/2.Gia ton upologismì th exèlixh tou eÔrou th dèsmh kai th kampulìthtatou met¸pou kÔmato, ousiastik� autì pou prèpei na upolog�soume e�nai h miga-dik  f�sh s̄. Sti efarmogè pou oi dèsme e�nai qwrik� entopismène, opìte kaito hlektrikì ped�o e�nai amelhtèo makri� ap’ ton �xona th dèsmh, mporoÔme naaplopoi soume shmantik� ton upologismì an anaptÔxoume thn s̄ se seir� TaylorgÔrw ap’ thn akt�na anafor�. To an�ptugma èqei th morf 

s̄ = s̄0 +
∑

α

s̄α(χα − χ0α) +
1

2

∑

α,β

s̄αβ(χα − χ0α)(χβ − χ0β).4 Η συντεταγμένη τ στη μέθοδο εντοπισμού δέσμης ορίζεται με τον ίδιο ακριβώς τρόπο με την
παράμετρο τ στη μέθοδο εντοπισμού ακτίνας (βλ. Υποεν. 3.2.1).
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(α) (β)

υg

Sq ma 3.1: To sÔsthma suntetagmènwn dèsmh (τ, ξ1, ξ2) [Maj 2003℄, (b) Apotelèsmatatou k¸dika entopismoÔ dèsmh TORBEAM gia thn aporrof¸menh enèrgeiakai thn puknìthta odhgoÔmenou reÔmato [Poli et al 2001b℄.Oi suntelestè s̄αβ = ∂2s̄/(∂χα∂χβ) = sαβ+iφαβ upolog�zontai apì mia diaforik ex�swsh pou prokÔptei ap’ tou ìrou t�xh κ−1/2 sthn Ex. (3.7)
ds̄αβ

dτ
+

∂2H
∂χα∂χβ

+
∑

α′

(
∂2H

∂χβ∂kα′

s̄αα′+
∂2H

∂χα∂kα′

s̄βα′

)
+
∑

α′,β′

∂2H
∂kα′∂kβ′

s̄αα′ s̄ββ′ = 0. (3.9)To pragmatikì mèro sαβ sundèetai me thn akt�na kampulìthta (sαβ ∝ R−1), en¸to fantastikì mèro φαβ me to eÔro th dèsmh (φαβ ∝ W−2). H sqèsh me tokartesianì sÔsthma suntetagmènwn e�nai 2φ =
∑

αβ φαβ(χα − χ0α)(χβ − χ0β).H ex�swsh 1ης t�xh gia thn exèlixh tou pl�tou tou hlektrikoÔ ped�ou e�naiparìmoia me thn Ex. (3.5)
d|C̄mn|2
dτ

+ [∇ · υg + 2αL(k)] |C̄mn|2 = 0. (3.10)H diafor� ed¸ e�nai pw h aporrìfhsh upolog�zetai men ep� tou gewmetrikoÔ �xona,anafèretai ìmw se ìlh thn epif�neia th dèsmh. O ìro C̄mn = Ā0e
iΘmn e�nai ìtiapomènei ap’ to migadikì pl�to Ā0 (to ant�stoiqo me autì th mejìdou entopismoÔakt�na) afoÔ afairèsoume th metatìpish f�sh Θmn se sqèsh me to gewmetrikì�xona (ja suzht soume argìtera ton akrib  orismì th Θmn). Me b�sh ìla taparap�nw, h genik  lÔsh gia to hlektrikì ped�o mpore� na ekfraste� san upèrjeshmerik¸n lÔsewn, Ē =

∑
mn Ēmnē, th morf 

Ēmn =
C̄mnHm(ξ1)Hn(ξ2)√

π2m+nm!n!
eiκs−κφ−iΘmn. (3.11)Oi merikè lÔsei Ēmn e�nai idiosunart sei th kumatik  ex�swsh kai e�nai gnw-stè w rujmo� Gauss-Hermite (de�te peraitèrw sthn Enìt. 3.3).



78 3. Di�dosh hlektromagnhtik¸n kumatik¸n desm¸n sto pl�smaE�nai shmantikì na ton�soume ta pleonekt mata th mejìdou entopismoÔ dèsmhse sqèsh me ti upìloipe asumptwtikè mejìdou. Pr¸ta ap’ ìla, h sugkekrimè-nh mèjodo d�nei th dunatìthta na sumperilhfjoÔn kumatik� fainìmena, ta opo�aagnooÔntai sthn perigraf  pou parèqei h mèjodo entopismoÔ akt�na, kai m�li-sta me ligìtere exis¸sei. Epiprìsjeta, oi diaforikè exis¸sei pro lÔsh e�naisun jei kai sto pragmatikì ep�pedo, kai sunep¸ aut  h mèjodo den apaite� thnolokl rwsh exis¸sewn sto migadikì ep�pedo. H mèjodo entopismoÔ dèsmh ulo-poie�tai arijmhtik� ston k¸dika TORBEAM [Poli et al 2001a, Poli et al 2001b℄.O TORBEAM upolog�zei th di�dosh desm¸n aktinobol�a EC me Gaussian ka-tanom  hlektrikoÔ ped�ou se toroeid  gewmetr�a, gia di�fore arqikè sunj keekpomp  kai gia magnhtik  isorrop�a pou d�netai apì analutikè ekfr�sei   pei-ramatik� dedomèna. Ektì ap’ th di�dosh th dèsmh, o k¸dika upolog�zei thqwrik  exèlixh th aporrìfhsh th enèrgeia kai th od ghsh reÔmato b�seigrammik¸n montèlwn gia to suntelest  aporrìfhsh kai to suntelest  apìdoshth od ghsh reÔmato (bl. Sq. 3.1(b)).3.3 Entopismì dèsmwn me genik  katanom  hlektrikoÔ ped�ouH di�dosh mikrokumatik¸n desm¸n me Gaussian profile sto pl�sma èqei me-lethje� me ìle ti asumptwtikè mejìdou pou anafèrame prohgoumènw, ana-lutik� all� kai arijmhtik� (bl. endeiktik� [Westerhof 1989, Mazzucato 1989,
Nowak and Orefice 1993, Pereverzev 1998, Poli et al 2001a, Maj 2003℄). Se autìto mèro tou kefala�ou perigr�foume ton upologismì th di�dosh non-Gaussiandesm¸n se anomoiogenè kai anisìtropo pl�sma, sto pla�sio th mejìdou ento-pismoÔ dèsmh. H majhmatik  perigraf  th non-Gaussian dèsmh g�netai mèswth upèrjesh rujm¸n Gauss-Hermite (bl. thn Ex. (3.11)). D�noume èmfash stiallagè pou qrei�zontai sthn arqik  mèjodo, ìpw aut  parousi�sthke apì ton
Pereverzev [Pereverzev 1998℄, ¸ste na e�nai dunatì na melet soume, pèra ap’ ti
Gaussian dèsme, kai dèsme me diaforetikì profile.H sugkekrimènh dom  th mejìdou entopismoÔ dèsmh dieukolÔnei shmantik�thn eisagwg  ìrwn uyhlìterh t�xh se mia Gaussian dèsmh. Oi merikè lÔsei
{Emn} e�nai èna pl re sÔnolo idiosunart sewn th kumatik  ex�swsh, kaj¸(a) k�je m�a ap’ ti merikè lÔsei ikanopoie� th diat rhsh enèrgeia, ìpw aut apotup¸netai sthn Ex. (3.10), (b) sto ìrio ìpou h aporrìfhsh e�nai asjen (ε̃A ≪ ε̃

H) den up�rqei sÔzeuxh metaxÔ twn diaforetik¸n rujm¸n (m,n), (g)h majhmatik  èkfrash tou pl�tou |Ēmn| sundèetai grammik� me ti sunart sei
Gauss-Hermite ψn(x) = e−x2/2Hn(x)/

√
π1/22nn!

|Ēmn| = |C̄mn|
Hm(ξ1)Hn(ξ2)√
π2m+nm!n!

e−(ξ2

1
+ξ2

2
)/2 = |C̄mn|Ψmn(ξ1, ξ2) = |C̄mn|ψm(ξ1)ψn(ξ2).Oi sunart sei ψn e�nai pl re kai orjog¸nio sÔnolo, opìte kai oi sunart sei

Ψmn apoteloÔn b�sh sto q¸ro twn tetragwnik� oloklhr¸simwn ekjetik¸n su-nart sewn sti dÔo diast�sei. Sunep¸, èna opoiod pote hlektrikì ped�o mpore�



3.3. Entopismì dèsmwn me genik  katanom  hlektrikoÔ ped�ou 79na ekfraste� san mia upèrjesh tètoiwn sunistws¸n kai, me b�sh thn prohgoÔmenhenìthta, na analuje� sto pla�sio th mejìdou entopismoÔ dèsmh. H sugkekrimènhdiadikas�a th an�lush e�nai h ex : (a) D�noume kat�llhle arqikè sunj kese ìle ti metablhtè, (b) EpilÔoume ti exis¸sei gia thn akt�na anafor�, thnkampulìthta tou met¸pou kÔmato kai to eÔro th dèsmh, (g) EpilÔoume thnex�swsh exèlixh tou pl�tou gia k�je rujmì th dèsmh (m,n).'Oson afor� to pr¸to b ma, e�nai aplì na or�soume kat�llhle arqikè sun-j ke gia ti metablhtè pou emplèkontai sti exis¸sei entopismoÔ dèsmh (3.4),(3.9), afoÔ oi metablhtè autè upolog�zontai p�nw sthn akt�na anafor� (ξ1 =
ξ2 = 0) kai sunep¸ e�nai koinè gia ìlou tou rujmoÔ th dèsmh. Gia ta arqi-k� pl�th twn rujm¸n C̄mn|τ=0, axiopoioÔme to gegonì ìti èna genikì hlektrikìped�o mpore� na analuje� se upèrjesh rujm¸n Gauss-Hermite. Sthn pragmati-kìthta, oi suntelestè enì tètoiou anaptÔgmato sump�ptoun me ti arqikè timètwn plat¸n sti exis¸sei entopismoÔ dèsmh (3.10)

Ē(ξ1, ξ2)|τ=0 =
∑

m,n

C̄mn|τ=0ψm(ξ1)ψn(ξ2). (3.12)O upologismì twn suntelest¸n tou anaptÔgmato g�netai ap’ th sunj kh orjo-gwniìthta twn sunart sewn Gauss-Hermite

C̄mn|τ=0 =

∞∫

−∞

Ē(ξ1, ξ2)|τ=0ψm(ξ1)ψn(ξ2)dξ1dξ2. (3.13)Prèpei na shmei¸soume ìti, jewrhtik�, gia na epiteuqje� h isìthta sthn (3.12)apaite�tai �peiro arijmì ìrwn sto �jroisma. 'Omw, se praktikè efarmogè,o arijmì twn ìrwn e�nai peperasmèno, opìte o rìlo th epilog  tou arijmoÔautoÔ sthn akr�beia tou anaptÔgmato ja prèpei na diereunhje�. To sf�lma sthnan�ptuxh tou hlektrikoÔ ped�ou se seir� or�zetai w
Æ(m,n) = 1 −

∑
m,n

∣∣C̄mn

∣∣2
τ=0∫∞

−∞

∣∣Ē(ξ1, ξ2)
∣∣2
τ=0

dξ1dξ2
. (3.14)H posìthta aut  e�nai p�ntote jetik , k�ti to opo�o prokÔptei ap’ thn anisìthta

Bessel gia genikeumène seirè Fourier.San par�deigma th teqnik  pou perigr�yame, a melet soume thn an�lushse rujmoÔ Gauss-Hermite enì 1-di�statou hlektrikoÔ ped�ou me omoiìmorfh(tetragwnik ) katanom  pl�tou. H majhmatik  èkfrash tou ped�ou e�nai
E(ξ)|τ=0 = E0 [U(ξ + ℓsq) − U(ξ − ℓsq)] .Sthn prohgoÔmenh sqèsh, ℓsq e�nai to eÔro th omoiìmorfh katanom  (kanoni-kopoihmèno w pro to �dio m ko W me thn egk�rsia suntetagmènh ξ) kai U(x)
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Sq ma 3.2: (a) Katanom  tou hlektrikoÔ ped�ou mia 1-di�stath tetragwnik  (omoiì-morfh) dèsmh eÔrou ℓsq = 4, ìpw anakataskeu�sthke me qr sh 50 ruj-m¸n Gauss-Hermite, (b) Oi suntelestè twn �rtiwn ìrwn tou anaptÔgmatokai to sf�lma san sun�rthsh th t�xh 2n.e�nai h bhmatik  sun�rthsh. Eis�gonta thn èkfrash tou ped�ou sto 1-di�statoan�logo th Ex. (3.13), oi suntelestè tou anaptÔgmato br�skontai na e�nai
Cn|τ=0 =

E0√
π1/22nn!

ℓsq∫

−ℓsq

e−ξ2/2Hn(ξ)dξ.Parathr ste ed¸ ìti, sÔmfwna me ti idiìthte twn poluwnÔmwn Hermite, oi sunte-lestè Cn|τ=0 e�nai mh mhdeniko� mìno gia �rtie timè tou de�kth n. Upolog�samearijmhtik� th lÔsh tou probl mato, kai sto Sq. 3.2(a) de�qnoume to profile thtetragwnik  dèsmh ìpw autì anadom jhke me b�sh ta apotelèsmata th an�-lush se 50 sunist¸se Gauss-Hermite. H prosèggish e�nai se genikè grammèpolÔ kal , en¸ aÔxhsh tou arijmoÔ twn rujm¸n k�nei thn prosèggish akìmh ka-lÔterh. Sto Sq. 3.2(b), oi suntelestè twn rujm¸n �rtia t�xh sqedi�zontaisan sun�rthsh twn deikt¸n 2n. Oi rujmo� uyhl  t�xh (n > 14) èqoun polÔmikroÔ suntelestè kai den pa�zoun shmantikì rìlo sth diamìrfwsh tou profile.'Ena shme�o pou prèpei na ton�soume e�nai ìti, sthn kanonikopoi sh twn egk�rsiwnsuntetagmènwn, to eÔro W epilègetai na e�nai mikrìtero apì to ℓsq, eid�llw han�ptuxh apaite� èna meg�lo arijmì ìrwn gia na perigr�yei epark¸ to sq ma thdèsmh. Gia ta apotelèsmata pou parousi�zontai ed¸ qrhsimopoioÔme thn tim 
ℓsq = 4. Sto Sq. 3.2(b) apeikon�zoume to sf�lma tou anaptÔgmato, ìpw autìor�zetai sthn Ex. (3.14). To sf�lma br�sketai na e�nai kont� sto 3% gia n = 10kai pèftei k�tw apì 1% gia n > 30, k�ti pou shma�nei ìti h perigraf  th dèsmhmpore� na e�nai polÔ akrib  me qr sh l�gwn mìno ìrwn.
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Sq ma 3.3: (a) Katanom  tou hlektrikoÔ ped�ou mia 1-di�stath dèsmh me sq ma ”misoÔhmitìnou” pl�tou ℓhs = π/2, ìpw anakataskeu�sthke apì 50 rujmoÔ
Gauss-Hermite, (b) Oi suntelestè twn �rtiwn ìrwn tou anaptÔgmato kaito sf�lma san sun�rthsh th t�xh 2n.Se èna �llo par�deigma, melet�me èna 1-di�stato hlektrikì ped�o me katanom sq mato ”misoÔ hmitìnou” (half-sine)

E(ξ)|τ=0 = E0 sin(ξ + ℓhs) [U(ξ + ℓhs) − U(ξ − ℓhs)] .Kai se aut  thn per�ptwsh, oi suntelestè tou anaptÔgmato e�nai mh mhdeniko�mìno gia �rtiou de�kte. Sto Sq. 3.3(a) fa�netai to profile th dèsmh, ìpwupolog�sthke me qr sh 50 rujm¸n Gauss-Hermite (ed¸ to kanonikopoihmèno eÔroth dèsmh e�nai �so me ℓhs = π/2). ParathroÔme ìti h prosèggish e�nai polÔakrib  kat� pl�to ìlh th dèsmh. Sto Sq. 3.3(b), oi suntelestè twn �rtiwnìrwn parist�nontai san sun�rthsh tou 2n. Blèpoume pw mìno oi ìroi t�xh
n < 8 èqoun shmantik  ep�drash sto sq ma tou profile. To sf�lma e�nai per�pou
7% gia n = 2 kai pèftei k�tw apì 1% polÔ gr gora, apì mìli n = 4.AfoÔ èqoume kajor�sei ti arqikè sunj ke, gia thn ep�lush twn exis¸sewnentopismoÔ dèsmh akoloujoÔme th mejodolog�a pou èqei parousi�sei o Perever-
zev [Pereverzev 1996, Pereverzev 1998℄. Oi exis¸sei entopismoÔ dèsmh gia thnakt�na anafor�, to eÔro kai to mètwpo kÔmato e�nai oi �die gia ìlou tourujmoÔ, diìti ìle oi posìthte sti exis¸sei autè upolog�zontai p�nw sthnakt�na anafor�. H genik  morf  th ex�swsh gia to migadikì pl�to e�nai

dC̄mn

dτ
+
[
ˆ̄e
∗ · M(ˆ̄e) + αL

]
C̄mn = 0, (3.15)ìpou M(ˆ̄e) = −∇ ×

(
∇s× ˆ̄e

)
− ∇s ×

(
∇× ˆ̄e

). Sunduasmì th Ex. (3.15) giato C̄mn = |C̄mn|ei arg C̄mn me th sÔzug  th ex�swsh èqei gia apotèlesma thn Ex.



82 3. Di�dosh hlektromagnhtik¸n kumatik¸n desm¸n sto pl�sma(3.10) gia to pl�to |C̄mn|2, ìpw kai mia sqèsh gia to ìrisma arg C̄mn

d arg C̄mn

dτ
=
i

2

[
ˆ̄e
∗ · M(ˆ̄e) − ˆ̄e

∗ ·M(ˆ̄e)
]
. (3.16)H prohgoÔmenh sqèsh e�nai �dia gia ìlou tou rujmoÔ, kaj¸ to deÔtero mèloapotele�tai apì metablhtè pou èqoun sqèsh mìno me to gewmetrikì �xona thdèsmh. Apì thn �llh, h (3.15) en gènei den e�nai �dia gia ìlou tou rujmoÔepeid  o suntelest  aporrìfhsh αL exart�tai apì to kumat�nusma, to opo�oe�nai diaforetikì gia k�je rujmì. Sugkekrimèna, to kumat�nusma pou antistoiqe�sto rujmì t�xh (m,n) e�nai

kmn = ∇(κs− Θmn) = k − dΘmn

dτ
∇τ, (3.17)ìpou k = κ∇s e�nai to kumat�nusma pou antistoiqe� sth di�dosh th akt�naanafor� kai upolog�zetai ap’ th lÔsh th ex�swsh entopismoÔ akt�na gia thn

dk/dτ , en¸ h par�metro ∇τ mpore� na upologiste� ap’ thn ex�swsh entopismoÔakt�na gia thn dr/dτ . O suntelest  aporrìfhsh prosdior�zetai apì analutik�montèla (bl. endeiktik� [Bornatici et al 1983℄)   lÔnonta th sqèsh diaspor�gia kinhtikì pl�sma, ìpw p.q. ulopoie�tai apì ton Westerhof [Westerhof 1989℄(arijmhtik� apotelèsmata parousi�zontai sthn Upoen. 3.5.1).Gia na oloklhr¸soume th lÔsh, autì pou apomènei na upologiste� e�nai h meta-tìpish f�sh Θmn. O rìlo th sthn exèlixh th dèsmh ja analuje� perissìterosthn epìmenh enìthta. Sto pla�sio pou anafèrame  dh, h Θmn d�netai ap’ th sqèsh
Θmn = (m+ n + 1)

τ∫

0

N dτ, (3.18)ìpouN = N (τ) e�nai mia sun�rthsh pou metab�lletai mìno kat� m ko th akt�naanafor�, kai prèpei na ikanopoie� th sqèsh-periorismì
∑

α,β

∂2H

∂kα∂kβ

∂ξi
∂χα

∂ξj
∂χβ

= κN δi,j. (3.19)Aut  h ex�swsh e�nai sthn pragmatikìthta mia �llh morf  th Ex. (40) sthn[Pereverzev 1998℄, kai prèpei na ikanopoie�tai diìti e�nai h sunj kh epilusimìthtath Ex. (24c). H sugkekrimènh e�nai m�a apì ti exis¸sei pou prokÔptoun ap’tou ìrou t�xh κ−1/2 afìtou h Ex. (3.7) antikatastaje� sth kumatik  ex�swshkai g�nei sunduasmì me thn Ex. (5)
1

2

∑

i,j

δi,j
∂2Ψmn

∂ξi∂ξj
+

(
m+ n+ 1 − 1

2

∑

i,j

δi,jξiξj

)
Ψmn = 0. (3.20)H teleuta�a ex�swsh e�nai idiìthta twn 2-di�statwn sunart sewn Gauss-Hermite,h opo�a mpore� na exaqje� ajro�zonta ti ant�stoiqe 1-di�state exis¸sei

d2ψn

∂ξ2
+ (2n+ 1 − ξ2)ψn = 0. (3.21)



3.3. Entopismì dèsmwn me genik  katanom  hlektrikoÔ ped�ou 83H mèjodo aut  d�nei axiìpista apotelèsmata sthn per�ptwsh pou h dèsmhe�nai Gaussian, all� gia na thn efarmìsoume sth genik  per�ptwsh mia tuqa�adèsmh apaite�tai mia anaje¸rhsh. Piì sugkekrimèna, h sunj kh (3.19) e�nai po-lÔ perioristik  gia thn perigraf  tou profile th dèsmh, diìti ètsi e�nai dunatìna prosomoiwjoÔn mìno dèsme me fusik  sumperifor� pou upakoÔei th sugke-krimènh summetr�a pou perigr�fetai sthn Ex. (3.19), dhl. ∑α,β ∂
2
αβH∂αξ1∂βξ1 =∑

α,β ∂
2
αβH∂αξ2∂βξ2 (sumbol�zoume me ∂α th merik  par�gwgo w pro χα kai me

∂αβ aut  w pro kα, kβ). MporoÔme na genikeÔsoume th sunj kh aut  or�zontaèna tanust  Λ̃ (Λ11,Λ22 6= 0, Λ12 = Λ21 = 0), ìpou ta diag¸nia stoiqe�a tou jaupeisèrqontai san pollaplasiastè twn Ex. (3.21) gia k�je kateÔjunsh egk�rsiasth di�dosh th dèsmh. H eisagwg  tètoiwn posot twn sthn Ex. (3.20) g�netaime antikat�stash tou δi,j me to ant�stoiqo stoiqe�o tou Λ̃

1

2

∑

i,j

Λij
∂2Φmn

∂ξi∂ξj
+

[(
m+

1

2

)
Λ11 +

(
n +

1

2

)
Λ22 −

1

2

∑

i,j

Λijξiξj

]
Φmn = 0.Sta parap�nw, autì èqei san apotèlesma h sqèsh (3.19) na p�rei th morf 

∑

α,β

∂2H

∂kα∂kβ

∂ξi
∂χα

∂ξi
∂χβ

= κN (Λ11δi,1 + Λ22δi,2), (3.22)dhl. ousiastik� na diaspaste� se dÔo diaforetikè sqèsei oi opo�e de jètounkanèna periorismì sth fusik  pou mpore� na upakoÔei h dèsmh. Sunep¸, me aut thn allag  h mèjodo e�nai dunatì na efarmoste� kai se genikìtere peript¸sei.Oi parap�nw allagè den ephre�zoun th morf  twn exis¸sewn entopismoÔ dèsmh,ìpw autè d�nontai sthn Ex. (3.9) (gia leptomèreie bl. Par�rt. A).Se autì to nèo pla�sio, o orismì gia th metatìpish f�sh g�netai
Θmn =

(
m+

1

2

) τ∫

0

Λ11N dτ +

(
n+

1

2

) τ∫

0

Λ22N dτ. (3.23)Oi Ex. (3.22) sundèoun ti posìthte Λ11, Λ22, N me th sun�rthsh Hamilton kaith Jacobian tou metasqhmatismoÔ ap’ ti suntetagmène dèsmh sto kartesianìsÔsthma anafor�. Sti efarmogè, oi sqèsei autè e�nai apara�thte gia nakajoristoÔn oi ìroi Λ11N , Λ22N pou emfan�zontai sth metatìpish f�sh (bl. Ex.(3.23)). Gia par�deigma, sthn per�ptwsh di�dosh sto kenì kat� m ko tou �xona
x, ìpou H = c2k2/(2ω2) − 1/2 kai h sqèsh metasqhmatismoÔ twn suntetagmènwne�nai ξα = χα/Wα (χα = y, z), to apotèlesma e�nai Λ11N = c2/(ω2W 2

y ) kai Λ22N =
c2/(ω2W 2

z ). Sta parap�nw, den asqolhj kame me jèmata pou aforoÔn to bajmìaorist�a twn Λ̃ kai N . Mia leptomer  diereÔnhsh th sqèsh an�mesa stiposìthte Λ̃, N kai sthn epilog  twn (τ, ξ1, ξ2) e�nai pèra apì to pla�sio aut th diatrib  kai ja g�nei se mellontik  ergas�a.



84 3. Di�dosh hlektromagnhtik¸n kumatik¸n desm¸n sto pl�sma3.4 Parametropo�hsh non-Gaussian desm¸nMia dèsmh me Gaussian profile mpore� na perigrafe� apì l�ge mìno paramè-trou, oi piì shmantikè ap’ ti opo�e e�nai to eÔro th dèsmh kai h akt�nakampulìthta tou met¸pou kÔmato. To eÔro metr� thn egk�rsia èktash thdèsmh, en¸ h akt�na kampulìthta apeikon�zei thn est�ash th dèsmh. To eÔroth dèsmh or�zetai sun jw w h apìstash apì to mègisto tou shme�ou eke�nouìpou h sqetik  me�wsh tou pl�tou e�nai �sh me 1/e (1/e-width), all� ep�sh su-nant�tai peristasiak� kai o orismì tou pl rou eÔrou sto misì tou meg�stou(Full Width at Half-Maximum (FWHM)). H akt�na kampulìthta tou met¸poukÔmato e�nai h akt�na th sfairik  kampÔlh pou or�zetai topik� apì th morf tou sq mato tou met¸pou kÔmato.'Otan to profile e�nai non-Gaussian, oi klasiko� orismo� sti perissìtere pe-ript¸sei apotugq�noun na perigr�youn epark¸ to sq ma th dèsmh. Gia par�-deigma, o orismì tou eÔrou w to 1/e-width endèqetai na d¸sei l�jo ekt�mhshgia to mègejo th egk�rsia diatom  th dèsmh, epeid  h tim  tou ped�ou sun -jw pèftei k�tw ap’ to posostì 1/e se perissìtere apì m�a jèsei kat� m koth egk�rsia dieÔjunsh. Ep�sh, se k�poie peript¸sei, h prosèggish ìti tomètwpo kÔmato e�nai topik� sfairikì mpore� na e�nai arket� esfalmènh. Se tè-toie katast�sei epib�lletai na or�soume xan� ti paramètrou autè. H ìlhant�lhyh per� parametropo�hsh e�nai shmantik  diìti parèqei mia apl  (all� tau-tìqrona praktik ) perigraf  twn genik¸n qarakthristik¸n th dèsmh mèsw l�gwnparamètrwn. To eÔro th egk�rsia diatom  kai h dom  tou met¸pou kÔmatoqarakthr�zoun pl rw thn kÔria sumperifor� th dèsmh d�qw na anafèrontai setopikè metabolè tou kumatikoÔ ped�ou, oi opo�e e�nai qronobìro na upologistoÔnkai se pollè praktikè efarmogè den e�nai kan apara�thth h gn¸sh tou.H perigraf  desm¸n me profile genikoÔ sq mato mpore� na g�nei me gen�keushtwn paramètrwn pou èqoun  dh oriste� gia ti Gaussian dèsme. Jewr¸nta thmajhmatik  èkfrash tou pl�tou tou hlektrikoÔ ped�ou w mia sun�rthsh kata-nom  twn tim¸n tou hlektrikoÔ ped�ou sto q¸ro, oi genikeumène par�metroi e�naidunatì na oristoÔn me b�sh ti ropè th katanom  aut 
〈xmyn〉 =

∫∞

−∞
xmyn|Ē(x, y)|2dxdy

∫∞

−∞
|Ē(x, y)|2dxdy .Ja parousi�soume th gen�keush th paramètrou tou eÔrou dèsmh. Sth sÔgqronhOptik  [Siegman 1986, Dreggers 2003℄, to eÔro mia tuqa�a dèsmh perigr�fetaiapì èna 2-di�stato summetrikì p�naka/tanust 

w̃2 = 2

[
〈x2〉 − 〈x〉2 〈xy〉 − 〈x〉〈y〉

〈xy〉 − 〈x〉〈y〉 〈y2〉 − 〈y〉2
]
.Ston tanust  autì, oi ìroi pou e�nai arnhtik� proshmasmènoi (−〈x〉2, −〈y〉2) pe-rigr�foun thn asummetr�a th dèsmh w pro to gewmetrikì th �xona, en¸ oimh diag¸nioi ìroi (〈xy〉 − 〈x〉〈y〉) sqet�zontai me th sÔzeuxh twn egk�rsiwn dieu-jÔnsewn sth majhmatik  èkfrash tou profile. Prèpei na shmei¸soume ìti e�nai



3.4. Parametropo�hsh non-Gaussian desm¸n 85dunatì na breje� èna sÔsthma suntetagmènwn ìpou h sÔzeuxh twn egk�rsiwn dieu-jÔnsewn apale�fetai, kai na metaboÔme se autì me diadoqikoÔ metasqhmatismoÔstrof . Se autì to ”prosanatolismèno” sÔsthma o tanust  w̃ e�nai diag¸nio
w̃2 =

[
w2

y 0
0 w2

z

]
, (3.24)me wα =

√
2(〈χ2

a〉 − 〈χa〉2) to genikeumèno eÔro dèsmh an� kateÔjunsh χα = x, y.Gia mia Gaussian dèsmh, e�nai polÔ eÔkolo na deiqje� ìti to genikeumèno eÔrosump�ptei me ton orismì tou pl�tou me b�sh th me�wsh kat� par�gonta 1/e.Efarmìzoume ta parap�nw sthn per�ptwsh mia non-Gaussian dèsmh pou e�nai�jroisma rujm¸n Gauss-Hermite. To hlektrikì ped�o gr�fetai san upèrjeshtou ìrou mhdenik  t�xh (kÔrio ìro) kai enì ajro�smato apì ìrou an¸terht�xh me thn �dia pìlwsh: Ē = Ē00 +
∑

m,n Ēmn. E�nai fanerì ìti oi ìroi an¸terht�xh leitourgoÔn san diìrjwsh/apodiamìrfwsh gia ton kÔrio ìro. Me b�sh thmorf  th lÔsew twn exis¸sewn entopismoÔ dèsmh gia th merik  lÔsh Ēmn, totetr�gwno tou pl�tou tou hlektrikoÔ ped�ou |Ē|2 = ĒĒ∗ e�nai
|Ē|2 =

|C̄00|2
π

e−ξ2

1e−ξ2

2

[
H2

0 (ξ1)H
2
0 (ξ2) + 2

∑

m,n

|γ̄mn| cos θmn√
2m+nm!n!

H0m(ξ1)H0n(ξ2)

+
∑

m,n,k,l

|γ̄mn||γ̄kl| cos(θmn − θkl)√
2m+n+k+lm!n!k!l!

Hmk(ξ1)Hnl(ξ2)

]
, (3.25)ìpou C̄00 e�nai to pl�to tou kÔriou ìrou, γ̄mn = C̄mn/C̄00 e�nai o lìgo toupl�tou tou ìrou t�xh (m,n) pro to pl�to tou kÔriou ìrou, θmn = Θmn −

Θ00 − arg(γ̄mn) e�nai h sunolik  metatìpish f�sh tou rujmoÔ (m,n), kai akìmhor�zoume Hmn(x) = Hm(x)Hn(x) gia lìgou aplìthta. Sta ajro�smata qrhsi-mopoi same th sqèsh z̄+ z̄∗ = 2Re(z) gia migadikoÔ arijmoÔ. Mia piì xek�jarhanapar�stash th Ex. (3.25) epitugq�netai an to �jroisma p�nw stou de�kte
m,n, k, l qwriste� sto �jroisma twn ìrwn me (m,n) = (k, l) kai sto �jroismatwn upolo�pwn ìrwn. H aplopo�hsh ègkeitai sto ìti to �jroisma twn ìrwn me�sou de�kte perièqei mìno tetragwnikoÔ ìrou, en¸ to �llo �jroisma perièqeimìno ìrou sÔzeuxh. Or�zonta to sumpl rwma tou dèlta tou Kronecker san
δ′m,k,n,l = 1 − δm,kδn,l, to ped�o pa�rnei th morf 

|Ē|2 =
|C̄00|2
π

e−ξ2

1e−ξ2

2

[
H2

0 (ξ1)H
2
0 (ξ2) +

∑

m,n

|γ̄mn|2
2m+nm!n!

H2
m(ξ1)H

2
n(ξ2)

+
∑

m,n,k,l

|γ̄mn||γ̄kl| cos(θmn − θkl)√
2m+n+k+lm!n!k!l!

Hmk(ξ1)Hnl(ξ2)δ
′
m,k,n,l

+2
∑

m,n

|γ̄mn| cos θmn√
2m+nm!n!

H0m(ξ1)H0n(ξ2)

]
. (3.26)



86 3. Di�dosh hlektromagnhtik¸n kumatik¸n desm¸n sto pl�smaB�sei tou hlektrikoÔ ped�ou th Ex. (3.26) mporoÔme na upolog�soume tontanust  tou genikeumènou eÔrou dèsmh. Sto sÔsthma (ξ1, ξ2), o tanust  e�naikanonikopoihmèno kai diag¸nio, opìte mpore� na qrhsimopoihje� h Ex. (3.24).H morf  tou tanust  sto kartesianì sÔsthma anafor� exart�tai ap’ th morf tou metasqhmatismoÔ apì ti suntetagmène dèsmh (τ, ξ1, ξ2) sti kartesianèsuntetagmène (x, y, z), o opo�o e�nai �mesa gnwstì ap’ th lÔsh twn exis¸sewnentopismoÔ dèsmh gia ton tanust  φαβ (bl. prohgoÔmenh upoenìthta). StouupologismoÔ lamb�nontai upìyh oi idiìthte ti orjogwniìthta twn poluwnÔmwn
Hermite [Abramowitz and Stegun 1965, Strang 2006℄. H rop  1ης t�xh w proth suntetagmènh ξ1 e�nai
〈ξ1〉 =

(
1 +

∑

m,n

|γ̄mn|2
)−1 [

2
∑

m,n

|γ̄mn| cos θmn

√
m

2
δm,1δn,0

+
∑

m,n,k,l

|γ̄mn||γ̄kl|δn,l cos(θmn − θkl)

(√
m

2
δm,k+1 +

√
k

2
δm,k−1

)]
, (3.27)kai to �dio apotèlesma gia thn ξ2 mpore� na paraqje� me enallag  tou de�kth m meton n kai tou k me ton l. H rop  deÔterh t�xh gia thn ξ1, kai ant�stoiqa gia thn

ξ2 me enallag , e�nai
〈ξ2

1〉 = 1 +

(
1 +

∑

m,n

|γ̄mn|2
)−1[ ∑

m,n,k,l

|γ̄mn||γ̄kl|δn,l cos(θmn − θkl)
(√

m(m− 1)

·δm,k+2+
√
k(k−1)δm,k−2

)
+2
∑

m,n

|γ̄mn| cos θmn

√
m(m−1)δm,2δn,0

]
, (3.28)kai e�nai plèon dunatì na upologiste� o tanust  eÔrou dèsmh ap’ thn (3.24).A anade�xoume thn plhrofor�a pou prokÔptei ap’ tou parap�nw analutikoÔupologismoÔ me th melèth th aploÔsterh per�ptwsh, ìpou ston ìro (0, 0)prost�jetai èna mìno ìro an¸terh t�xh (m,n). To tetr�gwno tou hlektrikoÔped�ou se aut  thn per�ptwsh e�nai

|Ē|2 =
|C̄00|2
π

e−ξ2

1e−ξ2

2

[
H2

0 (ξ1)H
2
0 (ξ2) +

|γ̄mn|2
2m+nm!n!

H2
m(ξ1)H

2
n(ξ2)

+
2|γ̄mn|√
2m+nm!n!

H0m(ξ1)H0n(ξ2) cos θmn

]
,en¸ oi ropè w pro th suntetagmènh ξ1 e�nai

〈ξ1〉 =
|γ̄mn|

1 + |γ̄mn|2
cos θmn

√
2mδm,1δn,0,

〈ξ2
1〉 =

1

2
+m

|γ̄mn|2
1 + |γ̄mn|2

+
|γ̄mn|

1 + |γ̄mn|2
cos θmn

√
m(m− 1)δm,2δn,0.



3.5. Arijmhtikè efarmogè 87To genikeumèno eÔro sthn kateÔjunsh ξ1 e�nai me b�sh thn Ex. (3.24)
w2

1 = 1 + 2m
|γ̄mn|2

1 + |γ̄mn|2
+

2|γ̄mn|
1 + |γ̄mn|2

cos θmnδn,0

·
[√

m(m− 1)δm,2 −m
2|γ̄mn|

1 + |γ̄mn|2
cos θmnδm,1

]
, (3.30)me ìla ta apotelèsmata na enall�sontai sthn kateÔjunsh ξ2 me ton trìpo poude�xame piì p�nw. Prèpei na shmei¸soume ìti, epeid  qrhsimopoi same kanoniko-poihmène egk�rsie suntetagmène, ta genikeumèna eÔrh th dèsmh ja e�nai kaiaut� ep�sh kanonikopoihmèna upì tou �diou par�gonte (gia thn kanonikopo�hshsun jw epilègoume ta 1/e-eÔrh). Sthn kateÔjunsh ξ1, to apotèlesma th Ex.(3.30) mpore� na analuje� w ex : Gia n 6= 0 to eÔro th dèsmh e�nai �so me

w2
1|n 6=0 = 1 + 2m

|γ̄m0|2
1 + |γ̄m0|2

,en¸ ìtan n = 0, an m = 1 èqoume
w2

1|m=1,n=0 = 1 + 2
|γ̄10|2

1 + |γ̄10|2
−
(

2|γ̄10|
1 + |γ̄10|2

)2

cos2 θ10,kai ìtan m = 2 to apotèlesma e�nai
w2

1|m=2,n=0 = 1 + 4
|γ̄20|2

1 + |γ̄20|2
+
√

2
2|γ̄20|

1 + |γ̄20|2
cos θ20.Parathr ste ìti oi mìne peript¸sei gia ti timè twn (m,n) ìpou h suno-lik  metatìpish f�sh èqei ep�drash sto eÔro th dèsmh e�nai oi (m,n) =

(1, 0), (2, 0), (0, 1), (0, 2). Se ìle ti �lle peript¸sei, to genikeumèno eÔroe�nai p�nta megalÔtero apì to eÔro tou kÔriou ìrou kai e�nai aÔxousa sun�rthshtwn (m,n) qwr� h metatìpish f�sh na pa�zei rìlo.3.5 Arijmhtikè efarmogèSe aut  thn enìthta parousi�zoume dÔo arijmhtikè efarmogè th genikeu-mènh mejìdou entopismoÔ dèsmh gia th di�dosh desm¸n me non-Gaussian profile.Sthn pr¸th melet�me th di�dosh mia kuklotronik  dèsmh k�jeta sto magnhtikìped�o se pl�sma me apl  gewmetr�a. H dèsmh sun�statai apì ènan Gaussian rujmìkai èna rujmì an¸terh t�xh, dhl. prìkeitai gia thn teleuta�a per�ptwsh poumelet same sthn prohgoÔmenh enìthta ìpou to eÔro th dèsmh d�netai apì thnEx. (3.30). H deÔterh efarmog  asqole�tai me th di�dosh non-Gaussian desm¸n sesust mata ekpomp  ECRH gia tokamak, me idia�terh emf�sh sta pleonekt matath qr sh non-Gaussian desm¸n ènanti twn Gaussian.
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Sq ma 3.4: H gewmetr�a gia th di�dosh kumatik  dèsmh se ep�pedo pl�sma.3.5.1 Di�dosh non-Gaussian dèsmh se ep�pedo pl�smaSthn pr¸th efarmog  melet�me thn k�jeth di�dosh kai aporrìfhsh mia non-
Gaussian kuklotronik  dèsmh se pl�sma me aplopoihmènh, ep�pedh gewmetr�a(bl. Sq. 3.4). To pl�sma e�nai periorismèno sthn perioq  [−ℓp, ℓp] kat� m ko thdi�stash x, en¸ ekte�netai aperiìrista sti �lle diast�sei y, z. To magnhtikìped�o e�nai kat� m ko tou �xona z, kai ìle oi idiìthte tou pl�smato jewroÔntaisunart sei mìno tou x. H kumatik  dèsmh ekpèmpetai ap’ thn pleur� ìpou tomagnhtikì ped�o e�nai mikrìtero (low-field side), ap’ to shme�o x = x0 = ℓp kaikat� thn arnhtik  kateÔjunsh −x (�ra kx0 < 0, ky0 = kz0 = 0). To hlektrikìped�o th dèsmh e�nai to �jroisma dÔo rujm¸n Gauss-Hermite, tou mhdenik t�xh rujmoÔ (Gaussian)(0, 0) kai tou an¸terh t�xh (m,n), oi opo�oi èqoun thn�dia pìlwsh kai den èqoun arqik  f�sh. Sta akìlouja, upojètoume ìti h di�doshg�netai se yuqrì pl�sma, dhl. ìti ta jermik� fainìmena ephre�zoun mìno to pl�totou kÔmato kai ìqi thn pìlws  tou.H analutik  lÔsh twn exis¸sewn entopismoÔ dèsmh gia to prìblhma autìèqei breje� apì tou Poli, Pereverzev kai Peeters [Poli et al 1999℄. H aplìthtase sqèsh me to genikìtero prìblhma ofe�letai sto ìti h sun�rthsh diaspor� giadi�dosh kont� sti 900 pa�rnei mia tetragwnik  morf , H =

∑
αβ Dαβkαkβ/2 −

1/2 = 0, me diag¸nio tanust  diaspor�
D̃

M
(x) =




DM

xx(x) 0 0
0 DM

yy(x)
0 0 DM

zz (x)



 ,



3.5. Arijmhtikè efarmogè 89ìpouM = O,X h pìlwsh tou kÔmato. Gia thn per�ptwsh pìlwsh O, ta stoiqe�atou tanust  e�nai [Stix 1992℄
DO

xx = DO
yy =

c2

ω2 − ω2
pe

,

DO
zz =

c2

ω2
,en¸ gia thn per�ptwsh th pìlwsh X e�nai

DX
xx = DX

yy =
c2(ω2 − ω2

pe − ω2
ce)

(ω2 − ω2
pe)

2 − ω2ω2
ce

,

DX
zz =

c2

ω2

[
2ω2(ω2 − ω2

pe − ω2
ce)

(ω2 − ω2
pe)

2 − ω2ω2
ce

− 1

]
.H sun�rthsh diaspor�, h opo�a e�nai kai h sun�rthsh Hamilton gia thn perigraf th dèsmh, den exart�tai ap’ ti suntetagmène y, z, kai ètsi ta kumatanÔsmata

ky, kz e�nai suneq¸ �sa me mhdèn kat� m ko th di�dosh. Akìmh, o kumat�rijmo
kx kajor�zetai pl rw apì th sqèsh diaspor� w kx = −(DM

xx)
−1/2, opìte h mìnhap’ ti exis¸sei entopismoÔ akt�na pou qrei�zetai na epilÔsoume e�nai aut  giato rujmì metabol  dx/dτ

dx

dτ
=
∂H
∂kx

=
√
DM

xx. (3.33)Se autì to pla�sio, h suntetagmènh τ e�nai sun�rthsh mìno tou x kai oi egk�rsiesuntetagmène pou perigr�foun to profile tou pl�tou e�nai oi y/Wy, z/Wz, ìpou
Wy, Wz to eÔro tou kÔriou ìrou se k�je egk�rsia dieÔjunsh.H lÔsh twn exis¸sewn entopismoÔ dèsmh gia to eÔro th dèsmh kai thnkampulìthta tou met¸pou kÔmato e�nai [Poli et al 1999℄

s̄αα(x) =
s̄αα(x0)

1 + s̄αα(x0)ℓα(x)
. (3.34)Ta ℓα(x) apokaloÔntai ”energ� m kh di�dosh” kai or�zontai apì ti sqèsei

c

ω
ℓα(x) =

τ∫

0

DM
αα(τ ′)dτ ′ = −

x∫

x0

DM
αα(x′)√
Dαα(x′)

dx′,ìpou qrhsimopoi jhke h Ex. (3.33) gia na all�xoume th metablht  olokl rwshapì τ se x. H lÔsh aut  mpore� na ekfraste� sto pla�sio tou pragmatikoÔ kaitou fantastikoÔ mèrou tou s̄αα kai twn arqik¸n tim¸n s̄αα(x0) = s̄αα0. Gia tontanust  φαα, o opo�o perigr�fei to eÔro th dèsmh, e�nai
φαα =

φαα0

(1 + sαα0ℓα)2 + (φαα0ℓα)2
.



90 3. Di�dosh hlektromagnhtik¸n kumatik¸n desm¸n sto pl�smaTa stoiqe�a φαα sundèontai me to kÔrio eÔro an� egk�rsia dieÔjunsh w ex 
κφαα =

1

W 2
α

. (3.35)H sqèsh aut  mpore� na apodeiqje� an gr�youme thn èkfrash th tetragwnik morf  φ tìso sti suntetagmène dèsmh ìso kai sti kartesianè, dhl. 2φ =
ξ2
1 + ξ2

2 = κ(φyyy
2 +φzzz

2). Se k�je dieÔjunsh, h lÔsh gia to eÔro tou GaussianrujmoÔ ekfr�zetai sto pla�sio twn arqik¸n tim¸n tou eÔrou kai th akt�nakampulìthta w akoloÔjw
W 2

α

W 2
α0

=

(
1 +

ℓα
κRα0

)2

+
ℓ2α

κ2W 2
α0

. (3.36)H genik  morf  twn Ex. (3.23) gia th metatìpish f�sh Θmn d�nei gia th sunolik metatìpish f�sh
θmn(x) =

c2

ω2



m
x∫

x0

DM
yy

W 2
y

dx′ + n

x∫

x0

DM
zz

W 2
z

dx′



 . (3.37)Me b�sh ìla aut�, h lÔsh gia thn exèlixh tou pl�tou |C̄mn|2 prokÔptei
|C̄mn|2(x)
|C̄mn|2(x0)

=

√
Dxx(x)

Dxx(x0)

Wy(x0)

Wy(x)

Wy(x0)

Wz(x)
e
−
∫ x

x0
αL(x′)dx′

, (3.38)ìpou o suntelest  aporrìfhsh αL upolog�zetai me b�sh th diat rhsh th enèr-geia gia to kleistì sÔsthma kÔma-pl�sma [Bornatici et al 1983℄.H di�dosh th non-Gaussian kumatik  dèsmh upolog�zetai apì ton k¸dika
NGBT [Tsironis et al 2006℄, o opo�o ulopoie� ton algìrijmo pou parousi�sthkesthn Enìt. 3.3 (leptomèreie gia ton k¸dika sto Par�rt. B.1). 'Emfash d�netaiston upologismì tou genikeumènou eÔrou kai th sunolik  metatìpish f�sh.Sti prosomoi¸sei, to m ko ℓp e�nai �so me 1m, en¸ h puknìthta hlektron�wnpl�smato e�nai parabolik  sun�rthsh tou x: ω2

p(x)/ω
2
c (0) = 0.9 − 0.4(x/ℓp)

2.'Otan den e�nai mhdèn, h jermokras�a hlektron�wn pl�smato èqei parìmoia me-tabol  me thn ωp, Te(x) = 3 − 2.9(x/ℓp)
2 (KeV), en¸ h kuklotronik  suq-nìthta hlektron�wn (dhl. to magnhtikì ped�o) metab�lletai sÔmfwna me th sqèsh

ωc(x)/ωc(0) = ℓp/(ℓp + 2.5x). H suqnìthta tou kÔmato e�nai ω/2π = 140GHzkai antistoiqe�, an�loga me thn tim  tou magnhtikoÔ ped�ou, e�te sthn 1η kuklo-tronik  armonik  me pìlwsh O (O1) e�te sth 2η me pìlwsh X (X2). O kÔriorujmì E00 èqei kuklik� summetrik  arqik  katanom  pl�tou, me kÔria eÔrh
Wy0 = Wz0 = 3.02cm, kai summetrik  arqik  est�ash me akt�ne kampulìthta
Ry0 = Rz0 = −82cm. To arqikì pl�to tou rujmoÔ an¸terh t�xh kajor�zetaime b�sh to lìgo th puknìthta enèrgeia tou rujmoÔ autoÔ w pro th sunolik puknìthta enèrgeia th dèsmh

dmn =
|C̄mn|2

|C̄00|2 + |C̄mn|2
=

γ2
mn

1 + γ2
mn

.
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x/ℓpSq ma 3.5: Exèlixh tou genikeumènou eÔrou dèsmh sti dieujÔnsei y, z gia di�dosh mepìlwsh O, dmn = 0.1 kai (a) (m,n)=(2, 1), (b) (m,n)=(0, 2).Parathr ste ìti sto sugkekrimèno prìblhma, lìgw th epilog  oi rujmo� naèqoun thn �dia pìlwsh kai arqik  f�sh mhdèn, o lìgo γmn e�nai pragmatikìarijmì. Lamb�nonta upìyh aut� pou parousi�same sthn prohgoÔmenh enìthta,e�nai eudi�krith h sqèsh an�mesa sthn katanom  th enèrgeia th dèsmh stoudiaforetikoÔ rujmoÔ kai sth gewmetr�a th dèsmh.Sto Sq. 3.5 apeikon�zetai to genikeumèno eÔro dèsmh wα (χα = y, z), sesÔgkrish me to kÔrio eÔro Wα, san sun�rthsh th suntetagmènh x kat� m koth di�dosh gia (a) (m,n)=(2, 1) kai (b) (m,n)=(0, 2). Kai sti dÔo peript¸sei,h dèsmh èqei pìlwsh O kai sqetik  puknìthta enèrgeia dmn = 0.1. Sto Sq.3.5(a), to genikeumèno eÔro e�nai stajer� megalÔtero apì to kÔrio kai sti dÔodieujÔnsei. Epakrib¸, ta wα, Wα se aut  thn per�ptwsh e�nai per�pou an�loga,diìti to genikeumèno eÔro den exart�tai ap’ th metatìpish f�sh (bl. Ex. (3.30)).Sthn per�ptwsh tou Sq. 3.5(b), to genikeumèno eÔro wy sump�ptei me to Wygiat� e�nai m = 0. Sthn �llh dieÔjunsh, h ep�drash th metatìpish f�sh e�naiemfan , kai h metabol  tou wz kat� m ko th di�dosh e�nai shmantik . ToeÔro xekin� me mia arqik  tim  polÔ megalÔterh ap’ aut  tou kÔriou rujmoÔ,parìla aut� sugkl�nei pro to Wz ìso h dèsmh plhsi�zei pro thn est�a (ìpouto eÔro th dèsmh g�netai el�qisto). H mh monìtonh metabol  tou genikeumènoueÔrou ofe�letai sthn ex�rthsh apì th metatìpish f�sh θmn.Sto Sq. 3.6 parousi�zoume thn exèlixh tou genikeumènou eÔrou dèsmh giadi�dosh me pìlwsh X kai (a) (m,n)= (1, 3), (b) (m,n)=(1, 0). ParathroÔme ìtih genik  sumperifor� e�nai h �dia me thn prohgoÔmenh per�ptwsh. Sto Sq. 3.6(a)sugkr�noume ta eÔrh sth dieÔjunsh z gia ti peript¸sei dmn = 0.05, 0.3. E�naiprofanè ìti ìso megal¸nei h sqetik  puknìthta enèrgeia tou rujmoÔ, tìso au-x�nei h apìklish tou genikeumènou eÔrou ap’ to eÔro tou Gaussian rujmoÔ. Autì tan anamenìmeno me b�sh ti Ex. (3.30), oi opo�e de�qnoun ìti to eÔro aux�netai
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Sq ma 3.6: Genikeumèno eÔro dèsmh gia di�dosh me pìlwsh X (a) sth dieÔjunsh z gia
(m,n) = (1, 3) kai dmn = 0.05, 0.3, (b) sth dieÔjunsh y gia (m,n) = (1, 0)kai dmn = 0.2, 0.5.w sun�rthsh twn deikt¸n (m,n) kai th dmn. Sto Sq. 3.6(b) sugkr�nontai taeÔrh sth dieÔjunsh y gia dmn = 0.2, 0.5. ParathroÔme xan� thn ep�drash thsunolik  metatìpish f�sh, h opo�a gia thn per�ptwsh aut , lìgw th qamhl t�xh tou non-Gaussian ìrou, den e�nai tìso èntonh. To eÔro wy pa�rnei timèkont� sto Wy, akìmh kai sthn per�ptwsh dmn = 0.5 ìpou h mis  isqÔ th dèsmhperièqetai ston an¸terh t�xh ìro.H exèlixh th sunolik  metatìpish f�sh tou rujmoÔ (m,n) de�qnetai stoSq. 3.7(a), kai gia ti dÔo peript¸sei pìlwsh O, X me (m,n)=(0, 2) kai

dmn = 0.1. H metabol  th θmn entì tou pl�smato e�nai shmantik  kai stidÔo peript¸sei, kai san sunèpeia to genikeumèno eÔro den e�nai plèon an�logotou kÔriou eÔrou all� mpore� na g�nei akìmh kai mikrìtero ap’ autì. H metatìpishf�sh emfan�zei diaforetik  sumperifor� gia ti dÔo peript¸sei pìlwsh, k�tipou ofe�letai sto ìti o tanust  diaspor� kai to kÔrio eÔro èqoun diaforetik majhmatik  morf  (bl. peraitèrw thn Ex. (3.37)). Sto Sq. 3.7(b) ta pl�th twndiaforetik¸n rujm¸n |C̄00|2, |C̄mn|2 sugkr�nontai gia di�dosh tìso se yuqrì ìsokai se kinhtikì pl�sma. To diadidìmeno kÔma èqei pìlwsh O kai (m,n)= (2, 1),
dmn = 0.1. Kat� thn apìsbesh tou kÔmato entì th z¸nh suntonismoÔ, blè-poume ìti oi dÔo rujmo� aporrof¸ntai me per�pou ton �dio trìpo. H diafor� stakumatanÔsmata twn dÔo rujm¸n den e�nai tìso meg�lh ¸ste oi suntelestè apor-rìfhsh na e�nai diaforetiko�. Sunep¸, o lìgo γmn gia autè ti peript¸seide metab�lletai shmantik�, opìte kai h ep�drash th kuklotronik  aporrìfhshsto eÔro th dèsmh e�nai polÔ mikr . Aut  h ep�drash g�netai shmantik  giarujmoÔ megalÔterh t�xh. Pr�gmati, sto Sq. 3.7(g), ìpou d�netai o lìgo γmngia ti peript¸sei (m,n) = (1, 1), (8, 8), parathroÔme ìti sth deÔterh per�ptwshh metabol  tou γmn kat� thn aporrìfhsh e�nai shmantik .
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Sq ma 3.7: (a) Sunolik  metatìpish f�sh θmn gia dèsmh me pìlwsh O,X kai (m,n) =
(0, 2), (b) Pl�th kÔmato |C̄00|2, |C̄mn|2 gia dèsmh me pìlwsh O kai
(m,n)=(2, 1) pou diad�detai se yuqrì (Te = 0) kai se kinhtikì (Te 6= 0)pl�sma, (g) Sqetik  puknìthta enèrgeia dmn gia dèsmh me pìlwsh X,
dmn0 = 0.1 kai (m,n)=(1, 1), (8, 8).



94 3. Di�dosh hlektromagnhtik¸n kumatik¸n desm¸n sto pl�smaTo prìblhma pou melet same se aut  thn upoenìthta antistoiqe� se gewmetr�apl�smato sthn opo�a e�nai dunat  h analutik  lÔsh gia to hlektrikì ped�o qwr�na qrei�zetai na qrhsimopoi soume asumptwtikè mejìdou. Piì sugkekrimèna, miakumatik  dèsmh dedomènh suqnìthta mpore� na proseggiste� mèsw th upèrjeshep�pedwn kum�twn, kajèna me diaforetik  tim  tou kumatar�jmou kz = k|| sth jèsh
x = ℓp. Epeid  se aut  th gewmetr�a h isorrop�a pl�smato den exart�tai apìta y, z, tìso o ky ìso kai o kz diathroÔntai stajero�. H di�dosh twn ep�pedwnkum�twn upolog�zetai eÔkola, kai to ped�o se k�je shme�o x epanasunt�jetai mèswth upèrjesh twn ep�pedwn kum�twn. Ft�noume ètsi sthn akìloujh ex�swsh

Ē(x, z) =

∞∫

−∞

̥[Ē(ℓp, z)]e
−ikzz−i

∫ x
ℓp

kx(kz ,x′)dx′ dkz

2π
,ìpou ̥[Ē(ℓp, z)] =

∫∞

−∞
Ē(ℓp, z)e

ikzzdz e�nai o metasqhmatismì Fourier tou arqi-koÔ ped�ou, kai se mia parìmoia ex�swsh gia to Ē(x, y).Ta apotelèsmata th mejìdou gia thn pl rh lÔsh e�nai dunatì na sugkrijoÔnme ta analutik� kai arijmhtik� ma apotelèsmata. H arijmhtik  ulopo�hsh thmejìdou g�netai apì ton k¸dika ECPROP [Westerhof 1997℄. To arqikì profileth dèsmh or�zetai e�te sto q¸ro jèsewn e�te sto q¸ro Fourier (kumatar�jmwn).Se k�je shme�o kat� m ko th di�dosh, o k⊥ upolog�zetai lÔnonta th sqèshdiaspor� yuqroÔ pl�smato gia k�je tim  tou k||, kai katal goume sto hlektrikìped�o mèsw enì ant�strofou metasqhmatismoÔ Fourier. Gia ton upologismì tougenikeumènou eÔrou th dèsmh, prosjèsame ston k¸dika ECPROP mia rout�napou upolog�zei ta oloklhr¸mata twn rop¸n th katanom  tou hlektrikoÔ ped�ou.Sto Sq. 3.8 sugkr�noume ta apotelèsmata tou NGBT me aut� tou ECPROP kaith arqik  jewr�a tou Pereverzev [Pereverzev 1998℄, gia ti �die paramètroume thn prohgoÔmenh upoenìthta all� gia yuqrì pl�sma. Oi timè twn m,n, dmngia ton ìro an¸terh t�xh e�nai (m,n)=(0, 2) kai dmn = 0.2. Parathr ste thnpolÔ kal  sumfwn�a metaxÔ twn apotelesm�twn twn dÔo kwd�kwn, all� kai toesfalmèno apotèlesma th arqik  jewr�a.3.5.2 Non-Gaussian dèsme kai grammè ekpomp  ECRHSe aut  thn upoenìthta parousi�zetai mia efarmog  twn non-Gaussian desm¸nsth belt�wsh th leitourg�a twn gramm¸n ekpomp  aktinobol�a twn diat�xewn
ECRH se tokamak. Up�rqoun peript¸sei ìpou, par� thn poluplokìtht� tou, oi
non-Gaussian dèsme èqoun idiìthte pou ti kajistoÔn protimhtèe gia sugkekri-mène efarmogè. Gia par�deigma, ìtan zhte�tai h me�wsh th puknìthta enèrgeiasto par�juro an�mesa sth gramm  ekpomp  kai sto j�lamo kenoÔ, aut  e�nai du-natì na epiteuqje� me thn prìsjesh rujm¸n Gauss-Hermite an¸terh t�xh stonmhdenik  t�xh (Gaussian) rujmì. Me epilog  twn kat�llhlwn rujm¸n, prokÔ-ptei mia katanom  hlektrikoÔ ped�ou me eÔro megalÔtero ap’ autì th arqik ,kai kat� sunèpeia mei¸netai h mègisth tim  th epifaneiak  puknìthta enèrgeia.
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Sq ma 3.8: Genikeumèno eÔro wz, ìpw upolog�zetai ap’ tou k¸dike NGBT kai
ECPROP, all� kai me b�sh thn arqik  mèjodo entopismoÔ dèsmh[Pereverzev 1998℄, gia di�dosh me pìlwsh O kai (m,n)=(0, 2), dmn = 0.2.Se mia tètoia per�ptwsh, oi idiìthte th dèsmh e�nai exairetikoÔ endiafèrontokai apodeiknÔetai ìti èqoun sugkekrimèna pleonekt mata (bl. [Siegman 1986℄).Anafèroume èna sugkekrimèno par�deigma gia ta parap�nw. Qrhsimopoi¸ntato hlektrikì ped�o Ē = Ē00 + Ē20 + Ē02, to opo�o dhlad  apotele�tai apì treirujmoÔ Gauss-Hermite, to rujmì mhdenik  t�xh kai tou dÔo ekfulismènourujmoÔ 2ης t�xh5, mporoÔme na epitÔqoume mia arqik  katanom  sq mato ”top-

hat”. Ed¸, me skopì na èqoume mia piì xek�jarh eikìna tou megèjou twn ìrwnan¸terh t�xh (t¸ra pou oi ìroi auto� e�nai parap�nw apì èna), or�zoume w
γ̄rms th mèsh tetragwnik  tim  (Root Mean Square (RMS)) twn lìgwn γ̄mn ìlwntwn ìrwn (m,n) th dèsmh, kai ant�stoiqa or�zoume thn drms gia ti sqetikèpuknìthte enèrgeia. To top-hat profile èqei eÔro arket� megalÔtero apì eke�noth katanom  Gauss. Autì fa�netai xek�jara sto Sq. 3.9(a), ìpou sqedi�zoumeto arqikì profile th dèsmh gia thn per�ptwsh γ̄20 = γ̄02 = γ̄rms/

√
2 me drms = 0.1.To tetr�gwno tou pl�tou tou arqikoÔ hlektrikoÔ ped�ou se aut  thn per�ptwshprokÔptei ap’ thn Ex. (3.26). Met� apì aplopoi sei, katal goume telik� sthn
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.5 ΄Ενας ρυθμός Gauss-Hermite καλείται εκφυλισμένος όταν m = 0 ή n = 0. Στη διεύθυνση

που αντιστοιχεί ο μηδενικός δείκτης, η δέσμη συμπεριφέρεται ακριβώς όπως οι Gaussian δέσμες.
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Sq ma 3.9: (a) Profile tou hlektrikoÔ ped�ou th dèsmh, to opo�o apotele�tai apì tourujmoÔ Ē = Ē00 + Ē20 + Ē02, gia drms = 0.1. (b) Exèlixh tou genikeumè-nou eÔrou dèsmh sth dieÔjunsh y gia di�dosh kai aporrìfhsh sth gramm ekpomp  kai sto pl�sma (upologismì kenoÔ).H di�dosh th dèsmh sth gramm  ekpomp  isoduname� ousiastik� me di�doshsto kenì. H lÔsh twn exis¸sewn entopismoÔ dèsmh pou parousi�same sthnprohgoÔmenh upoenìthta perigr�fei epark¸ th di�dosh, arke� na teje� DM
xx =

DM
yy = DM

zz = c2/ω2 gia ton tanust  diaspor� sto kenì kai ωpe = ωce = 0, Te = 0.H di�dosh xekin� apì to shme�o x = 0, ìpou to profile e�nai autì tou Sq. 3.9(a)kai h dèsmh e�nai akrib¸ sthn est�a (1/R0 ≈ 0) me kÔrio eÔroW0 = 1.98cm. Sthgramm  ekpomp , sth jèsh x = 1.51m up�rqei èna estiakì fakì me f = 90cm,o opo�o epanesti�zei th dèsmh prin aut  eisèljei sto pl�sma. Autì èqei sanapotèlesma thn allag  th tim  th akt�na kampulìthta. H nèa tim  R′
0 mpore�na upologiste� ap’ thn klasik  sqèsh 1/f = 1/R0 + 1/R′

0, maz� me thn Ex. (3.34)gia thn eÔresh th tim  R0 prin thn prìsptwsh sto fakì (gia leptomèreie bl.[Poli et al 1999℄). 'Ustera ap’ to fakì, h dèsmh kalÔptei 32cm prin eisèljei stopl�sma kai akìmh 70cm w to kèntro tou pl�smato.Sto Sq. 3.9(b) d�noume to genikeumèno eÔro th dèsmh sth dieÔjunsh y (hsumperifor� sthn �llh egk�rsia dieÔjunsh e�nai h �dia lìgw tou ìti to kenì e�naiisotropikì mèso). E�nai fanerì ìti, gia to megalÔtero mèro th di�dosh, h non-
Gaussian dèsmh e�nai piì estiasmènh ap’ ìti ja  tan mia Gaussian dèsmh. Me �llalìgia, prosjètonta èna rujmì an¸terh t�xh, ektì ap’ to pleonèkthma thapofug  meg�lou jermikoÔ fort�ou sto par�juro, epiprìsjeta epitugq�noumekalÔterh est�ash th dèsmh entì tou pl�smato. Ed¸ prèpei na shmei¸soumeìti gia to tm ma th di�dosh entì tou pl�smato suneq�zei na efarmìzetai otanust  diaspor� tou kenoÔ (aut  h taktik  e�nai gnwst  san ”upologismìkenoÔ”). Autì den ephre�zei thn poiìthta tou apotelèsmato sto Sq. 3.9(b),afoÔ sto pla�sio th efarmog  aut  ma endiafèrei h sÔgkrish th Gaussiandèsmh me th non-Gaussian kai ìqi oi sugkekrimène leptomèreie th di�dosh.



3.6. Per�lhyh-Sumper�smata 973.6 Per�lhyh-Sumper�smataSe autì to kef�laio melet jhke h di�dosh kai aporrìfhsh hlektromagnh-tik¸n kumatik¸n desm¸n me non-Gaussian profile hlektrikoÔ ped�ou sto pla�sioth asumptwtik  mejìdou entopismoÔ dèsmh. H anagkaiìthta gia th melèth tousugkekrimènou jèmato prokÔptei ap’ to gegonì ìti se peir�mata ìpou qrhsi-mopoioÔntai hlektromagnhtik� kÔmata me suqnìthta kont�   pollapl�sia th ku-klotronik  suqnìthta twn hlektron�wn, endèqetai na dhmiourghjoÔn dèsme me
non-Gaussian katanom  pl�tou tou hlektrikoÔ ped�ou lìgw (a) k�poiou sf�lma-to sth di�taxh ekpomp , (b) th poluplokìthta th allhlep�drash entì toupl�smato. Epiprìsjeta, se orismène peript¸sei h qr sh non-Gaussian desm¸nsumb�lei sth belt�wsh th leitourg�a twn diat�xewn ECRH stou sÔgqronoupeiramatikoÔ antidrast re jermopurhnik  sÔnthxh.Akolouj¸nta th logik  th mejìdou entopismoÔ dèsmh, ìpw aut  èqei dia-tupwje� apì ton Pereverzev sti [Pereverzev 1996, Pereverzev 1998℄, h kat�llhlhallhlouq�a energei¸n gia ton entopismì kumatik¸n desm¸n me profile opoioud -pote sq mato e�nai h ex : (a) Kajorismì kat�llhlwn arqik¸n sunjhk¸n giaìle ti metablhtè, (b) Ep�lush twn exis¸sewn gia th jèsh kai to kumat�nusmath akt�na anafor�, to eÔro th dèsmh kai thn akt�na kampulìthta tou met¸-pou kÔmato, (g) Ep�lush th ex�swsh gia thn exèlixh tou pl�tou k�je rujmoÔ.Sta parap�nw b mata, up�rqoun k�poie enèrgeie gia ti opo�e h mejodolog�aden perilamb�netai sthn  dh diatupwmènh jewr�a: (a) O kajorismì twn arqik¸nsunjhk¸n gia ta pl�th twn rujm¸n C̄mn|τ=0, (b) H sugkekrimènh mèjodo gia tonupologismì th apìsbesh twn rujm¸n an¸terh t�xh, (g) H parametropo�hshtwn non-Gaussian desm¸n, dhl. h gen�keush twn paramètrwn pou up�rqoun giati Gaussian dèsme (p.q. eÔro dèsmh).H antimet¸pish twn parap�nw problhm�twn apotèlese kentrikì jèma sto ke-f�laio autì. Katarq n, diapist¸jhke ìti h mèjodo entopismoÔ dèsmh qreiazìtanorismène metatropè ¸ste na parèqei �rtia perigraf  th di�dosh non-Gaussiandesm¸n se praktikè efarmogè. Sqetik� me to pr¸to prìblhma, o kajorismìtwn arqik¸n sunjhk¸n gia ta pl�th C̄mn suntele�tai analÔonta to arqikì hle-ktrikì ped�o se upèrjesh rujm¸n Gauss-Hermite. Oi suntelestè enì tètoiouanaptÔgmato e�nai ousiastik� oi arqikè timè pou zht�me, kai upolog�zontai ap’th sunj kh orjogwniìthta twn sunart sewn Gauss-Hermite. Melet jhkan dÔopraktikè efarmogè, ìpou katade�qjhke o rìlo th epilog  tou arijmoÔ twnrujm¸n sthn akr�beia tou anaptÔgmato. 'Oson afor� thn apìsbesh twn rujm¸nan¸terh t�xh, diapist¸jhke pw o suntelest  aporrìfhsh exart�tai ap’ tokumat�nusma, to opo�o exart�tai ap’ th metatìpish f�sh Θmn kai e�nai diafo-retikì gia k�je rujmì. Tèlo, genikeÔjhke h par�metro tou eÔrou th dèsmhkaj¸ oi sunhjismènoi orismo�, oi opo�oi bas�zontai sti Gaussian dèsme, apotug-q�noun sto na ektim soun swst� thn èktash th dèsmh egk�rsia sth di�dosh. Hep�drash th metatìpish f�sh k�je rujmoÔ (se sqèsh me ton �xona summetr�ath dèsmh) sto genikeumèno eÔro melet jhke leptomer¸ kai sumperil fjhkeston upologismì th exèlixh th dèsmh.



98 3. Di�dosh hlektromagnhtik¸n kumatik¸n desm¸n sto pl�smaH mèjodo pou prote�noume anadeiknÔetai se dÔo arijmhtikè efarmogè. Sthnpr¸th, jewroÔme th di�dosh kai aporrìfhsh non-Gaussian desm¸n se pl�smame ep�pedh gewmetr�a, ìpou e�nai dunat  h sÔgkrish me pl rh lÔsh mèsw �llhmejìdou. Br�skoume ìti to genikeumèno eÔro e�nai aÔxousa sun�rthsh twn (m,n)kai dmn, kai exart�tai ap’ th sunolik  metatìpish f�sh θmn mìno sti peript¸sei
(m,n) = (0, 1), (1, 0), (0, 2), (2, 0). Lìgw tou ìti h metabol  th θmn kat� thdi�dosh sto pl�sma e�nai shmantik , kaj¸ kai ìti h sumperifor� e�nai diaforetik gia kÔma me pìlwsh O ap’ ìti me pìlwsh X, sti tèsseri autè peript¸sei togenikeumèno eÔro endèqetai na g�nei akìmh kai mikrìtero ap’ to kÔrio. Se ìleti �lle peript¸sei, h sumperifor� e�nai parìmoia gia kÔmata me pìlwsh O, X.'Oson afor� thn apìsbesh twn rujm¸n an¸terh t�xh, brèjhke ìti h ep�drashth aporrìfhsh sto eÔro th dèsmh g�netai shmantik  mìno gia rujmoÔ polÔuyhl  t�xh. En gènei, h diafor� sta kumatanÔsmata twn rujm¸n (0, 0) kai (m,n)den e�nai tìso meg�lh ¸ste oi suntelestè aporrìfhsh na e�nai diaforetiko�. Taapotelèsmata sugkr�nontai me aut� tou k¸dika ECPROP kai br�sketai polÔ kal sumfwn�a se ìle ti peript¸sei. Sth deÔterh efarmog  analÔontai oi idiìthteth di�dosh mia non-Gaussian dèsmh sth gramm  ekpomp  enì sust mato
ECRH, kai katadeiknÔetai pw qrhsimopoi¸nta mia sÔnjeth dèsmh me kat�llhlo
profile e�nai dunatì na epiteuqje� me�wsh th epifaneiak  puknìthta enèrgeiath dèsmh. Epiprìsjeta, mia dèsmh autoÔ tou tÔpou brèjhke na q�nei thn est�as th piì arg� kai na paramènei piì entopismènh ap’ ìti oi Gaussian dèsme kat� thdi�dosh sth gramm  ekpomp  (kenì) kai sto pl�sma.Ta apotelèsmata pou parousi�sthkan se autì to kef�laio ano�goun to drì-mo gia th metatrop /anab�jmish kwd�kwn pou ulopoioÔn thn asumptwtik  mèjodoentopismoÔ dèsmh, ìpw p.q. o TORBEAM, ¸ste na e�nai se jèsh na prosomoi¸-soun th di�dosh kai aporrìfhsh kuklotronik¸n desm¸n me non-Gaussian profilehlektrikoÔ ped�ou sto pl�sma. Epiprìsjeta, h dunatìthta tou upologismoÔ thdi�dosh non-Gaussian desm¸n apotele� to pr¸to b ma gia thn kataskeu  mia je-wr�a sqetik� me thn perigraf  metabol¸n sto profile tou hlektrikoÔ ped�ou thdèsmh lìgw asummetr�a, anomoiogèneia  /kai isquroÔ entopismoÔ sthn aporrì-fhsh entì tou pl�smato. Tètoia fainìmena pijanìtata mporoÔn na perigrafoÔnsto pla�sio th gènesh ìrwn Gauss-Hermite an¸terh t�xh sta shme�a ìpouup�rqoun shmantikè metabolè sto profile.



4. AUTOSUNEPHS PERIGRAFH THS ALLHLEPIDRASHSPLASMATOS-KUMATOSSta dÔo prohgoÔmena kef�laia melet same xeqwrist� ta kÔria qarakthri-stik� th ep�drash tou kÔmato sto pl�sma kai tou pl�smato sto kÔma. Me to
”xeqwrist�” ennooÔme ìti se k�je per�ptwsh h perigraf  den  tan autosunep ,dhl. den el fjhsan upìyh metabolè sthn kat�stash tou kÔmato san apìkri-sh sti metabolè tou pl�smato kai ant�strofa. Sto Kef. 2 jewroÔme ìti topl�to kai h suqnìthta tou kÔmato de metab�llontai lìgw twn kin sewn twnhlektrik¸n fort�wn, en¸ sto Kef. 3 to hlektrikì reÔma pou diarrèei to pl�smaèqei prokajorismènh morf  pou den exart�tai ap’ to qrìno.Ed¸ pragmatopoioÔme mia autosunep  melèth th allhlep�drash magnhtismè-nou pl�smato me hlektromagnhtikì kÔma. H melèth bas�zetai se èna kleistì sÔ-sthma exis¸sewn, to opo�o apotele�tai apì ti exis¸sei th sqetikistik  k�nhshtwn hlektron�wn upì thn ep�drash tou hlektromagnhtikoÔ ped�ou kai thn kumatik ex�swsh gia to anusmatikì dunamikì. To pl�sma perigr�fetai mèsw statistik¸ndeigm�twn (ensembles) hlektron�wn, ta opo�a droun sullogik� kai kajor�zoun thqronik  exèlixh tou pl�tou kai th suqnìthta tou kÔmato mèsw th puknìthtareÔmato. San efarmog  melet�me thn aporrìfhsh mia kuklotronik  dèsmh sepl�sma me ep�pedh gewmetr�a. Sto sugkekrimèno prìblhma, h mikroskopik  pe-rigraf  tou pl�smato epitrèpei na sumperil�boume kai mh grammik� fainìmena,ìpw p.q. thn asumfwn�a an�mesa sth f�sh tou kÔmato kai th f�sh th peri-strof  twn fort�wn. Genik�, up�rqoun peript¸sei ìpou h grammik  jewr�a giathn aporrìfhsh lìgw kuklotronikoÔ suntonismoÔ, h opo�a qrhsimopoie�tai eurèwsthn trèqousa arjrograf�a, mpore� na uperektim sei thn apìjesh enèrgeia stopl�sma. Tìte ta mh grammik� fainìmena e�nai apara�thta gia th swst  perigraf th aporrìfhsh, eidik� ìtan h isqÔ tou kÔmato e�nai polÔ meg�lh ìpw p.q.sthn per�ptwsh jèrmansh pl�smato ston ITER.To kef�laio autì qwr�zetai se tèsseri enìthte. Sthn Enìt. 4.1 g�netaimia eisagwg  sto genikì prìblhma th autosunepoÔ an�lush tou sust matopl�sma-kÔma, me èmfash sthn an�gkh prosomo�wsh th aporrìfhsh me mejì-dou plhrèstere th grammik  jewr�a. Sthn Enìt. 4.2 parousi�zetai to auto-sunepè montèlo gia thn allhlep�drash hlektron�wn me hlektromagnhtik� kÔmatasto pla�sio th ex�swsh k�nhsh Newton, kai sthn epìmenh enìthta to montè-lo efarmìzetai sth melèth th aporrìfhsh mia hlektromagnhtik  dèsmh seaplopoihmènh gewmetr�a tokamak. Tèlo, sthn Enìt. 4.4 sunoy�zontai ta su-mper�smata th melèth, me ep�kentro th sÔgkrish twn apotelesm�twn twn mhgrammik¸n prosomoi¸sewn me aut� th grammik  jewr�a.



100 4. Autosunep  perigraf  th allhlep�drash pl�smato-kÔmato4.1 Eisagwg 'Opw anafèrame kai sto prohgoÔmeno kef�laio, sth jermopurhnik  sÔnthxhh ekpomp  hlektromagnhtik¸n kum�twn me suqnìthta per�pou �sh   pollapl�siath kuklotronik  suqnìthta twn hlektron�wn (EC waves) e�nai h piì diadedomènhmèjodo gia thn ep�teuxh jèrmansh pl�smato kai od ghsh reum�twn, all� kaigia plhj¸ra �llwn efarmog¸n ìpw p.q. ton èlegqo astajei¸n MHD. StousÔgqronou peiramatikoÔ antidrast re sÔnthxh, h mikrokumatik  aktinobol�adiad�detai sto pl�sma upì th morf  qwrik� entopismènwn kumatik¸n desm¸n, kaita hlektrìnia tou pl�smato allhlepidroÔn me to kÔma ìtan isqÔei h sunj khkuklotronikoÔ suntonismoÔ
ω − k||v|| −

lωce

γ
= 0 (l = 0,±1,±2, ...), (4.1)ìpou k||, v|| e�nai oi sunist¸se tou kumatar�jmou kai th taqÔthta par�llhlasto magnhtikì ped�o. H kuklotronik  suqnìthta e�nai an�logh tou magnhtikoÔped�ou, to opo�o e�nai anomoiogenè, �ra h sunj kh (4.1) ikanopoie�tai se mia sten qwrik� perioq . Sunep¸, me th qr sh EC kum�twn up�rqei to pleonèkthma thpolÔ entopismènh apìjesh th kumatik  enèrgeia sto pl�sma.H melèth tou ìlou probl mato tupik� qwr�zetai se dÔo kl�dou: (a) Sthsqed�ash kai ulopo�hsh peiram�twn ìpou ekpèmpontai kumatikè dèsme sto pl�-sma, (b) Sth jewrhtik  diereÔnhsh th exèlixh tou sust mato pl�sma-kÔma. Sesqèsh me th jewr�a, e�nai shmantikì na up�rqei èna posotikì montèlo pou na peri-gr�fei thn exèlixh tou kÔmato kat� th di�dosh sto pl�sma, ìpw ep�sh kai thnep�drash tou kumatikoÔ ped�ou sth dunamik  tou pl�smato. Se autì to pla�sio,oi jewrhtikè melète esti�zontai ston upologismì (a) th di�dosh kai aporrì-fhsh tou kÔmato sto pl�sma (ep�drash tou pl�smato sto kÔma, bl. Kef. 3),(b) th exèlixh th sun�rthsh katanom  twn hlektron�wn (ep�drash tou kÔma-to sto pl�sma, bl. Kef. 2). H sunhjismènh odì e�nai na epilÔetai to k�jeprìblhma xeqwrist�, en¸ h sÔzeuxh twn dÔo problhm�twn sunist� mia autosunep perigraf . Lìgw th polÔplokh ex�rthsh th di�dosh kai aporrìfhsh apìpolloÔ par�gonte, ìpw p.q. to magnhtikì ped�o, h jermokras�a tou pl�smatokai h gewmetr�a tou kÔmato, gia th realistik  antimet¸pish tètoiwn problhm�twne�nai anagka�a h qr sh arijmhtik¸n algor�jmwn.H exèlixh tou kÔmato dièpetai apì ti exis¸sei Maxwell, oi opo�e, ìtan tom ko kÔmato e�nai polÔ mikrì se sqèsh me th qarakthristik  kl�maka anomoio-gèneia sto pl�sma, aplopoioÔntai me th qr sh twn asumptwtik¸n mejìdwn. Giatimè twn B0, ne makru� apì tou kuklotronikoÔ suntonismoÔ h allhlep�drashkÔmato-pl�smato den e�nai isqur , en¸ kont� se suntonismoÔ, lìgw tou ìti hisqÔ twn kum�twn sti sÔgqrone mhqanè sÔnthxh e�nai polÔ mikr  se sqèsh methn tim -kat¸fli gia thn emf�nish q�ou (bl. Kef. 2), h apìsbesh tou kÔmatoprosegg�zetai arket� kal� apì th grammik  jewr�a talant¸sewn pl�smato. Kaisti dÔo peript¸sei, h puknìthta reÔmato, h opo�a emperièqei ìlh th fusik  plh-rofor�a sqetik� me thn aporrìfhsh tou kÔmato, diatup¸netai sto pla�sio enì



4.1. Eisagwg  101dihlektrikoÔ tanust  (mia morf  arket� bolik  gia ti efarmogè). Gia th dunamik exèlixh tou pl�smato, h an�lush pou èqei epikrat sei bas�zetai sthn hmigrammik jewr�a. H basik  upìjesh ed¸ e�nai ìti h katanom  twn hlektron�wn den akolou-je� akrib¸ thn katanom  Maxwell, all� mia katanom  elafr¸ diataragmènh sesqèsh me aut n. H sun�rthsh katanom  prokÔptei w lÔsh mia ex�swsh Fokker-
Planck me suntelestè di�qush an�logou me to tetr�gwno tou pl�tou kÔmato[Suvorov and Tokman 1983, Timofeev and Tokman 1994℄. H di�qush aut , stiperissìtere peript¸sei, diatar�ssei thn isorrop�a pou sunthroÔn oi sugkroÔ-sei sto q¸ro twn taqut twn, me apotèlesma na dhmiourge�tai sthn katanom  miamorfolog�a tÔpou ”platì” gÔrw ap’ thn perioq  tou suntonismoÔ.H grammik  jewr�a gia thn aporrìfhsh kuklotronik¸n kum�twn apì to pl�smaulopoie�tai apì polloÔ arijmhtikoÔ k¸dike, kai up�rqoun prosomoi¸sei poue�nai se arket� kal  sumfwn�a me peiramatik� apotelèsmata (bl. Sq. 4.1(a), (b)),en¸ h hmigrammik  jewr�a efarmìzetai se k¸dike Fokker-Planck [Harvey 1992,
Krivenski 2001℄ pou perigr�foun to q¸ro taqut twn me arket� meg�lh leptomèreia(bl. p.q. [Erckmann and Gasparino 1994℄). 'Oson afor� ta mh grammik� fainìme-na, kuriarqe� h ant�lhyh ìti aut� pa�zoun shmantikì rìlo mìno se peript¸sei ìpouh isqÔ tou kÔmato e�nai p�ra polÔ meg�lh, ìpw p.q. an qrhsimopoi soume Free
Electron Laser (FEL) ant� gia gurotrìnia w mikrokumatik  phg . Ta FEL parè-qoun aktinobol�a uyhl  isqÔo se èna eurÔ f�sma suqnot twn kai me arket� kalìsuntelest  apìdosh [Robertson and Sprangle 1989, Cohen et al 1991℄. Sthn pe-r�ptwsh aut  parathre�tai shmantik  me�wsh th aporrìfhsh tou kÔmato (bl.Sq. 4.1(g)) epeid  to megalÔtero posostì twn hlektron�wn, lìgw twn mh grammi-k¸n fainomènwn, den ikanopoioÔn th sunj kh (4.1) kat� thn allhlep�drash me tokÔma [Nevins et al 1987, Kotelnikov and Stupakov 1990, Allen et al 1994℄.Up�rqoun ìmw apotelèsmata, tìso sth jewr�a ìso kai sta peir�mata, ìpouta mh grammik� fainìmena emfan�zontai se qamhlìtere timè isqÔo ap’ autèpou efarmìzetai h grammik  jewr�a. Prìsfata, oi Kamendje et al pragmato-po�hsan mia mh grammik  kai kinhtik  perigraf  gia paramètrou sqetikè me tasÔgqrona peir�mata, ìpou fa�netai ìti h apìklish mpore� na e�nai arket� shma-ntik  [Kamendje et al 2003, Kamendje et al 2005℄. An�loga sumper�smata pro-kÔptoun kai apì peiramatik� apotelèsmata gia kumatikè dèsme uyhl  isqÔo[Laqua and Erckmann 2004℄ (bl. Sq. 4.1(g)). H asumfwn�a twn apotelesm�twnmpore� na ofe�letai sto gegonì ìti, sti peript¸sei autè, o lìgo tou qrì-nou allhlep�drash twn hlektron�wn me th dèsmh kai tou qarakthristikoÔ qrìnoutalant¸sewn entì tou kumatikoÔ ped�ou pa�rnei timè gia ti opo�e h grammik kai h hmigrammik  jewr�a paÔoun na parèqoun kal  perigraf  th allhlep�drashpl�smato-kÔmato. Se tètoie peript¸sei prèpei na lhfjoÔn upìyh oi fusikèsumperiforè pou anafèrame sto Kef. 2.'Ola ta parap�nw odhgoÔn sto sumpèrasma ìti o rìlo twn mh grammik¸nfainomènwn sta peir�mata ECRH kai ECCD e�nai akìmh anoiktì jèma. Thn �diastigm , h autosunep  perigraf  th allhlep�drash pl�smato-kÔmato e�nai ènapolÔ endiafèron prìblhma pou akìmh paramènei sqetik� anexereÔnhto, parìlo pouh lÔsh tou e�nai polÔ kajoristik  gia th belt�wsh twn prosomoi¸sewn. Sto
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(α) (β)

(γ)

Sq ma 4.1: SÔgkrish th grammik  jewr�a gia thn kuklotronik  aporrìfhsh me pei-ramatik� apotelèsmata apì ti mhqanè jermopurhnik  sÔnthxh: (a) Toka-
mak de Fontenay-aux-Roses (TFR), (b) Microwave Tokamak Experiment
(MTX), (g) Wendelstein 7-AS (W7-AS) [Erckmann and Gasparino 1994,
Nevins et al 1987, Laqua and Erckmann 2004℄.



4.2. Autosunepè montèlo gia thn allhlep�drash kÔmato-fort�ou 103parìn kef�laio g�netai mia prosp�jeia autosunepoÔ perigraf  tou sust matopl�sma-kÔma. Sto montèlo pou parousi�zoume, h apìkrish tou pl�smato peri-gr�fetai sto pla�sio statistik¸n deigm�twn apì hlektrìnia pou kinoÔntai k�twapì thn ep�drash tou kumatikoÔ ped�ou. Ed¸ o ìro ”autosunep ” qrhsimopoie�-tai me thn ènnoia ìti oi kin sei twn hlektron�wn diamorf¸noun th qronik  exèlixhtou pl�tou kai th suqnìthta tou kÔmato mèsw tou ìrou th puknìthta reÔ-mato sthn kumatik  ex�swsh. 'Ena pleonèkthma aut  th perigraf  e�nai ìtilamb�netai pl rw upìyh h ep�drash twn kuklotronik¸n kin sewn sthn kumatik aporrìfhsh, mèsw fainomènwn ìpw p.q. h ap¸leia sugqronismoÔ an�mesa sthf�sh tou kÔmato kai th f�sh th peristrof  twn hlektron�wn (h opo�a sundè-etai me to rìlo th an¸malh di�qush sthn allhlep�drash kÔmato-fort�ou pouparousi�sthke sto Kef. 2).4.2 Autosunepè montèlo gia thn allhlep�drash kÔmato-fort�ouSthn enìthta aut  parousi�zoume to montèlo th allhlep�drash kÔmato-fort�ou pou ja qrhsimopoi soume gia thn perigraf  th mh grammik  kuklo-tronik  aporrìfhsh [Tsironis and Vlahos 2006℄. H autosunèpeia tou montèlouègkeitai sth sÔzeuxh twn sqetikistik¸n exis¸sewn k�nhsh upì thn ep�drash toukumatikoÔ ped�ou me thn kumatik  ex�swsh parous�a twn hlektron�wn tou pl�sma-to. To (kleistì) sÔnolo twn exis¸sewn aut¸n parèqei mia pl rh perigraf  thdunamik  fortismènwn swmatid�wn kat� thn allhlep�drash me hlektromagnhtik�ped�a. Oi troqiè qrhsimopoioÔntai gia ton upologismì th puknìthta reÔmato,h opo�a epidr� me th seir� th sto kÔma mèsw th emf�nis  th sti exis¸sei pouperigr�foun th qronik  exèlixh tou pl�tou kai th suqnìthta. Sto pareljìn,èna parìmoio montèlo èqei qrhsimopoihje� gia thn perigraf  th leitourg�a toumhqanismoÔ electron-cyclotron maser (bl. thn efarmog  parak�tw).4.2.1 Exis¸sei tou montèlouSe autì to montèlo to hlektromagnhtikì kÔma (ω,k) jewre�tai ep�pedo kai topl�sma omoiìmorfa magnhtismèno, kai èstw ìti h di�dosh g�netai sto ep�pedo xzupì gwn�a ϑw w pro to omogenè magnhtikì ped�o B = B0z. To mikrokumatikìped�o perigr�fetai apì to anusmatikì dunamikì
A = A0(t)

[
lM1 cosϑw sinϕ(t)x̂ + lM2 cosϕ(t)ŷ − lM1 sin ϑw sinϕ(t)ẑ

]
, (4.2)ìpou A0(t) = [8cPw(t)]1/2/[wω(t)] e�nai to pl�to tou anusmatikoÔ dunamikoÔ,ekpefrasmèno sto pla�sio th kumatik  isqÔo Pw(t) (w e�nai to eÔro th kuma-tik  dèsmh kat� th dieÔjunsh egk�rsia sth di�dosh), lM1 , lM2 e�nai akèraioi poukajor�zoun thn pìlwsh tou kÔmato (dhl. an e�nai tÔpou O   Q) kai ϕ(t) e�nai hf�sh tou kÔmato [Sprangle and Vlahos 1986℄

ϕ(t) = k(x sinϑw + z cosϑw) −
t∫

0

ω(t′)dt′. (4.3)



104 4. Autosunep  perigraf  th allhlep�drash pl�smato-kÔmatoTo olokl rwma sto dex� mèlo th Ex. (4.3) prokÔptei ap’ thn olokl rwsh thsqèsh-orismoÔ dϕ/dt = k · v − ω gia th qronik  par�gwgo th f�sh.Sth bajm�da Φ = 0 (ìpw kai sto Kef. 2), kai lamb�nonta akìmh upìyhìti gia to sugkekrimèno anusmatikì dunamikì th Ex. (4.2) e�nai ∇(∇A) = 0, oisqetikistikè exis¸sei k�nhsh twn hlektron�wn pa�rnoun th morf 
dp

dt
=

|ωce|
γ

ẑ × p + |qe|
[
∂A

∂t
− p× (∇× A)

γme

]
,

dγ

dt
= − |qe|

γm2
ec

2
p · ∂A

∂t
,ìpou jum�zoume pw qe kai me e�nai to fort�o kai h m�za hrem�a tou hlektron�ou,

ωce = qeB0/me e�nai h kuklotronik  suqnìthta twn hlektron�wn kai p h sqetiki-stik  mhqanik  orm . Sthn ex�swsh gia to rujmì metabol  dp/dt, o pr¸to ìrosto dex� mèlo e�nai h dÔnamh Lorentz lìgw tou stajeroÔ magnhtikoÔ ped�ou B0ẑkai o deÔtero e�nai h dÔnamh pou aske� to mikrokumatikì ped�o. Antikajist¸ntati sugkekrimène ekfr�sei tou anusmatikoÔ dunamikoÔ (4.2) kai th f�sh (4.3)ft�noume sthn kartesian  morf  twn exis¸sewn k�nhsh
dpx

dt
= −|ωce|

γ
py + |qe|

[
lM1 cos ϑw

(
dA0

dt
sinϕ− ωA0 cosϕ

)

+
kA0

γme

(
lM2 py sin ϑw sinϕ+ lM1 pz cosϕ

)]
, (4.5a)

dpy

dt
=

|ωce|
γ

px + |qe|
[
lM2

(
dA0

dt
cosϕ+ ωA0 sinϕ

)

− l
M
1 kA0 sinϕ

γme

(pz cos ϑw + px sin ϑw)

]
, (4.5b)

dpz

dt
= |qe|

[
lM1 sinϑw

(
dA0

dt
sinϕ− ωA0 cosϕ

)

+
kA0

γme

(
lM1 py cosϑw sinϕ− lM2 px cosϕ

)]
, (4.5g)

dγ

dt
=

|qe|
γm2

ec
2

[
lM1 (pz sinϑw − px cosϑw)

(
dA0

dt
sinϕ− ωA0 cosϕ

)

−lM2 py

(
dA0

dt
cosϕ+ ωA0 sinϕ

)]
. (4.5d)



4.2. Autosunepè montèlo gia thn allhlep�drash kÔmato-fort�ou 105H kumatik  ex�swsh gia to anusmatikì dunamikì e�nai gnwst  (bl. (1.42b), thnparajètoume xan� gia lìgou plhrìthta)
∇2A − 1

c2
d2A

dt2
= −µ0j.Antikajist¸nta thn èkfrash gia to A sthn kumatik  ex�swsh kai pragmato-poi¸nta trigwnometrik  apaloif  twn suntelest¸n twn rujm¸n metabol  dω/dt,

dA0/dt kai d2A0/dt
2, katal goume sti exis¸sei

d2A0

dt2
+ A0(c

2k2 − ω2) =
1

ǫ0

[
lM1 sinϕ(jx cosϑw − jz sinϑw) + lM2 jy cosϕ

]
, (4.6a)

A0
dω

dt
+ 2ω

dA0

dt
=

1

ǫ0

[
lM1 cosϕ(jz sin ϑw − jx cos ϑw) + lM2 jy sinϕ

]
. (4.6b)An sumbol�soume thn arqik  katanom  hlektron�wn me f0(r0,p0), tìte h puknìthtareÔmato hlektron�wn sto pl�sma èqei th morf 

j(r, t) = −ne|qe|
γme

∫
f0pδ [r − r̆(r0,p0, t)] d

3r0d
3p0, (4.7)ìpou r̆(r0,p0, t) e�nai h jèsh sthn opo�a br�sketai to swmat�dio me arqikè sunj -ke (r0,p0) th qronik  stigm  t. H Ôparxh th sun�rthsh dèlta sthn parap�nwex�swsh upodhl¸nei ìti oi suneisforè sthn puknìthta reÔmato proèrqontai mì-no apì hlektrìnia th arqik  katanom . Sti efarmogè, ìpou o arijmì twnswmatid�wn pou apart�zoun to statistikì de�gma e�nai (ek twn pragm�twn) pepe-rasmèno, to olokl rwma sth Ex. (4.7) (  opoiod pote parìmoio olokl rwma)upolog�zetai san �jroisma p�nw se aut� ta swmat�dia.Sti Ex. (4.6), ìpw autè d�nontai parap�nw, up�rqei mia ”asumfwn�a”: 'Enwèqoume upojèsei pw ta A0, ω exart¸ntai mìno ap’ to qrìno, sta dexi� mèlhup�rqei ex�rthsh kai ap’ ti jèsei twn hlektron�wn mèsw twn ϕ kai j. En gèneiloipìn, ja èprepe na èqoume jewr sei exarq  ìti ta A0, ω exart¸ntai kai ap’ tijèsei (bl. p.q. [Kotelnikov and Stupakov 1990℄). Autì ja e�qe san apotèlesmana èqoume plèon merikè diaforikè exis¸sei kai to montèlo na e�nai arket� piìsÔnjeto. Se peript¸sei ìmw pou oi diast�sei th perioq  allhlep�drashe�nai polÔ mikrè se sqèsh me ti qarakthristikè bajm�de qwrik  metabol  toumagnhtikoÔ ped�ou kai th puknìthta pl�smato, kai kaj¸ h f�sh tou kÔmatoemfan�zetai mìno san ìrisma periodik¸n sunart sewn, h aplìthta twn exis¸sewnmpore� na diathrhje� jewr¸nta ti mèse timè tou w pro to q¸ro (averaging

over space). MporoÔme na upojèsoume ìti h arqik  katanom  hlektron�wn e�naiqwrik� omogen , kai lamb�nonta upìyh thn èkfrash (4.7) gia thn puknìthtareÔmato oi Ex. (4.6) pa�rnoun th morf 
d2A0

dt2
+A0(c

2k2−ω2)=
ω2

pe

|qe|

∫
f0〈

lM1 (pz sinϑw−px cosϑw)sinϕ−lM2 py cosϕ

γ
〉d3p0, (4.8a)
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A0
dω

dt
+2ω

dA0

dt
=
ω2

pe

|qe|

∫
f0〈

lM1 (px cosϑw−pz sin ϑw) cosϕ− lM2 py sinϕ

γ
〉d3p0, (4.8b)ìpou ω2

pe = neq
2
e/(ε0me) e�nai h suqnìthta pl�smato kai d3p0 = dp0xdp0ydp0z. Oimèse timè entì twn oloklhrwm�twn e�nai oi mèse timè w pro to q¸ro pouanafèrame prohgoumènw.Oi Ex. (4.5) kai (4.8) apoteloÔn èna kleistì, autosunepè sÔnolo pou perigr�-fei th dunamik  tou sust mato pl�sma-kÔma. Oi pr¸te, oi exis¸sei k�nhsh,d�noun ti troqiè twn hlektron�wn k�tw apì thn ep�drash tou mikrokumatikoÔped�ou, en¸ apì ti deÔtere kajor�zetai h qronik  exèlixh tou pl�tou kai thsuqnìthta tou kÔmato. Ta A0 kai ω sthn (4.5) upolog�zontai w lÔsei twn Ex.(4.8), en¸ ta oloklhr¸mata sthn (4.8) kajor�zontai apì ti lÔsei twn Ex. (4.5)gia ti troqiè.4.2.2 Efarmog : O mhqanismì electron-cyclotron maser'Otan isqÔei h sunj kh kuklotronikoÔ suntonismoÔ up�rqei èntonh antallag enèrgeia metaxÔ kÔmato kai swmatid�wn. H kat�stash aut  e�nai gnwst  kaisan ”kuklotronik  ast�jeia” (cyclotron instability) [Sprangle and Drobot 1977,

Stix 1992℄. Se ergasthriakè efarmogè, èna tètoio e�do ast�jeia e�nai h ast�-jeia maser [Hirshfield and Granatstein 1977, Ginzburg et al 1981℄. H Ôparxh au-t  th sugkekrimènh ast�jeia ofe�letai sto sqetikistikì qarakt ra th kuklo-tronik  k�nhsh, kai sugkekrimèna sthn ex�rthsh th kuklotronik  suqnìthtaap’ thn enèrgeia. Sthn per�ptwsh pou h metatopismènh kat� Doppler suqnìthtakÔmato e�nai l�go megalÔterh apì thn kuklotronik  suqnìthta, ta hlektrìniaendèqetai na suntonistoÔn kat� f�sh (phase bunching), k�ti pou èqei san apo-tèlesma th dhmiourg�a puknìthta reÔmato h opo�a diege�rei hlektromagnhtik aktinobol�a. O mhqanismì autì e�nai h b�sh gia th leitourg�a tou gurotron�ou[Gaponov et al 1967, Vomvoridis and Sprangle 1982, Chu 2004℄, kai ep�sh sun-dèetai me parathr sei aktinobol�a apì hliakè ekl�myei [Sharma et al 1982℄ kaiap’ tou magnhtikoÔ pìlou th Gh [Wu and Lee 1979℄.To montèlo pou parousi�same sthn prohgoÔmenh upoenìthta emperièqei ìlh thfusik  th allhlep�drash hlektron�wn me hlektromagnhtik� kÔmata kai sundè-etai me èna eurÔ f�sma efarmog¸n, apì thn epit�qunsh fortismènwn swmatid�wnkai th di�dosh aktinobol�a sto di�sthma w th jermopurhnik  sÔnthxh kai timikrokumatikè phgè. Se sqèsh me thn ast�jeia maser, to sugkekrimèno mo-ntèlo èqei brei efarmog  (a) sthn analutik  melèth tou mhqanismoÔ ekpomp th aktinobol�a me skopì thn paragwg  uy�suqnwn hlektromagnhtik¸n kum�twn[Sprangle and Vlahos 1986℄, (b) sthn ermhne�a th fusik  twn hliak¸n mikroku-matik¸n ex�rsewn (solar microwave spikes) [Vlahos and Sprangle 1987℄, (g) sthmelèth th mh grammik  aporrìfhsh hlektromagnhtik¸n kum�twn pìlwsh Ome ω ≈ ωce [Kotelnikov and Stupakov 1990℄. Akìmh, èna parìmoio montèlo èqeiqrhsimopoihje� sthn prosomo�wsh th allhlep�drash kÔmato-fort�ou sthn omo-axonik  koilìthta tou gurotron�ou [Avramides et al 2004℄.



4.2. Autosunepè montèlo gia thn allhlep�drash kÔmato-fort�ou 107Ed¸, san efarmog , ja parousi�soume th dunamik  exèlixh th ast�jeiamaserpou dhmiourge�tai se magnhtismèno pl�sma apì thn allhlep�drash mia kinoÔmenhdèsmh hlektron�wn me èna hlektromagnhtikì kÔma pou diad�detai par�llhla me tomagnhtikì ped�o. O aploÔstero trìpo na upologiste� h exèlixh th ast�jeiae�nai ap’ ti migadikè lÔsei th grammik  sqèsh diaspor� gia to hlektroma-gnhtikì kÔma [Sprangle and Vlahos 1986, Vlahos and Sprangle 1987℄
ω2−c2k2− ωω2

pp

ω − ωce
= ω2

pb

{
ω − kvb||

γb(ω − kvb||) − ωce
− γbv

2
b⊥

2c2
ω2 − c2k2

[
γb(ω − kvb||) − ωce

]2

}
,ìpou ωpb, vb kai γb e�nai ant�stoiqa h suqnìthta pl�smato, h taqÔthta kai o sqeti-kistikì par�gonta Lorentz twn hlektron�wn th dèsmh, en¸ ωpp e�nai h suqnìth-ta pl�smato twn hlektron�wn tou pl�smato. An ω̄M e�nai mia lÔsh th parap�nwex�swsh, tìte h exèlixh tou pl�tou d�netai ap’ th sqèsh A0(t) = A0(0)eIm(ω̄M )t,ìpou Im(ω̄M) > 0 e�nai o rujmì ekjetik  aÔxhsh. Aut  h mèjodo d�nei sqetik�akrib  apotelèsmata mìno ìtan to pl�to tou kÔmato e�nai sqetik� mikrì. Sthnper�ptwsh pou to pl�to e�nai arket� meg�lo, h grammik  jewr�a paÔei na isqÔeikai apaite�tai h qr sh mh grammik¸n upologism¸n. H sÔgkrish twn grammik¸nkai mh grammik¸n montèlwn e�nai qr simh gia ton kajorismì tou pìte h grammik jewr�a perigr�fei swst� th fusik  tou sust mato.Gia to sugkekrimèno prìblhma, oi exis¸sei tou mh grammikoÔ montèlou pro-kÔptoun ap’ ti Ex. (4.5) kai (4.8) an jèsoume ϑw = 0 kai sto dex� mèlo th(4.8) sumperil�boume kai ton ìro puknìthta reÔmato pou antistoiqe� sth dèsmhhlektron�wn, o opo�o e�nai ìmoio me autìn pou antistoiqe� sto pl�sma. Ed¸ pouh di�dosh e�nai par�llhla sto magnhtikì ped�o, oi exis¸sei autè e�nai dunatì nap�roun piì apl  morf  an (a) analÔsoume to di�nusma th orm  ìqi se kartesia-nè sunist¸se, all� se sunist¸se par�llhle kai k�jete sto magnhtikì ped�o,(b) ekfr�soume thn k�jeth sunist¸sa p⊥ se polikè suntetagmène p⊥, θ⊥, (g)or�soume th sunolik  f�sh tou kÔmato kai th sunist¸sa th orm  k�jeta stomagnhtikì ped�o ϕ′ = ϕ+ θ⊥. Me aut�, oi exis¸sei k�nhsh gia ta hlektrìnia thdèsmh kai tou pl�smato g�nontai

dp||
dt

= −|qe|
kp⊥
γme

A0 cosϕ′,

dp⊥
dt

= |qe|
[
dA0

dt
sinϕ′ −

(
ω − kp||

γme

)
A0 cosϕ′

]
,

dϕ′

dt
= −

(
ω − kp||

γme

− ωce

γ

)
+

|qe|
p⊥

[
dA0

dt
cosϕ′ +

(
ω − kp||

γme

)
A0 sinϕ′

]
,

dγ

dt
=

|qe|
m2

ec
2

p⊥
γ

(
dA0

dt
sinϕ′ − ωA0 cosϕ′

)
,kai oi exis¸sei exèlixh tou pl�tou kai th suqnìthta tou kÔmato e�nai

d2A0

dt2
+ (c2k2 − ω2)A0 = − 1

|qe|
∑

s

ω2
ps

〈
ps⊥

γs

sinϕ′
s

〉
,
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Sq ma 4.2: Qronik  exèlixh (a) tou pl�tou kai (b) th suqnìthta sthn ast�jeia masergia γb = 4 (h arqik  suqnìthta tou kÔmato e�nai �sh me γb).
A0
dω

dt
+ 2ω

dA0

dt
=

1

|qe|
∑

s

ω2
ps

〈
ps⊥

γs
cosϕ′

s

〉
.Sto Sq. 4.2 parousi�zontai ta arijmhtik� apotelèsmata gia vb = 0.25c (γb =

4) se sÔgkrish me to grammikì upologismì. H arqik  suqnìthta tou kÔmatoe�nai �sh me γb (to arqikì pl�to e�nai mhdèn) kai to pl�sma e�nai mh sqetikistikì(γp ≈ 1), en¸ gia thn prosomo�wsh tou pl�smato kai th dèsmh qrhsimopoioÔntaiapì 1000 swmat�dia. Sto Sq. 4.2(a) apeikon�zetai h exèlixh tou pl�tou touanusmatikoÔ dunamikoÔ. E�nai emfanè ìti, arqik�, to kÔma anaptÔssetai me rujmìpolÔ kont� sto grammikì, all� met� epèrqetai èna e�do koresmoÔ (saturation)lìgw th pag�deush hlektron�wn th dèsmh sto ped�o tou kÔmato kai h aÔxhshstamat�. Me �lla lìgia, arqik� to kÔma antle� enèrgeia apì th dèsmh kai met�ton koresmì to kÔma kai h dèsmh antall�soun enèrgeia periodik�. H exèlixh thsuqnìthta sto qrìno fa�netai sto Sq. 4.2(b). Parathr ste ìti met� apì ènaqarakthristikì qrìno h suqnìthta stajeropoie�tai. Aut  h idiìthta apotele� kaith b�sh th efarmog  tou mhqanismoÔ sti phgè mikrokumatik  aktinobol�a.4.3 Mh grammik  aporrìfhsh EC kÔmato se pl�sma tokamakMe th bo jeia tou autosunepoÔ montèlou pern�me t¸ra sth melèth th mhgrammik  kuklotronik  aporrìfhsh mia dèsmh hlektromagnhtik  aktinobol�-a se pl�sma tokamak. Sthn pr¸th upoenìthta parousi�zoume ta qarakthristik�th gewmetr�a kai ti paramètrou tou pl�smato kai tou kÔmato pou uiojet -jhkan gia tou upologismoÔ, kai akìmh analÔoume to pla�sio th sÔgkrish meth grammik  jewr�a th kuklotronik  aporrìfhsh, en¸ sth deÔterh upoenìthtaparajètoume kai sqoli�zoume ta arijmhtik� apotelèsmata.



4.3. Mh grammik  aporrìfhsh EC kÔmato se pl�sma tokamak 1094.3.1 Qarakthristikè par�metroi th prosomo�wshGia na dieukolunje� h arijmhtik  melèth tou probl mato, k�noume ti akì-louje prosegg�sei/aplopoi sei: (a) H gewmetr�a tou pl�smato e�nai sqedìnep�pedh (large aspect ratio approximation, ìpw sto Kef. 3), (b) H perioq  thallhlep�drash hlektron�wn-kÔmato e�nai peperasmènwn diast�sewn (se ant�jeshme to Kef. 2), (g) H hlektromagnhtik  aktinobol�a èqei suqnìthta kont� sthn ku-klotronik  suqnìthta twn hlektron�wn   pollapl�sia aut . Ta qarakthristik�th gewmetr�a tou pl�smato kai th perioq  allhlep�drash apeikon�zontai stoSq. 4.3. Sti dieujÔnsei egk�rsia sth di�dosh th dèsmh, h perioq  allhle-p�drash or�zetai apì thn probol  tou eÔrou th dèsmh p�nw sto magnhtikì�xona, en¸ par�llhla sth di�dosh to eÔro th perioq  antistoiqe� se el�ttwshtou toroeidoÔ ped�ou kat� 2%, jewr¸nta metabol  th morf  B0(1+x/rtor)
−1.Oi diast�sei th perioq  pou prosomoi¸noume e�nai mikrè se sqèsh me th qwrik kl�maka metabol  ìqi mìno tou B0 all� kai twn ne, Te, pou èqoun metabol  toutÔpou 1 − (x/rpol)

2 (parabolik ). 'Etsi, mpore� na jewrhje� ìti aut� ta megèjhparamènoun stajer� entì th perioq  allhlep�drash, kai san apotèlesma tokumat�nusma kai to eÔro th dèsmh e�nai ep�sh stajer� (bl. Ex. (3.4)). Tahlektrìnia tou pl�smato èrqontai se epaf  me to kÔma ìso e�nai entì th pe-rioq  allhlep�drash, kai ìtan bga�noun ap’ thn perioq  h suneisfor� tou sthnpuknìthta reÔmato de lamb�netai plèon upìyh.Gia na e�nai dunat  h sÔgkrish me ti up�rqouse dhmosieÔsei pou ulopoioÔnth grammik  jewr�a th aporrìfhsh, h opo�a pro�pojètei ìti to pl�sma e�nai sta-tikì, anomoiogenè kai qwr� sugkroÔsei, prèpei na g�noun kat�llhle epilogègia th qronik  di�rkeia th prosomo�wsh kai ton upologismì th aporrìfhsh.'Otan to pl�sma e�nai statikì, h isqÔ tou kÔmato jewre�tai ìti e�nai stajer  stoqrìno kai metab�lletai mìno kat� m ko tou pl�smato. An Pw0 e�nai h arqik isqÔ, tìte h isqÔ pou aporrof�tai entì tou pl�smato e�nai
∆Pw = Pw0

(
1 − e−

∫ ℓprop
0

αLdτ
)

(4.9)ìpou ℓprop e�nai to sunolikì m ko th di�dosh, αL e�nai o grammikì suntelest aporrìfhsh kai τ e�nai h kampulìgrammh suntetagmènh kat� m ko th di�dosh.H enèrgeia pou aporrof�tai apì to pl�sma e�nai telik� ∆Pw · tH , ìpou tH e�nai oqrìno pou diarke� h jèrmansh. E�nai profanè ìti se tètoia montèla, toul�qistonìson afor� thn exèlixh tou pl�tou kai th isqÔo, o qrìno epidr� san rujmistik par�metro. Antistrìfw, sto montèlo ma to pl�to kai h suqnìthta kÔmatoe�nai stajer� sto q¸ro entì twn perioq¸n pou melet�me, all� metab�llontaiqronik�. H exèlixh tou kÔmato upìkeitai se dunamik� fainìmena pou sundèontaime th di�dosh kai ti swmatidiakè kin sei.Me skopì na ”sumbib�soume” ta parap�nw, k�noume thn epilog  na parako-loujoÔme to kÔma kai ta hlektrìnia gia to qronikì di�sthma tint pou qrei�zetaih dèsmh, kinoÔmenh me (th mègisth dunat ) omadik  taqÔthta c, na diasq�sei thnperioq  th allhlep�drash. Autì shma�nei ìti, sti sugkr�sei ma, sunupolo-g�zoume mìno to posostì th kumatik  enèrgeia pou dièrqetai ap’ thn perioq 
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Sq ma 4.3: H gewmetr�a tou pl�smato kai tou magnhtikoÔ ped�ou: To mikrì sq maep�nw prob�lei mia megèjunsh th peperasmènh perioq  allhlep�drashkÔmato-swmatid�ou, en¸ to k�tw de�qnei (sto q¸ro taqut twn) thn kampÔlhsuntonismoÔ kai thn kampÔlh pou or�zetai apì th jermik  taqÔthta gia tipeript¸sei twn rujm¸n O1 kai X2 k�jeta sto magnhtikì ped�o.



4.3. Mh grammik  aporrìfhsh EC kÔmato se pl�sma tokamak 111sto qronikì par�juro [0, tint], jewr¸nta ìti h sumperifor� sto par�juro autìepanalamb�netai ìso h kumatik  enèrgeia kateujÔnetai apì thn phg  aktinobol�adiamèsou th perioq . O qarakthristikì autì qrìno e�nai polÔ mikrìtero ap’to qrìno sugkroÔsewn 1/νei, opìte h ep�drash twn sugkroÔsewn mpore� na para-lhfje�. O lìgo Pw/Pw0 prokÔptei ap’ ti mh grammikè exis¸sei (4.4), (4.8) kaisugkr�netai me to lìgo (4.9) apì th grammik  jewr�a, ìpou ∫ ℓprop

0
αLdτ = αLℓprop.PragmatopoioÔme prosomoi¸sei gia paramètrou pl�smato/kÔmato sqetikème ta tokamak AUG kai ITER. O kumat�rijmo upolog�zetai w lÔsh th ex�swshdiaspor� yuqroÔ pl�smato gia th sugkekrimènh pìlwsh kÔmato, X2 gia to

AUG (gia tou de�kte pou emfan�zontai sthn Ex. (4.2) e�nai lM1 = lM2 = 1)kai O1 gia ton ITER (lM1 = 1, lM2 = −1). O grammikì suntelest  aporrìfhshupolog�zetai apì th sqèsh diat rhsh th enèrgeia tou sust mato pl�sma-kÔma,lamb�nonta upìyh kai asjen¸ sqetikistik� fainìmena [Bornatici 1982℄. Sto
AUG, oi diast�sei tou tokamak e�nai rtor = 165cm kai rpol = 60cm ant�stoiqa,to magnhtikì ped�o e�nai B0 = 2.5T, h puknìthta pl�smato ne = 1013cm−3 kai hjermokras�a Te = 1KeV. Oi ant�stoiqe timè gia ton ITER e�nai rtor = 620cm,
rpol = 190cm, B0 = 5.3T, ne = 2 · 1013cm−3 kai Te = 8KeV. Th qronik  stigm 
t = 0, to pl�sma akolouje� katanom  Juettner (sqetikistik  Maxwell)

f(γ)|t=0 =
Te

mec2K2(Te/mec2)
γ(γ2 − 1)1/2e−γTe/mec2 . (4.10)To kÔma ekpèmpetai upì gwn�a ϑw = 700 (antistoiqe� se toroeid  gwn�a 200)  

900 (k�jeta sto magnhtikì ped�o) sth morf  tetragwnik  dèsmh. Se ìle tipeript¸sei, h arqik  suqnìthta tou kÔmato epilègetai ètsi ¸ste na ikanopoie�taih sunj kh kuklotronikoÔ suntonismoÔ. Sto Sq. 4.3 de�qnoume th jèsh th ka-mpÔlh suntonismoÔ sto q¸ro twn taqut twn, en sugkr�sei me thn kampÔlh γ = γtpou or�zetai apì th jermik  taqÔthta th arqik  katanom  gia thn per�ptwsh thk�jeth prìsptwsh. Oi diaforikè exis¸sei (4.5), (4.8) epilÔontai arijmhtik� meth mèjodo Runge-Kutta 4ης t�xh, me b ma 10−2 (h qr sh mejìdwn me metablhtìb ma den anèdeixe diaforè sta apotelèsmata).4.3.2 Arijmhtik� apotelèsmataSthn pr¸th per�ptwsh pou ja melet soume, h dèsmh diad�detai sto AUG upìgwn�a ϑw = 700, h arqik  isqÔ e�nai Pw0 = 1MW, to eÔro th dèsmh e�nai
w = 2cm kai h arqik  suqnìthta ω0 = 1.98ωce. Sto Sq. 4.4(a) sqedi�zoume tolìgo th isqÔo tou kÔmato pro thn arqik  th tim . H orizìntia gramm  pouemfan�zetai sta sq mata antistoiqe� sto mèro th kumatik  enèrgeia pou denèqei aporrofhje� apì to pl�sma, ìpw aut  upolog�zetai apì th grammik  jewr�a,kai e�nai �sh me Pw/Pw0 = 1−∆Pw/Pw0. H posìthta aut  den èqei qronik  ex�r-thsh, all� exart�tai mìno apì to m ko th perioq  allhlep�drash. H isqÔaporrof�tai apì ta hlektrìnia tou pl�smato me rujmì mikrìtero ap’ autìn pouproblèpei h grammik  jewr�a. Sto Sq. 4.4(b) parousi�zetai h qronik  exèlixh thsuqnìthta (h tim  e�nai kanonikopoihmènh w pro thn ωce). Fa�netai kajar� ìti
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Sq ma 4.4: Prosomo�wsh kuklotronik  aporrìfhsh sto AUG gia Pw0 = 1MW, ϑw =
700: (a) Qronik  exèlixh th kanonikopoihmènh isqÔo Pw/Pw0 (apì thgrammik  jewr�a kai tou mh grammikoÔ upologismoÔ), (b) Qronik  exèlixhth kanonikopoihmènh suqnìthta ω/ωce, (g) Sun�rthsh katanom  f(γ) tiqronikè stigmè t = 0 kai t = tint, (d) Kanonikopoihmènh mèsh kinhtik enèrgeia twn hlektron�wn 〈γ − 1〉/〈γ0〉.



4.3. Mh grammik  aporrìfhsh EC kÔmato se pl�sma tokamak 113h suqnìthta talant¸netai gÔrw apì thn arqik  tim  ω0 ∼ 2ωce. Pragmatopoi -jhke fasmatik  an�lush sth qronoseir� twn tim¸n th ω, h opo�a èdeixe ìti denup�rqoun epikratoÔse suqnìthte sto f�sma, k�ti pou ousiastik� shma�nei ìtioi talant¸sei autè e�nai mh grammik  fÔsew. H sumperifor� aut , h opo�aemfan�zetai kai sthn exèlixh tou pl�tou (bl. xan� to Sq. 4.4(a)), upodhl¸neiìti h ep�drash twn hlektron�wn den perior�zetai mìno sthn apìsbesh tou kÔmatoall� epemba�nei kai sta qarakthristik� th di�dosh.Sto Sq. 4.4(g) sqedi�zetai h telik  katanom  twn hlektron�wn f |t=tint
sugkri-tik� me thn arqik  katanom  f0. H sÔgkrish epekt�jhke akìmh kai se polÔ mikrètimè th enèrgeia (bl. to mikrì sq ma), kai katèdeixe ìti h ep�drash th apor-rof¸menh enèrgeia sth morf  th katanom  e�nai polÔ mikr . Autì sumba�neidiìti o qrìno allhlep�drash sti prosomoi¸sei e�nai polÔ mikrì se sqèsh meth qarakthristik  kl�maka qrìnou gia thn exèlixh th sun�rthsh katanom , kaisunep¸ h enèrgeia pou proslamb�noun ta hlektrìnia den e�nai arket  ¸ste natropopoihje� shmantik� h katanom . H energeiak  antallag  an�mesa sto kÔmakai ta hlektrìnia apeikon�zetai sto Sq. 4.4(d), ìpou parousi�zoume thn exèlixhtou lìgou th mèsh kinhtik  enèrgeia 〈γ − 1〉 pro thn arqik  tim  〈γ0〉.Epìmenh per�ptwsh pou ja melethje� e�nai h di�dosh sto AUG upì gwn�a

ϑw = 900 me thn �dia arqik  isqÔ kai suqnìthta me prohgoumènw. Sto Sq.4.5(a) d�netai h qronik  exèlixh th kumatik  isqÔo, kai, ìpw kai sthn proh-goÔmenh per�ptwsh, up�rqei diafwn�a metaxÔ tou grammikoÔ kai tou mh grammikoÔupologismoÔ. Eidik� ed¸, sthn per�ptwsh th k�jeth di�dosh, o mh grammi-kì upologismì anadeiknÔei mia shmantik  me�wsh th aporrìfhsh. Autì e�naise sumfwn�a me ta prìsfata apotèlesmata twn Kamendje et al, pou uposthr�-zoun ìti ta mh grammik� fainìmena pa�zoun shmantikì rìlo sta peir�mata ECRH[Kamendje et al 2003, Kamendje et al 2005℄. Sto Sq. 4.5(b) apeikon�zetai h exè-lixh tou hlektrikoÔ reÔmato pou diarrèei to pl�sma sth dieÔjunsh egk�rsia thdi�dosh. H tim  tou reÔmato aux�netai emfan�zonta talant¸sei parìmoie meeke�ne twn peript¸sewn pou èqoun exetaste� parap�nw, lìgw tou mh grammikoÔqarakt ra th antallag  enèrgeia metaxÔ kÔmato kai hlektron�wn.Anafèrame sthn eisagwg  ìti ìso h isqÔ tou kÔmato aux�nei, ta mh grammik�fainìmena g�nontai entonìtera. A embajÔnoume se autì, pragmatopoi¸nta miaprosomo�wsh me thn upìjesh ìti èqei egkatastaje� mia suskeu  FEL sto tokamak
AUG. H dèsmh diad�detai upì gwn�a ϑw = 700, èqei arqik  suqnìthta ω0 = 1.98ωcekai arqik  isqÔ Pw0 = 1GW. H exèlixh th isqÔo fa�netai sto Sq. 4.6(a). Sthnper�ptwsh aut , epeid  h enèrgeia pou d�netai sta swmat�dia e�nai polÔ meg�lh kaih jermokras�a sthn perioq  allhlep�drash aux�netai shmantik�, uiojetoÔme kaiènan enallaktikì upologismì gia th grammik  aporrìfhsh pou lamb�nei upìyhaut  thn aÔxhsh th jermokras�a. Sugkekrimèna, h jermik  taqÔthta th kata-nom  upolog�zetai arijmhtik� se k�je qronik  stigm  kai Ôstera qrhsimopoie�taiston upologismì tou αL. H sunolik  apìsbesh d�netai ap’ thn Ex. (4.9), ìpou toolokl rwma upolog�zetai san ∫ ℓprop

0
αLdτ = 〈αL〉ℓprop, me 〈αL〉 th mèsh tim  tou αLw pro to qrìno. H apìklish apì th grammik  jewr�a fa�netai l�go megalÔterhapì eke�nh th peript¸sew ϑw = 700,Pw0 = 1MW.
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Sq ma 4.5: Prosomo�wsh kuklotronik  aporrìfhsh sto AUG gia Pw/Pw0 = 1MW,
ϑw = 900 (k�jeth prìsptwsh): (a) O lìgo Pw/Pw0 (grammikì kai mh gram-mikì upologismì) san sun�rthsh tou t/tint, (b) O lìgo ι⊥/ι0⊥ (apìkrishreÔmato egk�rsia sto magnhtikì ped�o) san sun�rthsh tou t/tint.Sto Sq. 4.6(b) de�qnoume thn katanom  enèrgeia gia t = 0, tint. H telik katanom  diafèrei shmantik� se sqèsh me thn arqik , parìlo pou o qrìno al-lhlep�drash e�nai polÔ mikrì. Piì sugkekrimèna, h telik  katanom  den e�naikan Maxwell. Autì epibebai¸jhke sugkr�nonta thn katanom  me thn kalÔterhmajhmatik  ”prosarmog ” (best-fit) w pro thn katanom  Maxwell, ìpou emfan�-zontai shmantikè apokl�sei (bl. sto Sq. 4.6(b) thn our� pou emfan�zetai lìgwth mh grammikìthta). E�nai pijanì h diadikas�a aut  na mpore� na perigrafe� methn hmigrammik  jewr�a, all� en gènei h sumperifor� e�nai èntona mh grammik  (bl.p.q. [Hizanidis et al 1989℄). Mi� piì leptomer  melèth th sun�rthsh katano-m  e�nai èxw apì ta pla�sia aut  th diatrib . H exètash kai twn dÔo sqhm�twnde�qnei ìti o rìlo twn mh grammik¸n fainomènwn e�nai polÔ shmantikì, tìso giathn exèlixh tou kÔmato ìso kai gia thn apìkrish tou pl�smato.Katal goume me thn prosomo�wsh kuklotronik  aporrìfhsh ston ITER.Sugkekrimèna, melet�me thn per�ptwsh pou to kÔma diad�detai upì gwn�a ϑw = 700sth morf  tetragwnik  dèsmh eÔrou w = 3cm. H kumatik  isqÔ e�nai Pw0 =

20MW kai h arqik  suqnìthta e�nai ω0 = 0.98ωce. Sto Sq. 4.7(a) parousi�zoumeth qronik  exèlixh th isqÔo se sÔgkrish me to grammikì apotèlesma. H aporrì-fhsh emfan�zetai meiwmènh se sqèsh me to AUG. Autì e�nai se antistoiq�a me toìti, gia paramètrou sqetikè me ton ITER, o lìgo tou qrìnou allhlep�drash meth dèsmh pro to qrìno talant¸sewn sto kumatikì ped�o pa�rnei timè pou eunooÔnthn emf�nish mh grammik¸n fainomènwn [Kamendje et al 2005℄. Oi mh grammikètalant¸sei pou qarakthr�zoun to sÔsthma e�nai oxÔtere sthn per�ptwsh aut .Autì sumba�nei diìti to optikì b�jo e�nai megalÔtero, kai sunep¸ h aporrìfhshapì to pl�sma e�nai piì èntonh. Sto Sq. 4.7(b) fa�netai h qronik  exèlixh th
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Sq ma 4.6: Prosomo�wsh kuklotronik  aporrìfhsh sto AUG gia Pw0 = 1GW, ϑw =
700: (a) Dunamik  exèlixh tou Pw/Pw0 (lamb�nonta upìyh kai thn aÔxhshth Te ston upologismì tou αL), (b) f(γ) gia t = 0, tint (h teleuta�a ensugkr�sei me thn best-fit w pro thn katanom  Maxwell).suqnìthta kai h sun�rthsh katanom . H sumperifor� e�nai kai ed¸ parìmoia meaut  sto AUG (bl. Sq. 4.4).'Ola ta parap�nw apotelèsmata e�nai sumbibast� me th diat rhsh th enèrgeia.Sto pla�sio th metabol  th sunolik  puknìthta enèrgeia tou kÔmato kaitwn hlektron�wn, h arq  diat rhsh gr�fetai d(Ep +Ew)/dV = 0, ìpou dEp/dV =

ne〈γ〉mec
2 e�nai h puknìthta enèrgeia tou pl�smato kai dEw/dV = ε0A

2
0ω

2 aut tou kÔmato. Me kanonikopo�hsh twn ekfr�sewn gia ti puknìthte enèrgeia kaiantikat�stash sthn arq  diat rhsh, katal goume sthn apl  èkfrash
ω2

p∆〈γ〉 + ∆(A2
0ω

2) = 0. (4.11)H egkurìthta twn apotelesm�twn mpore� na pistopoihje� elègqonta arijmhtik�thn isqÔ th Ex. (4.11) ston ìgko pou katalamb�nei h perioq  allhlep�drash.Sto Sq. 4.8(a) parousi�zoume th qronik  exèlixh tou aristeroÔ mèlou th Ex.(4.11) gia paramètrou sqetikè me ton ITER (Pw0 = 20MW, ϑw = 700). Tosf�lma upolog�zetai na e�nai th t�xh tou 10−6. Prèpei na shmei¸soume ìti harijmhtik  akr�beia exart�tai isqur� ap’ ton arijmì twn swmatid�wn pou qrhsi-mopoioÔntai gia th statistik  perigraf  tou pl�smato. O arijmì autì stidikè ma prosomoi¸sei kum�njhke per�pou sta 105 − 106, kai gia ti peript¸seipou melet same h aÔxhsh tou arijmoÔ autoÔ den sunetèlese se peraitèrw aÔxh-sh th akr�beia. Pragmatopoi jhke kai èna akìmh èlegqo tou montèlou ma,me sÔgkrish twn apotelesm�twn me aut� th grammik  jewr�a gia mia polÔ mi-kr  tim  th kumatik  isqÔo. To apotèlesma th sÔgkrish parousi�zetai stoSq. 4.8(b), ìpou melet�tai h di�dosh sto AUG gia Pw0 = 10kW, ϑw = 700. Hsumfwn�a an�mesa sta dÔo montèla e�nai polÔ kal  (se logik� pla�sia).



116 4. Autosunep  perigraf  th allhlep�drash pl�smato-kÔmato
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Sq ma 4.7: Prosomo�wsh kuklotronik  aporrìfhsh ston ITER gia Pw0 = 20MW,
ϑw = 700: (a) Pw/Pw0 (grammikì kai mh grammikì upologismì) w pro
t/tint, (b) ω/ωce w pro t/tint.
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Sq ma 4.8: (a) Dunamik  exèlixh tou arijmhtikoÔ sf�lmato gia thn per�ptwsh Pw0 =
20MW, ϑw = 700 (par�metroi ITER), (b) Dunamik  exèlixh tou Pw/Pw0(grammikì kai mh grammikì upologismì) gia thn per�ptwsh Pw0 = 10kW,
ϑw = 700 (par�metroi AUG).



4.4. Per�lhyh-Suz thsh 1174.4 Per�lhyh-Suz thshSe autì to kef�laio analÔsame thn allhlep�drash sqetikistik¸n hlektron�wnme hlektromagnhtik� kÔmata entì omogenoÔ magnhtikoÔ ped�ou. Qrhsimopoi sa-me mia mh grammik  kai autosunep  perigraf  gia thn allhlep�drash kÔmato-swmatid�ou, sthn opo�a lamb�netai upìyh h ep�drash twn peristrofik¸n kin sewntwn fortismènwn swmatid�wn sth dunamik  exèlixh tou pl�tou kai th suqnìth-ta tou kÔmato. San par�deigma ulopo�hsh tou montèlou parousi�same th mhgrammik  exèlixh th ast�jeia maser, en¸ thn kÔria efarmog  apotèlese h pro-somo�wsh th kuklotronik  aporrìfhsh hlektromagnhtik¸n desm¸n se pl�smasÔnthxh, jewr¸nta aplopoihmènh gewmetr�a tokamak kai peperasmènh perioq allhlep�drash kÔmato-swmatid�ou. Oi arijmhtiko� upologismo� èginan gia para-mètrou sqetikè me ti peiramatikè mhqanè sÔnthxh AUG kai ITER.Ta apotelèsmata sunoy�zontai w ex : Gia paramètrou pl�smato kai kÔma-to sqetikè me ta sÔgqrona peir�mata, kai entì twn or�wn isqÔo tou montèlouma, prokÔptei ìti h aporrìfhsh tou kÔmato e�nai mikrìterh ap’ aut  pou pro-blèpei h grammik  jewr�a. H apìklish g�netai ìlo kai piì meg�lh ìso h di�doshplhsi�zei th dieÔjunsh k�jeta sto magnhtikì ped�o. H ep�drash tou kÔmato sthnkatanom  taqut twn twn hlektron�wn e�nai mikr , diìti o qrìno pou diarke� h al-lhlep�drash kÔmato-swmatid�ou sti prosomoi¸sei ma e�nai mikrì se sqèsh meth qronik  kl�maka metabol  th sun�rthsh katanom . Sthn per�ptwsh ìpoudiajètoume mikrokumatikè phgè uyhl  isqÔo (ìpw p.q. FEL), sunupolog�zo-nta thn aÔxhsh th jermokras�a pou sumba�nei sthn per�ptwsh aut , br�skou-me ìti h apìklish ap’ th grammik  jewr�a e�nai piì èntonh, ìpw kai anamenìtan[Cohen et al 1991, Allen et al 1994℄. Sthn per�ptwsh aut  h katanom  diafèreipolÔ ap’ thn katanom  Maxwell, parìlo pou o qrìno allhlep�drash e�nai polÔmikrì. H suqnìthta tou kÔmato èqei mia dunamik  sumperifor� mh grammik fÔsew, mia mh grammik  tal�ntwsh gÔrw ap’ thn arqik  th tim . Autì upodhl¸-nei ìti h ep�drash twn hlektron�wn den perior�zetai mìno sthn aporrìfhsh all�upeisèrqetai kai sta qarakthristik� th di�dosh th dèsmh.Mia suz thsh gÔrw ap’ tou periorismoÔ tou montèlou ma e�nai epibeblhmènh.En gènei, h prosomo�wsh fusik¸n susthm�twn mèsw kinoÔmenwn swmatid�wn èqeipolÔ uyhlè upologistikè apait sei. Sunep¸, to na g�noun paradoqè me skopìna odhghjoÔme se aploÔstera montèla e�nai mia anagkaiìthta. Tètoiou e�dou je-wr sei, oi opo�e e�nai kai mèro th arjrograf�a pou parat�jetai sto kef�laioautì, k�noun efikt  sthn pr�xh thn ex�rthsh twn qarakthristik¸n megej¸n toukÔmato kai ap’ th jèsh kai ap’ to qrìno, idia�tera ìtan h melèth den perilamb�neiarijmhtikè prosomoi¸sei. Ap’ th skopi� ma, epilèxame na sumperil�boume sthnperigraf  ìso to dunatìn perissìterh apì th fusik  tou probl mato kai na a-plopoi soume tou arijmhtikoÔ upologismoÔ uiojet¸nta mia topik  perigraf th allhlep�drash pl�smato-kÔmato, me thn ènnoia ìti de lamb�nei upìyh thqwrik  metabol  tou kÔmato kai tou pl�smato. Sthn perigraf  ma, blèpoumeth sunolik  perioq  allhlep�drash san èna sÔnolo apì leptè ”lwr�de”, kaimelet�me th fusik  tou sust mato se mia tètoia lwr�da. Ap’ aut  thn optik 



118 4. Autosunep  perigraf  th allhlep�drash pl�smato-kÔmatogwn�a, h qwrik  ex�rthsh twn paramètrwn tou pl�smato mpore� na agnohje�.Autì aplopoie� tou arijmhtikoÔ upologismoÔ, parablèponta ìmw fainìmenalìgw th anomoiogèneia tou pl�smato kai tou magnhtikoÔ ped�ou, ìpw h qw-rik  metabol  tou kumatanÔsmato kai th puknìthta reÔmato sto pl�sma, oiolisj sei twn hlektron�wn lìgw mh mhdenikoÔ ∇B ktlp.Sth statistik  perigraf  tou pl�smato mèsw twn fortismènwn swmatid�wn,den uiojet same thn praktik  tou na qrhsimopoioÔme swmat�dia pou eisèrqontai ( epanèrqontai) sthn perioq  th allhlep�drash kat� th di�rkeia th prosomo�w-sh, me skopì na mei¸soume ìso to dunatìn perissìtero ton upologistikì qrìno.Otan èna swmat�dio bga�nei ap’ thn perioq  allhlep�drash, h k�nhs  tou stamat�eina upolog�zetai. Sthn pragmatikìthta, o trìpo me ton opo�o epilègetai to de�gmatwn swmatid�wn (to eponomazìmeno ”polling”) e�nai jèma epilog , kai ta apote-lèsmata apì diaforetik� de�gmata den prèpei na emfan�zoun shmantikè apokl�sei(oi upologismo� ma epibebai¸noun akrib¸ autì). Prèpei na shmei¸soume ed¸ ìtih Ôparxh swmatid�wn pou exèrqontai apì thn perioq  th allhlep�drash kat� thdi�rkeia twn upologism¸n den ephre�zei thn akr�beia twn apotelesm�twn, diìti oarijmì twn qamènwn aut¸n swmatid�wn e�nai analogik� polÔ mikrì (maximum
5% tou sunolikoÔ de�gmato).H arijmhtik  eust�jeia twn prosomoi¸sewn exart�tai apì ton arijmì twn hle-ktron�wn pou qrhsimopoioÔntai gia th statistik  perigraf  tou pl�smato. Autìofe�letai sto gegonì ìti oi ìroi sto dex� mèlo th Ex. (4.8) e�nai polÔ eua�sjh-toi sthn epilog  tou arijmoÔ autoÔ. Eidik� se peript¸sei ìpou h suneisfor� twnìrwn aut¸n e�nai shmantik , ìpw p.q. ìtan h puknìthta pl�smato e�nai polÔmeg�lh, h arijmhtik  diadikas�a te�nei na g�nei astaj  epeid  opoiad pote sta-tistik  diakÔmansh stou upologismoÔ twn mèswn ìrwn pou up�rqoun sthn Ex.(4.8) e�nai sugkr�simh me ti �gnwste posìthte. To meionèkthma autì mpore� naantimetwpiste� mìno me shmantik  aÔxhsh tou arijmoÔ twn hlektron�wn kai perai-tèrw me�wsh tou qronikoÔ b mato, oi opo�e k�noun ton upologistikì qrìno polÔmeg�lo. 'Omw, to montèlo mpore� kai se aut  thn per�ptwsh na efarmoste�, ananalogistoÔme thn upologistik  dÔnamh kai ti mejìdou parallhlismoÔ kwd�kwnpou e�nai diajèsime s mera. Mia beltiwmènh èkdosh tou montèlou ma, h opo�aja mpore� na antimetwp�zei jèmata ìpw p.q. th me�wsh th isqÔo twn mh grammi-k¸n fainomènwn ìso aux�nei h puknìthta pl�smato (bl. [Kamendje 2001℄), e�naistìqo mellontik  ma doulei�.



5. UBRIDIKO MONTELO GIA THN PLHRH PERIGRAFH TOUSUSTHMATOS PLASMA-KUMASta prohgoÔmena kef�laia antimetwp�same to prìblhma th allhlep�drashkÔmato-pl�smato apì ìle ti optikè gwn�e: Sto Kef. 2 melet jhke h ep�dra-sh tou kÔmato sto pl�sma, sto Kef. 3 upolog�sthke h ep�drash tou pl�smatosto kÔma, en¸ sto Kef. 4 to prìblhma antimetwp�sthke autosunep¸. To pr¸tosumpèrasma e�nai ìti ta montèla pou parousi�same w t¸ra parèqoun ikanopoih-tik  perigraf  se arketè peript¸sei. M�lista, den e�nai l�ge oi peript¸sei,eidik� sto astrofusikì pl�sma, ìpou h perigraf  e�nai ousiastik� pl rh kaita apotelèsmata sumfwnoÔn me dedomèna apì parathr sei   peir�mata. En gè-nei ìmw up�rqoun dÔo kÔria probl mata: (a) 'Ose ap’ ti mejìdou èqoun mikrèupologistikè apait sei (p.q. grammik  jewr�a) èqoun tautìqrona kai periorismè-na ìria isqÔo, ektì twn opo�wn br�skontai arketè shmantikè peript¸sei, (b)O autosunep  upologismì gia perioqè me meg�le diast�sei èqei polÔ uyhlìupologistikì kìsto, eidik� se realistikè gewmetr�e ìpw p.q. tou tokamak.H poluplokìthta twn zhthm�twn pou e�nai s mera sto ep�kentro th èreu-na sth jermopurhnik  sÔnthxh apaite� th qr sh realistik¸n prosomoi¸sewn.Gia to sugkekrimèno prìblhma th allhlep�drash hlektromagnhtik¸n kum�twnme pl�sma, autì pro�pojètei mia autosunep  perigraf  me ti ligìtere dunatèprosegg�sei. QrhsimopoioÔme ton ìro ”dunatè” diìti h diajèsimh upologistik isqÔ, akìma kai sth shmerin  epoq , den e�nai arket  gia na epiluje� to pl reprìblhma qwr� na g�noun shmantikè aplopoi sei. Se autì to pla�sio, to ìloprìblhma sun�statai sth dhmiourg�a enì ubridikoÔ montèlou, dhl. enì montèloupou ja prokÔptei apì th sÔzeuxh mia mejìdou gia ton upologismì th di�doshtou hlektromagnhtikoÔ kÔmato kai mia mejìdou gia ton kajorismì th exèli-xh tou pl�smato. To montèlo autì ja prèpei na e�nai kat�llhla sqediasmèno¸ste na prosomoi¸nei ti perissìtere dunatè fusikè arqè pou epitrèpoun oidunatìthte twn shmerin¸n upologist¸n.Se autì to mèro th diatrib  ja asqolhjoÔme me thn kataskeu  enì tètoioumontèlou. 'Oson afor� thn exèlixh tou pl�smato, h plhrèsterh antimet¸pishe�nai na luje� arijmhtik� h kinhtik  ex�swsh (bl. Upoen. 1.2.3) kai ìle oi posì-thte na upolog�zontai me b�sh th sun�rthsh katanom  twn hlektron�wn. Miaenallaktik , thn opo�a qrhsimopoi same sta Kef. 2 kai 4, e�nai o upologismìtwn troqi¸n enì meg�lou plhjusmoÔ fortismènwn swmatid�wn. H mèjodo aut d�nei apotelèsmata ant�stoiqh akr�beia qwr� na e�nai polÔ piì qronobìra, mebasik  pro�pìjesh (a) oi sugkroÔsei na e�nai amelhtèe, (b) ta statistik� de�g-mata na e�nai kat�llhla epilegmèna, (g) oi exis¸sei k�nhsh na lamb�nontai sthn



120 5. Ubridikì montèlo gia thn pl rh perigraf  tou sust mato pl�sma-kÔmapl rh mh grammik  tou morf  (qwr� aplopoi sei san p.q. autè pou uiojèthseo Kamendje [Kamendje 2001℄). Sqetik� me thn kumatik  di�dosh, sto Kef. 3to prìblhma antimetwp�sthke sto pla�sio th asumptwtik  mejìdou entopismoÔdèsmh. Ed¸ ja efarmìsoume th mèjodo twn Peperasmènwn Diafor¸n sto Ped�otou Qrìnou (Finite Difference Time Domain (FDTD)), h opo�a sun�statai sthdiakritopo�hsh kai arijmhtik  ep�lush twn exis¸sewn Maxwell. H FDTD e�nai mia
”pl rh kumatik ” (full-wave) mèjodo, dhl. lÔnei ti exis¸sei pou dièpoun thnexèlixh tou kÔmato qwr� kanenì e�dou prosèggish sth fusik .Ta perieqìmena tou kefala�ou èqoun w ex : Sthn Enìt. 5.1 sunoy�zetai tièqei g�nei sqetik� me thn ep�lush tou probl mato th allhlep�drash pl�smato-kÔmato. Sthn Enìt. 5.2 k�noume mia sÔntomh episkìphsh th mejìdou FDTD meb�sh th diatÔpwsh Yee, en¸ sthn 5.3 parousi�zetai o algìrijmo skedazìmenouped�ou gia anisotropikì pl�sma. Sthn Enìt. 5.4 h mèjodo efarmìzetai sth melèthth di�dosh uy�suqnou kuklotronikoÔ kÔmato k�jeta sto magnhtikì ped�o seaplopoihmènh gewmetr�a tokamak. Tèlo, sthn Enìt. 5.5 parousi�zontai ta kÔriasumper�smata kai suzht¸ntai oi prooptikè gia th dhmiourg�a tou plhrèsteroudunatoÔ ubridikoÔ montèlou.5.1 Allhlep�drash pl�smato-kÔmato: Mia sÔnoyhS’ aut  thn enìthta, gia lìgou plhrìthta, ja k�noume mia mikr  sÔnoyhìswn èqoume anafèrei sta prohgoÔmena kef�laia per� tou probl mato th al-lhlep�drash pl�smato-kÔmato. H perigraf  tou probl mato, th up�rqousaarjrograf�a kai twn kuriìterwn zhthm�twn pou paramènoun anoikt� èqei g�neianalutik� sta prohgoÔmena kef�laia. Ed¸ apl¸ ja pragmatopoi soume mia sÔ-ntomh anafor� sta pla�sia th sÔnoyh kai ja prosjèsoume k�poia stoiqe�a, meep�kentro to prìblhma th di�dosh kai aporrìfhsh uy�suqnh hlektromagnhti-k  aktinobol�a se pl�sma mèsa se jermopurhnikoÔ antidrast re.Ta hlektromagnhtik� kÔmata me suqnìthta kont� sthn kuklotronik  suqnìth-ta twn hlektron�wn qrhsimopoi¸ntai eurÔtata gia th jèrmansh tou pl�smato kaithn od ghsh reum�twn sti shmerinè peiramatikè suskeuè sÔnthxh (tokamaks,
stellarators), me plhj¸ra exeidikeumènwn efarmog¸n (p.q. èlegqo astajei¸n,dhmiourg�a ITB). H aktinobol�a ekpèmpetai upì th morf  qwrik� entopismènwndesm¸n, oi opo�e allhlepidroÔn me to pl�sma ìtan isqÔei h sunj kh suntoni-smoÔ (4.1). H jewrhtik  antimet¸pish tou probl mato qwr�zetai sth melèth thkumatik  di�dosh kai aporrìfhsh sto pl�sma (ep�drash pl�smato sto kÔma)kai th exèlixh th katanom  twn hlektron�wn parous�a tou kÔmato (ep�drashkÔmato sto pl�sma). Sti perissìtere efarmogè k�je mèro tou probl matoantimetwp�zetai xeqwrist�, en¸ o tautìqrono upologismì ìlwn twn fainomènwne�nai h eponomazìmenh ”autosunep  perigraf ”.H di�dosh twn hlektromagnhtik¸n kum�twn sto pl�sma perigr�fetai apì tiexis¸sei Maxwell,   isodÔnama ap’ thn kumatik  ex�swsh. 'Otan to m ko kÔmatoe�nai polÔ mikrìtero ap’ th qarakthristik  kl�maka anomoiogèneia tou pl�smato,h ep�lush g�netai sto ped�o twn suqnot twn me ti asumptwtikè mejìdou (entopi-



5.1. Allhlep�drash pl�smato-kÔmato: Mia sÔnoyh 121smì akt�na, mèjodo migadik  f�sh, entopismì dèsmh). 'Opw analÔsame stoKef. 3, sti perissìtere efarmogè to pl�sma jewre�tai yuqrì kai h dihlektrik apìkrish prokÔptei ap’ th grammik  jewr�a. 'Oson afor� th di�dosh, oi kumatikètroqiè upolog�zontai me b�sh th sqèsh diaspor� Appleton-Hartree [Stix 1992℄,me to epiqe�rhma ìti sth mhdenik  t�xh prosèggish (dhl. qwr� jermik� fainìme-na) oi troqiè e�nai akrib¸ oi lÔsei aut  th sqèsh diaspor�, akìmh kai polÔkont� sto suntonismì. 'Omw, se peript¸sei pou sunant¸ntai suqn� sti efarmo-gè, ìpw p.q. h di�dosh twn rujm¸n O1 kai X2 k�jeta sto magnhtikì ped�o (bl.Upoen. 1.3.2), oi suneisforè twn uyhlìterwn t�xewn g�nontai shmantikè kai tomontèlo tou yuqroÔ pl�smato de mpore� na perigr�yei swst� th di�dosh. Epi-prìsjeta, se �lla probl mata ìpw p.q. dèsme me isqur  est�ash   metatrop pìlwsh Ordinary-eXtraordinary-Bernstein (O-X-B), oi basikè paradoqè twnasumptwtik¸n mejìdwn katarr�ptontai kai h lÔsh t�jetai upì amfisb thsh.'Eqoume anafèrei  dh ìti up�rqei plhj¸ra arijmhtik¸n kwd�kwn (kai kata-skeu�zontai suneq¸ nèoi) pou bas�zontai sti asumptwtikè mejìdou kai ulo-poioÔn thn prosèggish tou yuqroÔ pl�smato gia th di�dosh kai th grammik jewr�a gia thn aporrìfhsh (endeiktik� bl. [Westerhof 1989, Poli et al 2001a℄).Se sÔgkrish twn apotelesm�twn me peiramatik� dedomèna apì diaforetik� toka-
mak, �lla apotelèsmata e�nai se sumfwn�a (bl. [Erckmann and Gasparino 1994,
Prater 2004℄) kai all� se diafwn�a [Segui et al 1995, Laqua and Erckmann 2004℄.Ektì apì ta mh grammik� fainìmena, up�rqoun tìso peiramatikè ìso kai jewrh-tikè ende�xei gia th shmantikìthta twn kinhtik¸n fainomènwn sth di�dosh kont�sto suntonismì [Segui et al 1995, Westerhof 1997℄. Eidik� sthn [Westerhof 1997℄,o Westerhof èdeixe ìti h kateÔjunsh th di�dosh twn akt�nwn diafèrei shmantik�ìtan sumperilamb�nontai sthn perigraf  ta kinhtik� fainìmena. Se tètoie peri-pt¸sei, h ep�drash sthn exèlixh tou dianÔsmato pìlwsh e�nai shmantik , eidik�kont� sto suntonismì (�ra kai sthn aporrìfhsh tou kÔmato).To prìblhma th kumatik  di�dosh sto pl�sma èqei antimetwpiste� w ep�to ple�ston sto ped�o twn suqnot twn epeid , sto pla�sio th grammik  jew-r�a, e�nai dunatì na brejoÔn analutikè ekfr�sei gia th dihlektrik  apìkrishtou pl�smato [Stix 1992, Brambilla 1998, Swanson 2003℄. Sto kef�laio autì jaantimetwp�soume to prìblhma me th mèjodo FDTD. Ta kuriìtera pleonekt ma-ta th mejìdou aut  e�nai ta akìlouja: (a) D�nei th dunatìthta tou apeuje�aupologismoÔ twn hlektromagnhtik¸n ped�wn entì tou mèsou, (b) Mèsw th di-hlektrik  stajer� epitrèpei ton pl rh kajorismì th apìkrish tou mèsou seìla ta shme�a tou arijmhtikoÔ plègmato, (g) Qrhsimopoi¸nta kat�llhle suno-riakè sunj ke e�nai dunatì na prosomoiwje� h di�dosh kai per� ap’ ta ìria touupologistikoÔ q¸rou. Apì thn �llh, up�rqoun dÔo kÔrie duskol�e pou prèpeina antimetwpistoÔn: (a) H FDTD e�nai diatupwmènh sto ped�o tou qrìnou, opìtee�nai apara�thth h qr sh metasqhmatism¸n Fourier gia na axiopoi soume ti  dhgnwstè ekfr�sei ap’ to ped�o suqnot twn, (b) H FDTD apaite� ìlo o upologi-stikì q¸ro na diaireje� se keli� me diast�sei mikrìtere ap’ to m ko kÔmato,opìte se k�poie peript¸sei (p.q. uyhl  suqnìthta) endèqetai oi arijmhtikèapait sei na e�nai uperbolik� meg�le.



122 5. Ubridikì montèlo gia thn pl rh perigraf  tou sust mato pl�sma-kÔmaJa melethje� h di�dosh tou hlektromagnhtikoÔ kÔmato sto pl�sma se aplo-poihmènh, ep�pedh gewmetr�a, upolog�zonta thn apìkrish tou pl�smato mèswtou dihlektrikoÔ tanust  pou prokÔptei ap’ th grammik  jewr�a. To montèloautì bèbaia den e�nai to plhrèstero dunatì, kaj¸ den e�nai autosunepè kai desumperilamb�nei thn ep�drash twn mh grammik¸n fainomènwn. 'Eqonta ìmw sanqarakthristikì th bèltisth perigraf  th exèlixh twn ped�wn (mèsw th pl roukumatik  mejìdou FDTD), apotele� to pr¸to b ma gia th dhmiourg�a enì ubri-dikoÔ montèlou gia th melèth tou sust mato pl�sma-kÔma. E�pame prin ìti, engènei, kaj¸ h FDTD e�nai sto ped�o tou qrìnou, gia na qrhsimopoi soume ti ek-fr�sei ap’ to ped�o suqnot twn prèpei na efarmìsoume metasqhmatismì Fourier.'Omw, sthn per�ptwsh pou ja melet soume, ìpou kÔma stajer  suqnìthta dia-d�detai se statikì pl�sma, h mèjodo e�nai dunatì na efarmoste� qrhsimopoi¸ntaapeuje�a thn èkfrash tou dihlektrikoÔ tanust  sto q¸ro twn suqnot twn.5.2 Genik� qarakthristik� th mejìdou FDTDH mèjodo FDTD e�nai èna idia�tera euèlikto trìpo gia na diakritopoihje�h diaforik  morf  twn exis¸sewn Maxwell. Parìlo pou up�rqei ap’ to 1966, hqr sh th exapl¸jhke ragda�a sta mèsa th dekaet�a tou ’90, me thn emf�nishtwn exeligmènwn hlektronik¸n upologist¸n, kai g�netai ìlo kai megalÔterh ìsooi dunatìthte twn upologist¸n suneq�zoun na aux�nontai. Sthn enìthta aut  jak�noume mia sÔntomh episkìphsh th mejìdou, qwr� leptomere� upologismoÔ,esti�zonta (a) sth diakritopoihmènh morf  twn exis¸sewn Maxwell me b�sh thjewr�a Yee, (b) sti aktinoboloÔse kai aporrofoÔse sunoriakè sunj ke, (g)sthn arijmhtik  eust�jeia kai akr�beia th mejìdou. Gia perissìtere leptomèreieep� th majhmatik  b�sh th mejìdou kai tou eurèo f�smato twn efarmog¸n,o anagn¸sth parapèmpetai sta bibl�a [Kunz and Luebbers 1992, Taflove 1995℄.H b�sh th arijmhtik  mejìdou FDTD e�nai h ep�lush twn Ex. (1.35g),(1.35d), me ti Ex. (1.35a), (1.35b) san periorismoÔ. Sth sunèqeia tou kefala�ou,ja anafèroume ti (1.35g), (1.35d) san exis¸sei strobilismoÔ (curl equations) kaiti (1.35a), (1.35b) san exis¸sei apìklish (divergence equations). 'Opw e�damesthn Enìt. 1.3, autì pou apaite�tai gia thn ep�lush twn exis¸sewn Maxwell e�naina susqetistoÔn ta D, B, ρ, j me ta E, H. Sthn per�ptwsh enì mèsou poue�nai statikì, mh dianèmon, grammikì, isìtropo kai den perièqei phgè fort�wn, oidomikè sqèsei e�nai th morf 
D = εE, (5.1a)
B = µH, (5.1b)
ρ = 0, (5.1g)
j = σE. (5.1d)



5.2. Genik� qarakthristik� th mejìdou FDTD 123Ed¸ ε e�nai h dihlektrik  stajer�, µ e�nai h magnhtik  diaperatìthta kai σ e�naio suntelest  agwgimìthta tou mèsou. Met� apì thn antikat�stash twn Ex.(5.1), oi exis¸sei (1.35g), (1.35d) g�nontai
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= −1
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∇×E, (5.2a)
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ε
E, (5.2b)kai an ti analÔsoume se kartesianè suntetagmène
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∂Ey

∂t
=

1

ε

(
∂Hx

∂z
− ∂Hz

∂x
− σEy

)
, (5.3e)
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∂x
− ∂Hx
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− σEz

)
. (5.3στ)5.2.1 Algìrijmo YeeSto pla�sio th prosèggish twn peperasmènwn diafor¸n, to basikì b ma giathn ep�lush twn Ex. (5.3) e�nai h diamìrfwsh tou qwrikoÔ kai tou qronikoÔ plèg-mato p�nw sto opo�o ja exeliqjoÔn arijmhtik� oi diakritopoihmène exis¸sei. To1966, o Yee parous�ase èna sq ma peperasmènwn diafor¸n gia ti exis¸sei stro-bilismoÔ sthn per�ptwsh σ = 0 [Yee 1966℄. O Yee, qrhsimopoi¸nta èna plègmagia to hlektrikì ped�o qwrik� kai qronik� metatopismèno apì èna ant�stoiqo plèg-ma gia to magnhtikì ped�o, katèlhxe se exis¸sei pou sundèoun ti paroÔse timètwn ped�wn me ti pareljoÔse timè tou se ìlo ton upologistikì q¸ro. 'Opwde�qnoume sto Sq. 5.1(a), ston 3-di�stato q¸ro h topojèthsh tou hlektrikoÔ kaitou magnhtikoÔ ped�ou e�nai tètoia ¸ste k�je sunist¸sa tou E na perib�lletai apìtèsseri sunist¸se tou H kai ant�strofa. Me aut  thn epilog , dhmiourgoÔntaibrìqoi ìpou isqÔoun oi nìmoi twn Faraday kai Ampère (exis¸sei strobilismoÔ),en¸ kai oi exis¸sei apìklish isqÔoun ek tautìthto. Sto qrìno, o algìrijmotou Yee leitourge� ìpw èna sq ma diadoqikoÔ sumbhmatismoÔ (leapfrog scheme),
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(α) (β)

Sq ma 5.1: (a) To kel� tou Yee ston 3-di�stato q¸ro, me kat�llhla topojethmèna tohlektrikì kai to magnhtikì ped�o, (b) Q�rth pou upodeiknÔei thn exèlixh tousq mato leapfrog ston 1-di�stato q¸ro kai to qrìno.sÔmfwna me to opo�o to ped�o E upolog�zetai se mia qronik  stigm  me b�sh ti-mè tou H apì thn prohgoÔmenh qronik  stigm , kai ant�strofa gia to H. 'Enapar�deigma ston 1−di�stato q¸ro d�netai sto Sq. 5.1(b).O Yee eis gage èna sÔnolo apì sumbolismoÔ gia na ekfr�sei ti sunart seith jèsh kai tou qrìnou kai ti merikè parag¸gou tou p�nw sto upologisti-kì plègma. Se èna 3-di�stato orjog¸nio plègma, èna shme�o sto q¸ro sumbo-l�zetai san (x, y, z) = (i∆x, j∆y, k∆z)1, ìpou ∆x, ∆y, ∆z e�nai oi diast�sei touplègmato (  alli¸ ta qwrik� b mata) an� dieÔjunsh. Gia probl mata se m�a  dÔo diast�sei, ta ant�stoiqa (meiwmènh diastatikìthta) plègmata sqhmat�zontaijètonta to 1/∆y kai/  to 1/∆z �sa me mhdèn. K�je sun�rthsh g(r, t) se èna sh-me�o r = xx̂ + yŷ + zẑ th qronik  stigm  t = n∆t (∆t e�nai to qronikì b ma)ekfr�zetai me ton akìloujo trìpo
g(r, t) = g(i∆x, j∆y, k∆z, n∆t) = g|ni,j,k.Gia ti qwrikè kai qronikè parag¸gou qrhsimopoioÔntai ekfr�sei kentrik¸npeperasmènwn diafor¸n, me kèntro gÔrw ap’ to sugkekrimèno plegmatikì shme�okai me b�sh timè pou apèqoun misì b ma tìso sto q¸ro ìso kai sto qrìno. Giapar�deigma, h merik  par�gwgo th g w pro x th qronik  stigm  n∆t gr�fetai
∂g

∂x

∣∣∣∣
n

i,j,k

=
g|ni+1/2,j,k − g|ni−1/2,j,k

∆x
+ O[(∆x)2],ìpou me O[(∆x)2] sumbol�zoume tou ìrou an¸terh t�xh. H prosaÔxhsh ±1/2sto de�kth i upodhl¸nei apìstash ±∆x/2 sto q¸ro. Parìmoia, oi par�gwgoi1 Υπενθυμίζουμε ότι, όπως και στο Κεφ. 2, δεν πρέπει να συγχέονται τα σύμβολα που αντιστοι-

χούν σε δείκτες με τα σύμβολα που αντιστοιχούν σε μεγέθη (εδώ π.χ. ο δείκτης k, που αναφέρεται
στη διεύθυνση z, με το κυματάνυσμα k ).



5.2. Genik� qarakthristik� th mejìdou FDTD 125sti �lle dieujÔnsei y, z upolog�zontai metab�llonta k�je for� ton kat�llhlode�kth, en¸ h merik  par�gwgo w pro to qrìno sto shme�o (x, y, z) e�nai
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∆t
+ O[(∆t)2],me thn prosaÔxhsh sto de�kth n na upodhl¸nei mia qronik  apìstash ±∆t/2. Nashmei¸soume ìti oi parap�nw ekfr�sei èqoun akr�beia 2ης t�xh w pro ìle tiplegmatikè diast�sei ∆x, ∆y, ∆z kai to qronikì b ma ∆t.E�maste plèon se jèsh na upolog�soume th diakritopoihmènh morf  twn Ex.(5.3). Antikajist¸nta ti diakritè ekfr�sei twn merik¸n parag¸gwn twn ped�wnsto plegmatikì shme�o (i, j, k) sto b ma n, èqoume p.q. gia thn Ex. (5.3a)
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)
,kai lÔnonta thn parap�nw ex�swsh w pro ton ìro Hx|n+1/2

i,j,k prokÔptei mia sqèshgia th qronik  exèlixh tou ped�ou Hx
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)
. (5.4)Me ton �dio trìpo mporoÔme apì ti Ex. (5.3b), (5.3g) na broÔme ant�stoiqe exi-s¸sei gia th qronik  exèlixh twn ped�wn Hy|n+1/2

i,j,k , Hz|n+1/2
i,j,k . H mèjodo ergas�ae�nai parìmoia kai gia th diakritopo�hsh twn Ex. (5.3d)-(5.3st) gia ti sunist¸setou hlektrikoÔ ped�ou. Endeiktik�, gia thn Ex. (5.3d) xekin�me ap’ thn
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.'Ole oi timè twn ped�wn sto dex� mèlo upolog�zontai sto qronikì b ma n+ 1/2,sumperilambanomènh kai th tim  Ex|n+1/2

i,j,k tou ìrou σE. 'Omw, sÔmfwna me tosq ma tou Yee, to Ex sto b ma n + 1/2 den e�nai mia tim  pou èqei upologiste�.Autì sumba�nei mìno gia ti prohgoÔmene kai ti epìmene timè tou Ex, dhl. stab mata n kai n+ 1. Sunep¸, qrei�zetai na k�noume mia ekt�mhsh/prosèggish giaton ìro autì. Gi’ autì to skopì qrhsimopoioÔme thn èkfrash
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126 5. Ubridikì montèlo gia thn pl rh perigraf  tou sust mato pl�sma-kÔmadhl. upojètoume apl� ìti to Ex sto b ma n + 1/2 e�nai o arijmhtikì mèso thapojhkeumènh tim  sto n kai th tim  pou prìkeitai na upologiste� sto n + 1.Me antikat�stash prokÔptei mia ”bhmatik ” sqèsh parìmoia me thn (5.4)
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. (5.6)Sti parap�nw diakritè exis¸sei exèlixh twn ped�wn, h tim  mia sunist¸sase opoiod pote shme�o tou q¸rou se opoiad pote qronik  stigm  exart�tai mìnoap’ thn prohgoÔmenh tim  th sto shme�o autì kai ti prohgoÔmene timè twnupolo�pwn ped�wn sta amèsw geitonik� shme�a. Sthn per�ptwsh pou to mèso e�naimen statikì all� anomoiogenè, kat� thn arijmhtik  ulopo�hsh tou sq mato twnpeperasmènwn diafor¸n epib�lletai, apì upologistik  pleur�, na or�soume kaina apojhkeÔsoume sth mn mh tou suntelestè k�je pediak  sunist¸sa protoÔarq�sei o qronikì bhmatismì, kaj¸ auto� oi suntelestè den all�zoun me toqrìno. Gia thn per�ptwsh pou melet same parap�nw, upojètonta akìmh q�rinaplìthta ìti to plègma Yee e�nai kubikì (∆x = ∆y = ∆z = ∆r), oi suntelestèexèlixh an� ped�o e�nai oi �dioi gia ìle ti sunist¸se

CH |i,j,k =
∆t

µ|i,j,k∆r
,

CE
1 |i,j,k =

1 − σ|i,j,k∆t

2ε|i,j,k

1 +
σ|i,j,k∆t

2ε|i,j,k

,

CE
2 |i,j,k =

∆t
ε|i,j,k∆r

1 +
σ|i,j,k∆t

2ε|i,j,k

.O algìrijmo pou parousi�same parap�nw onom�zetai ”algìrijmo sunolikoÔped�ou” (total-field algorithm). Enallaktik�, up�rqei kai o algìrijmo skeda-zìmenou ped�ou (scattered-field algorithm), ìpou to sunolikì ped�o jewre�tai wh epallhl�a enì prosp�ptonto (incident) kai enì skedazìmenou (scattered) pe-d�ou, dhl. E = Ei + Es. To prosp�pton ped�o or�zetai w to ped�o pou ja up rqeapous�a tou mèsou, kai jewre�tai ìti diad�detai p�nta ston eleÔjero q¸ro (kenì),en¸ to skedazìmeno ped�o dhmiourge�tai ap’ to mèso san apìkrish sto prosp�ptonped�o. H logik  b�sh gia thn prosèggish me qr sh dÔo tÔpwn ped�ou (prosp�ptonkai skedazìmeno) e�nai ìti to prosp�pton ped�o mpore� na upologiste� analutik�pantoÔ ston upologistikì q¸ro, opìte mìno gia to skedazìmeno ped�o, to opo�oupolog�zetai arijmhtik�, e�nai anagka�o na or�soume sunoriakè sunj ke. 'Omw,kai apì mia genikìterh optik  gwn�a, o diaqwrismì autì epitrèpei thn peraitèrw



5.2. Genik� qarakthristik� th mejìdou FDTD 127an�lush th allhlep�drash tou kÔmato me to mèso. Se mèso pou e�nai grammikì,to prosp�pton ped�o upakoÔei ti Ex. (5.2) me ε = ε0, µ = µ0, σ = 0 (dhl. tiexis¸sei Maxwell sto kenì), kai to skedazìmeno ped�o ti
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, (5.7b)Oi Ex. (5.7) prokÔptoun an afairèsoume kat� mèlh th morf  pou pa�rnoun oiEx. (5.2) sto kenì (anafèrontai sto prosp�pton kÔma) apì th morf  tou gia tosunolikì ped�o entì tou mèsou.5.2.2 Sunoriakè sunj ke-Eust�jeia-Akr�beiaGia na oloklhrwje� h lÔsh twn Ex. (5.7) prèpei na kajoristoÔn oi sunoriakèsunj ke. Autì e�nai anagka�o diìti k�poia ap’ ta shme�a pou e�nai apara�thtagia ton upologismì twn ped�wn p�nw sto sunoriakì ep�pedo br�skontai ektì touupologistikoÔ q¸rou, kai san sunèpeia o algìrijmo Yee d�nei esfalmèna apote-lèsmata2. Oi sunoriakè sunj ke e�nai ousiastik� oi timè tou hlektrikoÔ ped�ouep�nw sta ep�peda pou perikle�oun ton upologistikì q¸ro. An to fusikì prìblh-ma perilamb�nei sunj ke pou e�nai dunatì na grafoÔn se diakrit  morf , tìteautè mporoÔn na qrhsimopoihjoÔn san sunoriakè sunj ke. Gia par�deigma, sthdi�dosh kat� m ko enì 1-di�statou kumatodhgoÔ me ag¸gima toiq¸mata, h sun-j kh mhdenismoÔ tou hlektrikoÔ ped�ou p�nw sta toiq¸mata e�nai, apì pleur�fusik , h kat�llhlh epilog . Gia na melet soume probl mata ìpou qrei�zetaina prosomoiwje� h di�dosh kai pèra ap’ ton upologistikì q¸ro, apaite�tai ènaeidikì tÔpo sunoriak¸n sunjhk¸n pou sti exis¸sei tou ja èqei enswmatwmènhth fusik  th di�dosh tou kÔmato.Autè oi eidikè sunoriakè sunj ke e�nai dÔo tÔpwn: (a) AktinoboloÔsesunoriakè sunj ke (Outer Radiating Boundary Conditions (ORBC), pou pro-kÔptoun me paragontopo�hsh th diakritopoihmènh kumatik  ex�swsh kai jew-r¸nta mìno lÔsei pou antistoiqoÔn se di�dosh me for� pro ta èxw, (b) Apor-rofoÔse sunoriakè sunj ke (Absorbing Boundary Conditions (ABC), ìpouo upologistikì q¸ro perib�lletai me èna teqnhtì/upojetikì dihlektrikì ulikìpou aporrof� ta exerqìmena kÔmata. Sth sqetik  arjrograf�a up�rqoun pollèdiaforetikè ulopoi sei twn sunjhk¸n ORBC, ABC, me ti piì dhmofile� nae�nai ant�stoiqa apì ton Mur [Mur 1981℄ kai ton Berenger [Berenger 1994℄ (bl.[Kunz and Luebbers 1992, Taflove 1995℄ gia perissìtere leptomèreie). Oi sun-j ke tÔpou ABC parèqoun en gènei megalÔterh akr�beia, ìmw se efarmogè ìpouden emplèkontai gewmetr�e me leptomèreie protim¸ntai oi sunj ke ORBC diìtih ulopo�hs  tou e�nai aploÔsterh.2 Συγκεκριμένα, στην περίπτωση όπου δεν καθοριστούν συνοριακές συνθήκες, ο αλγόριθμος

Yee δίνει σαν αποτέλεσμα μια μη φυσική ανάκλαση του εξερχόμενου κύματος (βλ. [Taflove 1995]).



128 5. Ubridikì montèlo gia thn pl rh perigraf  tou sust mato pl�sma-kÔmaSan par�deigma, parousi�zoume ton trìpo upologismoÔ twn sunjhk¸n Mursthn per�ptwsh 1-di�stath di�dosh (kat� m ko tou x) sto kenì. H kumatik ex�swsh gia k�je pediak  sunist¸sa (ed¸ anaferìmaste thn Ez) gr�fetai w
∂2Ez

∂x2
− 1

c2
∂2Ez

∂t2
= 0. (5.8)Upojètonta ìti o upologistikì q¸ro ekte�netai pro thn kateÔjunsh x > 0,sto shme�o x = 0 up�rqei èna sÔnoro ìpou prèpei na efarmoste� mia sunj kh tÔpou

ORBC. To skedazìmeno kÔma mpore� na proseggiste� topik� apì èna ep�pedo kÔmasthn kateÔjunsh −x, dhl. mia sun�rthsh tou t + x/c. Sto x = 0 to kÔma autìikanopoie�, ìpw mporoÔme na diapist¸soume me antikat�stash sthn Ex. (5.8), thnakìloujh sunoriak  sunj kh
(
∂Ez

∂x
− 1

c

∂Ez

∂t

)∣∣∣∣
n+1/2

0

= 0, (5.9)h opo�a diakritopoie�tai w ex 
Ez|n+1

0 = Ez|n0 +
c∆t− ∆x

c∆t+ ∆x

(
Ez|n+1

1 − Ez|n0
)
. (5.10)H parap�nw sunj kh upolog�zei thn tim  th Ez ep�nw sto sÔnoro se k�je qronik stigm  me b�sh timè pou e�nai p�sw èna b ma sto qrìno kai èna kel� sto q¸ro.Gi’ autì to lìgo, oi sunj ke autoÔ tou tÔpou anafèrontai san ORBC 1ης t�xh.E�nai dunatì na apokthjoÔn prosegg�sei an¸terh t�xh, oi opo�e parèqounakìmh megalÔterh akr�beia. Oi sunj ke autè, oi opo�e bas�zontai se timèakìmh piì p�sw sto q¸ro kai to qrìno, mporoÔn na upologistoÔn me diafìrish thEx. (5.9) w pro th jèsh  /kai to qrìno kai diakritopo�hsh. Gia par�deigma, hsunj kh ORBC 2ης t�xh èqei th morf 

Ez|n+1
0 = −Ez|n−1

1 +
c∆t− ∆x

c∆t+ ∆x

(
Ez|n+1

1 + Ez|n−1
0

)
+

2∆x

c∆t+ ∆x
(Ez|n0 + Ez|n1 ) .Oi sunj ke Mur sta upìloipa sÔnora tou arijmhtikoÔ plègmato kai gia ti �llepediakè sunist¸se upolog�zontai me ant�stoiqo trìpo.Se autì to shme�o e�nai apara�thto na anaferjoÔn orismèna jèmata sqetik� methn eust�jeia tou algor�jmou FDTD, thn akr�beia twn upologism¸n kai ti suno-riakè sunj ke. Pr¸ta, h epilog  twn diast�sewn twn keli¸n tou upologistikoÔq¸rou e�nai kajoristik . En gènei, ta keli� prèpei na e�nai arket� mikr� ¸ste naexasfal�zetai h akr�beia th mejìdou, all� tautìqrona kai arket� meg�la ¸ste nae�nai mikrìtero to upologistikì kìsto. O ousiastikì periorismì sunoy�zetaisto je¸rhma Nyquist, sÔmfwna me to opo�o h di�stash tou kelioÔ prèpei na e�naimikrìterh ap’ thn el�qisth tim  pou pa�rnei to m ko kÔmato sto mèso, ¸ste orujmì me ton opo�o deigmat�zetai sto q¸ro h fusik  plhrofor�a na e�nai epark .AfoÔ epilegoÔn oi diast�sei twn keli¸n, to mègisto qronikì b ma gia to opo�o oalgìrijmo e�nai eustaj  kajor�zetai ap’ th sunj kh Courant

vp∆t ≤
[
(∆x)−2 + (∆y)−2 + (∆z)−2]−2

, (5.11)



5.3. H mèjodo FDTD gia di�dosh se magnhtismèno pl�sma 129ìpou vp e�nai h mègisth taqÔthta f�sh sto mèso. H Ex. (5.11) upodeiknÔei ìtiopoiod pote shme�o p�nw sto kÔma den e�nai dunatì na dianÔsei parap�nw apì ènakel� an� qronikì b ma, diìti kat� th di�rkeia enì b mato h FDTD epitele� thdi�dosh tou kÔmato apì èna kel� mèqri tou plhsièsterou ge�tone. En gènei, hqr sh b mato mikrìterou ap’ to mègisto th (5.11) den prosd�dei polÔ megalÔterhakr�beia, ektì apì eidikè peript¸sei.Se arketè peript¸sei ìpou to kÔma den prosp�ptei k�jeta  /kai den èqeiep�pedo mètwpo p�nw sta sÔnora tou upologistikoÔ q¸rou, oi ORBC endèqetaina mhn aporrof soun pl rw to kÔma. H klasik  taktik  gia na beltiwje� hapìdosh twn sunjhk¸n Mur e�nai na eis�goume mia lwr�da kenoÔ, pl�tou merik¸nkeli¸n, an�mesa sto mèso kai sto sÔnoro. Ta skedazìmena kÔmata, ìso diad�dontaisto kenì, te�noun na metatrapoÔn se ep�peda kÔmata, opìte ft�nonta sto sÔnoroèqoun apokt sei dom  pou dieukolÔnei thn aporrìfhsh ap’ ti ORBC. O idanikìarijmì keli¸n exart�tai ap’ ti idiìthte tou mèsou (p.q. agwgimìthta). 'Enagenikì trìpo gia na elegqje� h apotelesmatikìthta twn diaforetik¸n tÔpwnsunoriak¸n sunjhk¸n e�nai na upologiste� h tim  tou suntelest  an�klash p�nwsta sÔnora. Ta apotelèsmata de�qnoun ìti h 2ης t�xh ORBC d�nei thn kalÔterhakr�beia se ìle sqedìn ti peript¸sei. Parìla aut�, up�rqoun peript¸sei ìpouh 1ης t�xh ORBC e�nai h mình dunat  epilog , ìpw p.q. gia ton kajorismì twnped�wn se shme�a geitonik� sti akmè tou upologistikoÔ q¸rou, epeid  oi timèpou emplèkontai sti sunj ke 2ης t�xh e�nai ektì tou upologistikoÔ q¸rou.'Eqonta kajor�sei ti diast�sei twn keli¸n tou arijmhtikoÔ plègmato, toqronikì b ma kai to e�do twn sunoriak¸n sunjhk¸n, e�nai dunatì na g�nei mia pr¸-th ekt�mhsh th upologistik  isqÔo pou apaite�tai gia thn ektèlesh th FDTD.Se èna sugkekrimèno prìblhma, shmantikì z thma e�nai, dedomènwn twn diajèsimwnupologistik¸n pìrwn, to an h mèjodo e�nai apotelesmatik  sto na parèqei thnepijumht  lÔsh. Gia par�deigma, gia thn prosomo�wsh th 3-di�stath di�doshuy�suqnou hlektromagnhtikoÔ kÔmato se realistik  gewmetr�a tokamak, oi an�-gke se dÔnamh epexergast  kai mn mh e�nai exairetik� meg�le an p.q. jèloumena parakolouj soume th sunolik  diadrom  tou kÔmato sto pl�sma.5.3 H mèjodo FDTD gia di�dosh se magnhtismèno pl�smaKat� thn efarmog  th mejìdou FDTD sthn ep�lush th di�dosh kum�twnsto pl�sma, to kÔrio shme�o pou prèpei na doje� prosoq  e�nai h prosomo�wshth apìkrish tou pl�smato. Up�rqoun dÔo enallaktikè perigrafè: (a) Hmakroskopik , h opo�a sun�statai sth qr sh tou nìmou tou Ohm me ton tanust agwgimìthta na upolog�zetai apì thn kinhtik  jewr�a, (b) H mikroskopik , ìpouupolog�zetai apeuje�a h puknìthta reÔmato me b�sh mèse timè apì ti troqiètwn fortismènwn swmatid�wn. H makroskopik  perigraf  èqei to pleonèkthma ìti,sto pla�sio th grammik  prosèggish, e�nai dunatì h dihlektrik  apìkrish toupl�smato na prosdioriste� se analutik  morf , k�ti pou afenì k�nei piì eÔkolhthn exagwg  fusik¸n sumperasm�twn, afetèrou d�nei th dunatìthta aÔxhsh thtaqÔthta twn arijmhtik¸n upologism¸n.



130 5. Ubridikì montèlo gia thn pl rh perigraf  tou sust mato pl�sma-kÔmaAkolouj¸nta th makroskopik  odì, h pr¸th diap�stwsh e�nai pw to magnh-tismèno pl�sma san mèso mpore� na upoteje� statikì  /kai grammikì, all� e�nais�goura anisìtropo lìgw tou magnhtikoÔ ped�ou. 'Omw, h klasik  èkdosh toualgor�jmou FDTD, ìpw diatup¸jhke apì ton Yee, e�nai prosanatolismènh sthmelèth isotropik¸n mèswn kai h isqÔ th mpore� na epektaje� to polÔ w thmelèth anisotropik¸n mèswn me diag¸nio dihlektrikì tanust , ìpou oi exis¸seie�nai parìmoie me autè tou Yee. Sunep¸, e�nai apara�thto na genikeÔsoume thmejodolog�a pou parousi�sthke sthn prohgoÔmenh enìthta. Majhmatik�, autìshma�nei thn eisagwg  tanustik¸n megej¸n, ant� gia bajmwt¸n, gia thn perigraf th apìkrish tou pl�smato.5.3.1 Algìrijmo skedazìmenou ped�ou gia anisìtropo pl�smaO algìrijmo sunolikoÔ ped�ou gia anisìtropa mèsa parousi�sthke gia pr¸-th for� apì tou Schneider kai Hudson [Schneider and Hudson 1993℄. Sto �rjroautì, g�netai epèktash th FDTD ¸ste na e�nai dunat  h ep�lush th di�doshsthn per�ptwsh pou oi tanustè èqoun mh mhdenik� mh diag¸nia stoiqe�a, kai ka-tadeiknÔetai ìti aut� ta mh diag¸nia stoiqe�a prokaloÔn sÔzeuxh sti qronikèparag¸gou twn exis¸sewn strobilismoÔ. Se aut  thn per�ptwsh, oi exis¸sei
FDTD diafèroun shmantik� apì autè tou Yee. Se autì to pneÔma, parousi�zou-me ed¸ gia pr¸th for� ton algìrijmo skedazìmenou ped�ou gia to sugkekrimènoprìblhma [Tsironis et al 2007℄.Se anisìtropo pl�sma pou e�nai grammikì, h dihlektrik  metatìpish sundèetaime to hlektrikì ped�o mèsw enì dihlektrikoÔ tanust  kai h puknìthta reÔmatomèsw enì tanust  agwgimìthta (bl. Ex. (1.36)). Sundu�zonta ti Ex. (1.35)kai (1.36) prokÔptoun oi exis¸sei strobilismoÔ gia to sunolikì ped�o, ap’ tiopo�e, me ton trìpo pou perigr�yame sthn prohgoÔmenh enìthta, prokÔptouneÔkola oi ant�stoiqe exis¸sei gia to skedazìmeno ped�o

∇×Es = −µ0
∂Hs

∂t
, (5.12a)

∇×Hs = σ̃ ·Es + ε̃ · ∂Es

∂t
+ σ̃ · Ei +

(
ε̃ − ε0Ĩ

)
· ∂Ei

∂t
, (5.12b)H diakritopo�hsh twn Ex. (5.12) akolouje� th seir� pou parousi�sthke sthn pro-hgoÔmenh enìthta. Gia lìgou aplìthta, apì ed¸ kai pèra ja uiojet soume thqr sh kubik¸n keli¸n, ìmw ta apotelèsmata genikeÔontai eÔkola se �lle pleg-matikè gewmetr�e. H diakritopoihmènh morf  th Ex. (5.12a) e�nai parìmoia me toapotèlesma (5.4), mia kai h (5.12a) e�nai algebrik� �dia me thn (5.2a). Or�zontaton akìloujo ”strobilikì” p�naka-di�nusma

Ξ[A|ni,j,k] =
1

∆r



Az|ni,j+1/2,k − Az|ni,j−1/2,k − Ay|ni,j,k+1/2 + Ay|ni,j,k−1/2

Ax|ni,j,k+1/2 −Ax|ni,j,k−1/2 − Az|ni+1/2,j,k + Az|ni−1/2,j,k

Ay|ni+1/2,j,k −Ay|ni−1/2,j,k −Ax|ni,j+1/2,k + Ax|ni,j−1/2,k


 , (5.13)



5.3. H mèjodo FDTD gia di�dosh se magnhtismèno pl�sma 131oi diakritè exis¸sei mporoÔn na grafoÔn sth sumpag  morf 
Hαs|n+1/2

i,j,k = Hαs|n−1/2
i,j,k − ∆t

µ0

Ξα[Es|ni,j,k] (α = x, y, z). (5.14)Gia thn Ex. (5.12b) ta pr�gmata den e�nai tìso apl�, diìti oi mh diag¸nioiìroi twn tanust¸n ε̃, σ̃ odhgoÔn sthn emf�nish twn qronik¸n parag¸gwn touhlektrikoÔ ped�ou sto dex� mèlo twn exis¸sewn. Autì g�netai fanerì an diakri-topoi soume thn ex�swsh sth dianusmatik  th morf  (qwr� na diaqwr�soume stibajmwtè sunist¸se)
(∇×Hs)|n+1/2

i,j,k = σ̃|i,j,k ·
Es|ni,j,k + Es|n+1

i,j,k

2
+ ε̃|i,j,k ·

Es|n+1
i,j,k −Es|ni,j,k

∆t

+σ̃|i,j,k · Ei|n+1/2
i,j,k +

(
ε̃|i,j,k − ε0Ĩ

)
· ∂Ei

∂t

∣∣∣∣
n+1/2

i,j,k

.'Opw akrib¸ kai sthn allhlouq�a pou odhge� sthn Ex. (5.6), o strobilismìtou H upolog�zetai sto qronikì b ma n+1/2 kai sunep¸ prèpei na g�nei mia pro-sèggish ston ìro σ̃Es. E�nai xek�jaro ìti, se ant�jesh me thn (5.14), oi exis¸seipou d�noun ti sunist¸se tou hlektrikoÔ ped�ou sto b ma n+1 e�nai suzeugmènelìgw twn mh mhdenik¸n stoiqe�wn twn tanust¸n apìkrish tou pl�smato. 'Etsi,gia na upolog�soume th bhmatik  exèlixh tou hlektrikoÔ ped�ou, oi exis¸sei autèprèpei na lujoÔn san algebrikì sÔsthma. H lÔsh e�nai
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. (5.15)H diatÔpwsh twn Ex. (5.15) se aploÔsterh morf  den e�nai eÔkolh upìjesh, e�naiìmw jèma eujèw upologismoÔ. Arqik�, or�zoume tou tanustè

Q̃ =
ε̃

∆t
− σ̃

2
, (5.16a)

S̃ =

(
ε̃

∆t
+

σ̃

2

)−1

. (5.16b)



132 5. Ubridikì montèlo gia thn pl rh perigraf  tou sust mato pl�sma-kÔmaAutì aplopoie� ti ekfr�sei gia ti sunist¸se Es|n+1
i,j,k se mia sumpag  morf ,ant�stoiqh me aut  th Ex. (5.14)

Eαs|n+1
i,j,k =

∑

l,m

Qαl|i,j,k
{
Slm|i,j,kEms|ni,j,k + Ξα[Hs|n+1/2

i,j,k ]

−σlm|i,j,kEmi|n+1/2
i,j,k − (εlm|i,j,k − ε0δl,m)

∂Emi

∂t

∣∣∣∣
n+1/2

i,j,k

}
. (5.17)Me ton upologismì twn Ex. (5.14), (5.17) h diadikas�a th diakritopo�hsh denèqei oloklhrwje�. Se ant�jesh me ti exis¸sei exèlixh gia isìtropo mèso (endei-ktik� bl. (5.4), (5.6) kai (5.14)), sthn Ex. (5.17) ta ped�a sto dex� mèlo den e�naiìle ti forè diajèsima (dhl. den èqoun upologiste�) sti jèsei ìpou apaite�tai.Autì sumba�nei lìgw th emf�nish twn sunist¸swn tou ped�ou w pro ti �lledÔo dieujÔnsei. Gia par�deigma, sÔmfwna me thn (5.17), gia ton upologismì th

Ezs|n+1
i,j,k qrei�zetai na gnwr�zoume ti Exs|ni,j,k, Eys|ni,j,k kai Hxs|n+1/2

i,j,k±1/2, Hys|n+1/2
i,j,k±1/2,

Hzs|n+1/2
i±1/2,j,k,Hzs|n+1/2

i,j±1/2,k, ìmw ap’ to Sq. 5.1(a) fa�netai ìti oi timè autè den e�naidiajèsime. Oi timè Eαs br�skontai sta shme�a (i+ δα,x/2, j + δα,y/2, k + δα,z/2),en¸ oi Hαs sta (i + δ′α,x/2, j + δ′α,y/2, k + δ′α,z/2) (δ′i,j = 1 − δi,j to sumpl rwmatou dèlta tou Kronecker). O prosdiorismì twn apaitoÔmenwn tim¸n g�netai mèswgrammik¸n parembol¸n sto q¸ro an�mesa se jèsei ìpou up�rqoun upologismèneoi timè twn ped�wn. San par�deigma, d�noume to apotèlesma gia to Exs|ni,j,k

Exs|ni,j,k =
1

4
(Exs|ni+1/2,j,k+1/2+Exs|ni+1/2,j,k−1/2+Exs|ni−1/2,j,k+1/2+Exs|ni−1/2,j,k−1/2).Oi Ex. (5.14) kai (5.17) (maz� me ti grammikè parembolè ìpou apaite�tai)sunistoÔn th diakritopoihmènh morf  twn Ex. (5.12). Gia na oloklhrwje� h mejo-dolog�a, prèpei na or�soume ti kat�llhle sunoriakè sunj ke kai tou tanustèapìkrish tou pl�smato se hlektromagnhtik� kÔmata. Gia ti sunoriakè sun-j ke, uiojetoÔme to sq ma Mur ìpw parousi�sthke sthn prohgoÔmenh enìthta.Sto sÔnoro x = 0, oi sunj ke Mur 1ης kai 2ης t�xh gr�fontai

Eαs|n+1
0,j,k+1/2 = Eαs|n0,j,k+1/2 +

c∆t− ∆r

c∆t+ ∆r

(
Eαs|n+1

1,j,k+1/2 −Eαs|n0,j,k+1/2

)
, (5.18a)

Eαs|n+1
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c∆t− ∆r

c∆t+ ∆r
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Eαs|n+1
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)

+
2∆r

c∆t+ ∆r

(
Eαs|n0,j,k+1/2 + Eαs|n1,j,k+1/2

)

+
(c∆t)2

2∆r(c∆t+ ∆r)

(
Eαs|n0,j+1,k+1/2 − 4Eαs|n0,j,k+1/2 + Eαs|n0,j−1,k+1/2

+Eαs|n1,j+1,k+1/2 − 4Eαs|n1,j,k+1/2 + Eαs|n1,j−1,k+1/2 + Eαs|n0,j,k+3/2

+Eαs|n0,j,k−1/2 + Eαs|n1,j,k+3/2 + Eαs|n1,j,k−1/2

)
. (5.18b)



5.3. H mèjodo FDTD gia di�dosh se magnhtismèno pl�sma 133Oi Ex. (5.18) e�nai to 3-di�stato an�logo twn exis¸sewn pou parousi�same sthnprohgoÔmenh enìthta gia 1-di�stath di�dosh. Oi sunj ke Mur sta upìloipasÔnora upolog�zontai eÔkola apì ti parap�nw, qrhsimopoi¸nta ti idiìthtesummetr�a tou sust mato suntetagmènwn gia na metajètoume tou de�kte jèshtwn sunistws¸n twn ped�wn an�loga me th sunist¸sa pou ma endiafèrei.5.3.2 Upologismì th dihlektrik  apìkrishO trìpo upologismoÔ th dihlektrik  apìkrish tou pl�smato emfan�zeishmantikè diaforè se sqèsh me ta sunhjismèna mèsa, diìti to pl�sma e�nai ènamèso ìpou ìla ta fort�a e�nai eleÔjera na kinoÔntai kai h di�krish metaxÔ reÔmatopìlwsh kai reÔmato agwgimìthta paÔei na uf�statai. Eidikìtera, h apìkrishtou pl�smato se hlektromagnhtik� kÔmata uyhl  suqnìthta kajor�zetai apìth fusik  twn kin sewn twn hlektron�wn. Sthn per�ptwsh pou den up�rqei shma-ntik  antallag  enèrgeia metaxÔ tou kÔmato kai twn hlektron�wn, h prosèggishtou yuqroÔ pl�smato e�nai epark . 'Otan ìmw oi jermikè kin sei twn hlektro-n�wn e�nai shmantikè, ìpw p.q. ìtan ω ≈ ωce, emfan�zontai ta fainìmena eke�napou h prosèggish tou yuqroÔ pl�smato adunate� na perigr�yei, kai tìte e�naianagka�a h kinhtik  perigraf . Gia timè twn paramètrwn ìpou oi sugkroÔseie�nai amelhtèe kai h suqnìthta tou kÔmato e�nai polÔ megalÔterh ap’ th suq-nìthta sugkroÔsewn, h kinhtik  ex�swsh èqei th morf  (1.30). Sto pla�sio thenìthta aut  de ja mpoÔme sti leptomèreie twn upologism¸n, all� ja axiopoi- soume mìno ta apotelèsmata (sta bibl�a [Stix 1992, Swanson 2003℄ parousi�zetaianalutik� o trìpo upologismoÔ tou dihlektrikoÔ tanust ).Ta kÔria b mata th kinhtik  perigraf  e�nai en suntom�a ta akìlouja: (a)Grammikopo�hsh th ex�swsh Vlasov jewr¸nta omogen  katanom  pl�smato memia diataraq  tÔpou Fourier mikroÔ pl�tou, (b) Upologismì th sun�rthshkatanom  me olokl rwsh kat� m ko twn adiat�raktwn troqi¸n twn hlektron�wnsto q¸ro taqut twn, (g) Upologismì th puknìthta reÔmato w h rop  1ηςt�xh th katanom , (d) Kajorismì twn tanust¸n apìkrish tou pl�smatosto ped�o suqnot twn me sÔgkrish tou apotelèsmato tou (g) me to nìmo tou
Ohm. Apì to (d) san apotèlesma prokÔptei o dihlektrikì tanust  pl�smato,o adi�stato migadikì tanust  ǫ̃ pou èqoume  dh or�sei sthn Upoen. 1.3.2. Otanust  autì èqei thn akìloujh genik  morf 
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Jl(βJ) th sun�rthsh Bessel t�xh l me ìrisma βJ = k⊥p⊥/(meωce) kai J ′
l(βJ) thnpar�gwgì th w pro βJ [Dennery and Krzywicki 1995℄.Gia na broÔme epakrib¸ thn èkfrash tou dihlektrikoÔ tanust  ǫ̃, prèpei najèsoume sthn parap�nw ex�swsh th sugkekrimènh morf  th f0 kai na k�noume ti



134 5. Ubridikì montèlo gia thn pl rh perigraf  tou sust mato pl�sma-kÔmaoloklhr¸sei. Sth sqetikistik  per�ptwsh, o upologismì twn oloklhrwm�twnmpore� na g�nei mìno arijmhtik�. O mìno trìpo gia na breje� analutik  èkfrashgia to dihlektrikì tanust  e�nai na g�noun k�poie paradoqè. H mh sqetikistik prosèggish isoduname� me to na teje� γ = 1 kai na jewrhje� w f0 h mh sqetiki-stik  morf  th katanom  Maxwell (bl. Ex. (1.32)). Se aut  thn per�ptwsh oparonomast  e�nai anex�rthto apì thn p⊥ kai h olokl rwsh w pro p|| mpore�na g�nei analutik�. To telikì apotèlesma gia ton tanust  e�nai
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 ,ìpou Γl(βΓ) = e−βΓIl(βΓ), me Il(βΓ) thn tropopoihmènh sun�rthsh Bessel meìrisma βΓ = k2
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ce [Dennery and Krzywicki 1995℄, kai h Z(ζl) onom�zetaisun�rthsh diaspor� pl�smato (plasma dispersion function) me ìrisma ζl =
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∣∣ ≫ |1 − lωce/ω|. Me thn pr¸th sunj kh exasfa-l�zetai ìti ta hlektrìnia paramènoun mh sqetikistik�, en¸ h deÔterh eggu�tai pwto fainìmeno Doppler e�nai shmantikìtero ap’ autì th sqetikistik  metatìpishth suqnìthta (lìgw ex�rthsh ap’ ton par�gonta Lorentz). 'Otan oi upojèseiautè den isqÔoun, ìpw p.q. sthn per�ptwsh N|| = 0, tìte akoloujoÔme thn asje-n¸ sqetikistik  prosèggish. H mình diafor� me th mh sqetikistik  prosèggishe�nai ìti pragmatopoie�tai mia an�ptuxh Taylor ston par�gonta Lorentz w prothn orm  p≪ mec. H olokl rwsh sto q¸ro twn orm¸n d�nei to ex  apotèlesma
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5.3. H mèjodo FDTD gia di�dosh se magnhtismèno pl�sma 135ìpou βT = c2/(2v2
te) e�nai to ant�strofo th kanonikopoihmènh jermik  enèrgeia,en¸ Sq(̟, ζl) e�nai oi sunart sei Shkarofsky t�xh q me or�smata ̟ = βTN

2
||/2,

ζl = βT (1 − lωce/ω) [Robinson 1986℄.Prin kle�soume, e�nai apara�thto na k�noume merik� sqìlia. E�nai logikì nagennhje� to er¸thma tou an e�nai sumbibastì na qrhsimopoi soume sti exis¸sei
FDTD thn èkfrash tou dihlektrikoÔ tanust  sto ped�o twn suqnot twn, mia kaioi exis¸sei autè e�nai sto ped�o to qrìnou. En gènei, k�poio ja per�mene ìtiapaite�tai metatrop  mèsw metasqhmatismoÔ Fourier. 'Omw, ìtan h kumatik  suq-nìthta kai oi par�metroi tou pl�smato de metab�llontai me to qrìno, h mèjodo
FDTD mpore� na efarmoste� qrhsimopoi¸nta thn apìkrish ap’ to ped�o suqno-t twn. Akolouje� h apìdeixh: O tanust  sto ped�o tou qrìnou e�nai ousiastik�o ant�strofo metasqhmatismì Fourier tou tanust  sto ped�o twn suqnot twn
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ε̃(r, ω0)E(r, t)eiωt′δ(t′)dt′ = ǫ̃(r, ω0)E(r, t).Me parìmoio trìpo, mpore� na exaqje� mia sqèsh pou sundèei thn puknìthta reÔ-mato me to hlektrikì ped�o kai perilamb�nei ton tanust  σ̃(r, ω0).H par�metro βΓ e�nai an�logh tou lìgou th akt�na Larmor pro to m kokÔmato, sunep¸ e�nai èna mètro th barÔthta twn fainomènwn lìgw kuklotroni-k¸n kin sewn (Finite Larmor Radius effects (FLR)). Sto ìrio pou h akt�na Larmore�nai polÔ mikr  e�nai arketì na krat soume mìno th diìrjwsh mhdenik  t�xh, hopo�a e�nai isodÔnamh me èna peperasmèno ìro p�esh. Se aut  thn per�ptwsh, tìsoh mh sqetikistik  ìso kai h asjen¸ sqetikistik  prosèggish tou dihlektrikoÔtanust  lamb�nei mia morf  pou e�nai gnwst  w ”tanust  jermoÔ pl�smato”
(warm plasma tensor) [Swanson 2003℄
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. (5.20στ)en¸ sto ìrio th mhdenik  akt�na Larmor o dihlektrikì tanust  pa�rnei thgnwst  morf  tou yuqroÔ pl�smato (mpore� na exaqje� ap’ thn Ex. (5.20) anjèsoume vte = 0) [Stix 1992℄.Sugkr�nonta th morf  tou dihlektrikoÔ tanust  gia yuqrì, jermì kai kinhtikìpl�sma, sumpera�noume pw ìtan h jermokras�a e�nai peperasmènh up�rqei ex�r-thsh tou tanust  ap’ to de�kth di�jlash. Sunep¸, ektì apì thn per�ptwshtou yuqroÔ pl�smato, o de�kth di�jlash e�nai apara�thto gia ton upologismìtwn stoiqe�wn tou dihlektrikoÔ tanust . O de�kth di�jlash upolog�zetai ap’th sqèsh diaspor�, h opo�a, an�loga me thn perioq  suqnot twn kai th morf tou tanust  epitreptìthta, emfan�zei poik�lou kl�dou lÔsewn. Gia èna sugke-krimèno prìblhma, apì ìle ti diajèsime lÔsei prèpei na epileqje� eke�nh pouantistoiqe� sto sugkekrimèno rujmì di�dosh.Ta fainìmena FLR mporoÔn na enswmatwjoÔn sthn èkfrash th apìkrishtou pl�smato diadoqik� se t�xei megèjou, mia kai h prosèggish th tim  thsun�rthsh Bessel g�netai mèsw tou anaptÔgmatì th se seir�. Gia par�deig-ma, sthn asjen¸ sqetikistik  per�ptwsh, h akt�na Larmor e�nai en gènei polÔmikrìterh ap’ to m ko kÔmato kai mìno oi ìroi kat¸terh t�xh e�nai apara�-thtoi. Mia tètoia prosèggish anafèretai san ”kat¸tath t�xh FLR”. 'OtansumperilhfjoÔn kai suneisforè apì ìrou uyhlìterh t�xh, odhgoÔmaste seèna epiplèon �jroisma sunart sewn Shkarofsky. GÔrw apì èna dedomèno suntoni-smì e�nai βΓ ≈ l2N2
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2, kai kaj¸ se efarmogè ECRH/ECCD e�nai l, N⊥ ≃ 1,o kur�arqo ìro sto βΓ e�nai o v2
te/c

2 ≪ 1. Kat� sunèpeia, oi suneisforè apìan¸tere armonikè g�nontai mikrìtere ìso megalÔterh e�nai h t�xh. Sthn pr�xh,axiìloge suneisforè èqoume mìno gia l = 0,±1,±2, dhl. h allhlep�drash e�naiapotelesmatik  mìno gia thn 1η kai th 2η armonik .5.4 Arijmhtik� apotelèsmataPar� ta pleonekt mata th mejìdou FDTD, den èqoun g�nei mèqri s mera arke-tè efarmogè se probl mata sqetik� me th di�dosh kum�twn se pl�sma sÔnthxh.O kuriìtero lìgo e�nai ìti, gia realistikè prosomoi¸sei, h apaitoÔmenh qw-rik  an�lush k�nei ti upologistikè an�gke polÔ meg�le, en¸ thn �dia stigm oi asumptwtikè mèjodoi parèqoun sti perissìtere peript¸sei mia gr gorh lÔ-sh tou probl mato. Sthn up�rqousa arjrograf�a, oi kuriìtere efarmogè th
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FDTD se aut� ta probl mata e�nai (a) h 1-di�stath prosomo�wsh sumbolome-tr�a apì tou Muta et al, jewr¸nta di�dosh se yuqrì pl�sma all� lamb�no-nta upìyh thn apìsbesh lìgw sugkroÔsewn kai mh sqetikistikoÔ kuklotroni-koÔ suntonismoÔ [Muta et al 1997a℄, (b) h epèktash tou (a) sti trei diast�sei,ìpou h apìkrish tou pl�smato perigr�fetai sto pla�sio th hlektrik  pìlwsh[Muta et al 1997b℄, (g) oi 2-di�state prosomoi¸sei anaklastometr�a tou Da Si-
lva se yuqrì pl�sma me epimhkumènh magnhtik  gewmetr�a [Da Silva 2001℄, (d) tiprosomoi¸sei ECRH sthn 1η armonik  apì tou Hojo et al, ìpou h apìkrish toupl�smato perigr�fetai apì èna ”teqnhtì” tanust  agwgimìthta pou prokÔpteime b�sh th jewr�a reustoÔ [Hojo et al 2004℄.Ed¸ parousi�zoume mia efarmog  th mejìdou FDTD sth di�dosh EC kÔmatose aplopoihmènh gewmetr�a tokamak k�jeta sto magnhtikì ped�o. H toroeid k�toyh th sugkekrimènh gewmetr�a apeikon�zetai sto Sq. 5.2(a). H aplo-po�hsh ofe�letai sth sunhjismènh upìjesh rpol ≪ rtor, h opo�a e�nai gnwst  w
”prosèggish meg�lou lìgou ìyh” (large aspect ratio approximation), kai anti-stoiqe� se ep�pedh (ant� gia kampulìgrammh) magnhtik  gewmetr�a me amelhtèopoloeidè ped�o. San sunèpeia, ta qarakthristik� megèjh tou pl�smato (magnh-tikì ped�o, puknìthta kai jermokras�a) mpore� na jewrhje� ìti metab�llontai mìnokat� m ko tou �xona x, sthn perioq  [−rpol, rpol]. Ta profiles twn ωce, ωpe kai vtekat� m ko tou x e�nai th morf 
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. (5.21g)Me b�sh autè ti sqèsei, to magnhtikì ped�o aux�netai apì to èna �kro toupl�smato x = rpol (low-field side) pro to �llo x = −rpol (high-field side), en¸ hpuknìthta kai h jermokras�a aux�noun ap’ ta �kra pro to kèntro x = 0. To kÔmaekpèmpetai ap’ thn low-field side pro ta arnhtik� x (kx0 < 0, ky0 = kz0 = 0). AfoÔto kÔma ekpèmpetai kat� m ko th di�stash ìpou to pl�sma e�nai anomoiogenè,oi sunist¸se tou k egk�rsia tou x paramènoun stajer� mhdèn, dhl. h di�doshparamènei k�jeth sto magnhtikì ped�o. 'Oson afor� thn FDTD, autì epitrèpeimia aploÔsterh (kai taqÔterh arijmhtik�) prosomo�wsh, basismènh sth 1-di�stathulopo�hsh tou algor�jmou, h opo�a apokt�tai jètonta 1/∆y = 1/∆z = 0 stiEx. (5.14), (5.17). To kel� Yee sto 1-di�stato q¸ro e�nai h aplopoihmènh morf tou 3-di�statou kelioÔ tou Sq. 5.1 kai fa�netai sto Sq. 5.2(b).To arijmhtikì prìblhma sun�statai sthn ep�lush twn exis¸sewn FDTD sthm�a di�stash, me sunoriakè sunj ke ti (5.18) kai dihlektrik  apìkrish pouupolog�zetai an�loga me to sugkekrimèno fusikì montèlo pou epilègetai gia topl�sma (yuqrì, jermì   kinhtikì asjen¸ sqetikistikì). Aut� ulopoioÔntai ston
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(α) (β)

Θάλαµος κενού Κυµατοδηγός
x

B0(x)
Μαγνητικός άξονας

Πλάσµα

ne(x)

x=rpol

x=0

x=-rpol

Te(x)

z

EC κύµα

Sq ma 5.2: (a) H aplopoihmènh gewmetr�a gia th melèth th di�dosh k�jeta sto magnh-tikì ped�o me th mèjodo FDTD, (b) To kel� Yee sto 1-di�stato q¸ro.k¸dika ECFW1D, o opo�o upolog�zei thn exèlixh twn ped�wn kai th puknìthtareÔmato sto pl�sma [Tsironis et al 2007℄. Oi par�metroi gia to pl�sma kai tohlektromagnhtikì kÔma antistoiqoÔn sta tokamak AUG kai ITER. Sto AUG, oipar�metroi e�nai rtor = 1.65m, rpol = 0.6m, B0|x=0 = 2.5T, ne|x=±rpol
= 1.4 ·

1013cm−3, ne|x=0 = 1.6 · 1013cm−3, Te|x=±rpol
= 0.2 KeV kai Te|x=0 = 2KeV.H suqnìthta tou kÔmato e�nai ω/2π = 140GHz (2η armonik  tou X−mode), harqik  isqÔ e�nai Pw0 = 1 MW kai to eÔro th dèsmh e�nai w = 2cm. Gia ton

ITER, oi �die par�metroi èqoun timè rtor = 6.2m, rpol = 1.9m, B0|x=0 = 5.51T,
ne|x=±rpol

= 1013cm−3, ne|x=0 = 1014cm−3, Te|x=±rpol
= 1KeV, Te|x=0 = 10KeV,

ω/2π = 160 GHz (1η armonik  O−mode), P0 = 10MW kai w = 3cm.Prin parousi�soume ta apotelèsmata, anafèroume k�poia stoiqe�a sqetik� methn arijmhtik  ulopo�hsh (gia ton k¸dika bl. Par�rt. B.2). To qwrikì b ma ∆re�nai �so me to 1% tou m kou kÔmato sto kenì λv, en¸ to qronikì b ma e�nai �some to 10% tou b mato pou prokÔptei ap’ th sunj kh Courant. Oi timè autè e�naimikrè se sqèsh me thn koin  praktik  (bl. p.q. [Kunz and Luebbers 1992℄), diìtih agwgimìthta sto pl�sma g�netai polÔ meg�lh, eidik� kont� sto suntonismì, kaisunep¸ diakubeÔetai h akr�beia kai h eust�jeia twn upologism¸n an epilèxoumetimè ant�stoiqe me autè gia sunhjismèna mèsa di�dosh. O sunolikì qrìnoolokl rwsh e�nai pollapl�sio tou qrìnou pou qrei�zetai to kÔma gia na dianÔseithn poloeid  di�metro. AfoÔ h suqnìthta kÔmato kai o dihlektrikì tanust den exart¸ntai ap’ to qrìno, ta ped�a anamènetai na ft�soun se kat�stash stati-kìthta (steady state). To e�n o qrìno olokl rwsh e�nai megalÔtero apì tonkr�simo qrìno gia thn edra�wsh th kat�stash statikìthta, ¸ste na sumperilam-b�netai h sunolik  fusik  eikìna sta apotelèsmata, elègqetai parakolouj¸ntath qronik  exèlixh twn ped�wn se di�fora plegmatik� shme�a. To prosp�pton ped�oe�nai hmitonikì kai diad�detai sthn arnhtik  kateÔjunsh
Ei(x, t) = E0i cos [k

v
(x− x0) + ωt]U (ct− |x0 − x|) . (5.22)Sth majhmatik  èkfrash tou Ei qrhsimopoioÔme th bhmatik  sun�rthsh U(x) giana enswmat¸soume thn arq  th aitiìthta, dhl. to gegonì ìti to kÔma qrei�zetaièna sugkekrimèno qronikì di�sthma |x0 − x|/c gia na ft�sei sto shme�o x.
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Sq ma 5.3: Apotelèsmata prosomo�wsh FDTD se yuqrì pl�sma gia paramètrou AUG:(a) Qronik  exèlixh th sunist¸sa Ey sto shme�o x = −0.3rpol, (b) Qronik exèlixh th sunist¸sa Ex sto shme�o x = −0.3rpol (me zoom sth geiton�ath qronik  stigm  t = 2.5 · 10−9s).
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140 5. Ubridikì montèlo gia thn pl rh perigraf  tou sust mato pl�sma-kÔmaSta Sq. 5.3, 5.4 parousi�zoume ta apotelèsmata twn upologism¸n se yuqrìpl�sma gia paramètrou AUG. H qronik  exèlixh twn sunistws¸n tou hlektrikoÔped�ou Ey, Ex sto shme�o x = −0.3rpol d�netai sta Sq. 5.3(a), (b). Ta ped�aèqoun mhdenik  tim  e¸ th qronik  stigm  t ≈ 1.2 · 10−9 s, o opo�o e�nai kaio qrìno pou qrei�zetai to kÔma gia na ft�sei sto shme�o pou èqoume epilèxei,kai ft�noun se statik  kat�stash Ôstera apì t ≈ 3.5 · 10−9s (o qrìno autìantistoiqe� se per�pou 3000 kumatikè periìdou). H diam kh sunist¸sa Ex, hopo�a dhmiourge�tai ap’ to pl�sma, pa�rnei timè p�nw apì dèka forè mikrìtereapì autè th Ey (h sunist¸sa Ez gia kÔma me pìlwsh X pou diad�detai k�jetasto magnhtikì ped�o e�nai mhdèn). Ta ped�a metab�llontai periodik� sto qrìno.Autì de fa�netai kajar� ap’ ta sq mata, all� xekajar�zei an megejÔnoume gÔrwapì mia qronik  stigm  (bl. to mikrì sq ma entì tou 5.3(b)).H aporrìfhsh th kumatik  enèrgeia sto pl�sma, kaj¸ kai ta hlektrik�reÔmata pou dhmiourgoÔntai, g�nontai kalÔtera antilhpt� an sqedi�soume ta profi-
les twn plat¸n tou hlektrikoÔ ped�ou kai th puknìthta reÔmato kat� m ko thdi�dosh (dhl. w pro x). Bèbaia, tètoia graf mata e�nai qr sima mìno an lh-fjoÔn afìtou èqei epèljei h kat�stash stasimìthta, ektì kai an e�nai epijumht h melèth th qronik  exèlixh twn profiles3. Sta Sq. 5.4(a), (b) sqedi�zoume ta
profiles twn plat¸n tou hlektrikoÔ ped�ou E kai th puknìthta reÔmato j. Tohlektrikì ped�o paramènei stajerì kat� m ko th di�dosh, opìte den up�rqeiapìsbesh tou kÔmato entì tou pl�smato, en¸ h puknìthta reÔmato aux�neiarg� apì thn low-field side. Aut�  tan kai ta apotelèsmata pou anamèname gia thdi�dosh sto yuqrì pl�sma, kaj¸ apous�a sugkroÔsewn kai jermik¸n kin sewnden up�rqei mhqanismì aporrìfhsh th kumatik  enèrgeia.Pern�me t¸ra sta apotelèsmata gia di�dosh se jermì pl�sma me paramètrou
AUG. Sto Sq. 5.5(a) fa�netai to profile th sunist¸sa jx th puknìthta reÔ-mato. Sugkr�nonta thn �nw perib�llousa th kampÔlh jx(x/rpol) me to Sq.5.4(b), lamb�nonta upìyh ìti aut  e�nai kai h megalÔterh sunist¸sa, h apìkrishprokÔptei �dia me aut  tou yuqroÔ pl�smato. Sto Sq. 5.4(b), ìpou sugkr�netaito profile tou E gia jermì kai yuqrì pl�sma, e�nai xek�jaro ìti h apìkrish touyuqroÔ kai tou jermoÔ pl�smato e�nai sqedìn panomoiìtuph. Autì e�nai logikì,diìti h mình diafor� an�mesa sti dÔo peript¸sei e�nai o ìro p�esh sto dihle-ktrikì tanust  (o opo�o proèrqetai ap’ th diìrjwsh FLR mhdenik  t�xh), pouìmw den perigr�fei thn kuklotronik  aporrìfhsh. Fèrnonta p�li sto mualìma thn per�ptwsh tou yuqroÔ pl�smato, apous�a sugkroÔsewn o dihlektrikìtanust  e�nai kai sti dÔo peript¸sei ermitianì, opìte den emperièqei tou ìroueke�nou pou prosomoi¸noun majhmatik� thn apìsbesh. Gia ton upologismì toufainomènou autoÔ qrei�zetai apara�thta h kinhtik  jewr�a.Sta Sq. 5.6 kai 5.7 parousi�zontai ta apotelèsmata gia thn per�ptwsh ki-nhtikoÔ kai asjen¸ sqetikistikoÔ pl�smato. Prèpei na shmei¸soume ed¸ ìti,en¸ h paroÔsa per�ptwsh sundèetai �mesa me ti prosomoi¸sei ECRH, kai oiparap�nw peript¸sei sundèontai èmmesa kaj¸ pollo� algìrijmoi perigr�foun3 Λόγω του ότι, στη συγκεκριμένη εφαρμογή, το πλάσμα είναι στατικό, δεν είναι ξεκάθαρο αν η
πληροφορία που θα μπορούσε να αντληθεί από μια τέτοια μελέτη έχει φυσικό περιεχόμενο.
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profile gia yuqrì pl�sma tou Sq. 5.4).thn ECRH w to sunduasmì di�dosh se yuqrì pl�sma me èna suntelest  apor-rìfhsh upologismèno gia kinhtikì pl�sma, jewr¸nta ìti ta kinhtik� fainìmenaemfan�zontai mìno sto pl�to kai ìqi sthn pìlwsh tou kÔmato (bl. p.q. ti[Westerhof 1989, Poli et al 2001a℄). Sta Sq. 5.6(a), (b) parousi�zontai ta profi-

les twn E, j gia paramètrou AUG. H aporrìfhsh tou kÔmato pragmatopoie�taise mia sten  perioq  kont� sto kèntro tou pl�smato, thn apokaloÔmenh ”z¸nhsuntonismoÔ”. Se sÔndesh me ta parap�nw sqìlia, upenjum�zoume ìti o mhqani-smì th apìsbesh emperièqetai sto antiermitianì tm ma tou tanust  pl�smato.To profile tou E e�nai polÔ apìtomo, upodhl¸nonta uyhlè timè th agwgimìth-ta entì th z¸nh suntonismoÔ. H puknìthta reÔmato aux�netai arg� pro thnkateÔjunsh th z¸nh suntonismoÔ, ìpw sto yuqrì pl�sma, g�netai polÔ mega-lÔterh lìgw th suntonismènh allhlep�drash kai Ôstera mhden�zetai, kaj¸ tohlektrikì ped�o tou kÔmato èqei aposbeste� tele�w.Tèlo, parousi�zoume prosomoi¸sei th di�dosh se kinhtikì kai asjen¸sqetikistikì pl�sma gia paramètrou ITER. Sto Sq. 5.7(a) parist�noume grafik�th qronik  exèlixh thEz (h opo�a e�nai h mình mh mhdenik  sunist¸sa touO−modegia di�dosh k�jeta sto magnhtikì ped�o) sto shme�o x = −0.5rpol. Se sqèsh methn edra�wsh th kat�stash statikìthta, h sumperifor� sto qrìno e�nai �dia meparap�nw. Ed¸ to hlektrikì ped�o e�nai polÔ mikrì se sqèsh me thn arqik  tim ,diìti to shme�o x = −0.5rpol br�sketai met� th z¸nh suntonismoÔ ìpou kat� kìronaporrof�tai h enèrgeia tou kÔmato. Sto Sq. 5.7(b) d�netai to profile tou jx.Fa�netai ìti h dhmiourg�a reÔmato sto pl�sma e�nai polÔ entopismènh sto q¸ro,praktik� mìno entì th z¸nh suntonismoÔ. Se ant�jesh me ton X−mode (Sq.5.6(b)), h pìlwsh tou O-mode e�nai tètoia ¸ste den e�nai dunatì na dhmiourghje�reÔma protoÔ to kÔma ft�sei sto suntonismì. Sta Sq. 5.7(g), (d) sqedi�zoume ta
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profiles twn E kai j. H aporrìfhsh tou kÔmato e�nai kai ed¸ uyhl� entopismènh.Se aut  thn per�ptwsh, lìgw th sugkekrimènh tim  tou magnhtikoÔ ped�ou,h z¸nh suntonismoÔ metatop�zetai pro thn high-field side. H sumperifor� toupl�tou th puknìthta reÔmato e�nai �dia me parap�nw, lamb�nonta m�listaupìyh ìti e�nai h perib�llousa th kampÔlh tou Sq. 5.7(b).San kat�lhxh, elègqoume kai sqoli�zoume thn egkurìthta twn apotelesm�-twn th mejìdou ma. Autì mpore� na g�nei sto pla�sio asumptwtik¸n mejìdwn,ta apotelèsmata twn opo�wn e�nai dunatì na sugkrijoÔn �mesa me ta dik� maarijmhtik� apotelèsmata. Gia ton èlegqo qrhsimopoioÔme th mèjodo entopismoÔdèsmh, kai h arijmhtik  ulopo�hsh g�netai apì ton k¸dika NGBT (bl. Kef. 3kai Par�rt. B.1). Se ant�jesh me ton k¸dika ECFW1D, o opo�o prosomoi¸neithn apìkrish tou pl�smato sto pla�sio tou dihlektrikoÔ tanust  gia kinhtikìkai asjen¸ sqetikistikì pl�sma, o NGBT akolouje� th logik  twn kwd�kwn poubas�zontai se asumptwtikè mejìdou kai jewre� di�dosh se yuqrì pl�sma, meta kinhtik� fainìmena na upeisèrqontai mìno sthn exèlixh tou pl�tou kÔmatosÔmfwna me ti timè tou optikoÔ b�jou tou kinhtikoÔ pl�smato. Endeiktik�,sto Sq. 5.8(a) sugkr�noume ta apotelèsmata tou ECFW1D me aut� tou NGBTgia ti �die paramètrou me autè tou Sq. 5.6. Fa�netai ìti, par� ti shmantikèdiaforè sth dom  twn fusik¸n montèlwn, h sumfwn�a twn apotelesm�twn metaxÔtwn dÔo kwd�kwn e�nai p�ra polÔ kal . Autì sumba�nei diìti, se ep�pedh gewme-tr�a, h kuklotronik  aporrìfhsh perigr�fetai oloklhrwtik� apì to antiermitianìtm ma tou dihlektrikoÔ tanust . Sunep¸, h apìjesh th kumatik  enèrgeiasan sun�rthsh tou x e�nai tele�w anex�rthth apì ti leptomèreie th troqi�th dèsmh. Sugkekrimèna, to optikì b�jo tou ep�pedou pl�smato de metab�l-letai lìgw th ep�drash twn kinhtik¸n fainomènwn sth di�dosh tou kÔmato (bl.[Westerhof 1997℄ gia leptomèreie).
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Ασυµπτωτική

Sq ma 5.8: (a) SÔgkrish th pl rou lÔsh (ECFW1D) me thn asumptwtik  lÔsh(NGBT), (b) ”'Ekrhxh” (blow-up) th pl rou lÔsh kont� sto basikì su-ntonismì sto montèlo yuqroÔ pl�smato.5.5 Sumper�smata-Suz thshParousi�same èna montèlo gia thn ep�lush twn exis¸sewn Maxwell qwr�prosegg�sei (se ant�jesh me ti asumptwtikè mejìdou) basismèno sth mèjodo
FDTD. Gi’ autì ton tÔpo problhm�twn, oi asumptwtikè mèjodoi sto ped�o suqno-t twn qrhsimopoioÔntai eurÔtata lìgw th dunatìthta na upologistoÔn analuti-kè ekfr�sei gia thn apìkrish tou pl�smato. Gia èna kÔma stajer  suqnìthtapou diad�detai se statikì pl�sma (h piì sunhjismènh prosèggish gia thn proso-mo�wsh peiram�twn ECRH/ECCD), h FDTD e�nai dunatì na efarmoste� apeuje�aqrhsimopoi¸nta th dihlektrik  apìkrish tou pl�smato ìpw upolog�zetai stoped�o suqnot twn. San epèktash tou algor�jmou pou parousi�sthke apì tou
Schneider kai Hudson [Schneider and Hudson 1993℄, par�getai o algìrijmo ske-dazìmenou ped�ou gia anisotropikì pl�sma. San efarmog  tou algor�jmou autoÔ,melet�tai h di�dosh EC kÔmato se ep�pedh gewmetr�a. H sugkekrimènh gewme-tr�a epitrèpei mia aploÔsterh perigraf  th allhlep�drash pl�smato-kÔmato,basismènh ston 1-di�stato algìrijmo FDTD. O k¸dika ECFW, o opo�o ulo-poie� arijmhtik� ta parap�nw, melet� ìla ta sqetik� fainìmena qrhsimopoi¸ntadiaforetik� fusik� montèla gia th dihlektrik  apìkrish. H sÔgkrish twn apote-lesm�twn tou ECFW me ta apotelèsmata k¸dika basismènou sthn asumptwtik mèjodo entopismoÔ dèsmh (NGBT) apode�qjhke epituq .Ta kÔria apotelèsmata sunoy�zontai w akoloÔjw: Se ìle ti peript¸seigia thn kat�stash tou pl�smato (yuqrì, jermì   kinhtikì), ta ped�a E, B ft�-noun se kat�stash statikìthta (steady-state) Ôstera apì èna qarakthristikìqrìno. Autì  tan anamenìmeno lìgw th èlleiyh qronik  ex�rthsh apì tiparamètrou tou pl�smato. Se yuqrì/jermì pl�sma, to pl�to tou hlektrikoÔ



5.5. Sumper�smata-Suz thsh 145ped�ou paramènei stajerì kat� m ko th di�dosh, diìti oi prosegg�sei autè desumperilamb�noun thn perigraf  th aporrìfhsh tou kÔmato lìgw tou kuklo-tronikoÔ suntonismoÔ. Se sÔndesh me autì, to pl�to th puknìthta reÔmatopou dhmiourge�tai ap’ to kÔma den parousi�zei shmantik  metabol . Se kinhtikìpl�sma, h aporrìfhsh tou kÔmato sumba�nei se mia polÔ sten  perioq , th z¸nhsuntonismoÔ, h opo�a kajor�zetai ap’ th suqnìthta tou kÔmato kai to profile toumagnhtikoÔ ped�ou tou pl�smato. Piì sugkekrimèna, h jèsh th z¸nh suntoni-smoÔ p�nw ston �xona x e�nai ”elegqìmenh”, dhl. mpore� na metatopiste� pro thn
low-field side   thn high-field side, metab�llonta e�te th suqnìthta e�te to magnh-tikì ped�o. H puknìthta reÔmato pou dhmiourge�tai e�nai ep�sh polÔ entopismènhsto q¸ro, praktik� mìno entì th z¸nh suntonismoÔ.A doÔme tou kuriìterou periorismoÔ tou montèlou ma. Sto pla�sio th1-di�stath gewmetr�a den e�nai dunatì na melet soume th di�dosh se dÔo diast�-sei (p.q. upì gwn�a me to magnhtikì ped�o). Kat� sunèpeia, den e�nai dunat  hperigraf  polÔ shmantik¸n fainomènwn ìpw h metatrop  rujmoÔ pìlwsh (mode
conversion), h od ghsh reÔmato (ECCD) kai h jèrmansh pl�smato se perioqèmakri� ap’ to magnhtikì �xona (off-axis heating), ìpw ep�sh kai fainomènwn pousqet�zontai me th metabol  tou profile th kumatik  dèsmh (est�ash, per�jlash).Aut� ta jèmata mporoÔn na melethjoÔn mìno me to 2-di�stato  /kai 3-di�statoalgìrijmo FDTD, h ulopo�hsh twn opo�wn e�nai jèma mellontik  ma doulei�.Bèbaia, oi upologistikè an�gke aut¸n twn problhm�twn e�nai arket� meg�le,kai autì e�nai èna z thma pou ja prèpei na e�nai ep�sh mèro th èreuna.'Ena �llo periorismì e�nai ìti, ìtan h apìkrish tou pl�smato perigr�fetaisto pla�sio tou dihlektrikoÔ tanust , den e�nai dunatì na prosomoiwje� swst�h di�dosh hlektromagnhtik¸n kum�twn kont� ston kuklotronikì suntonismì 1ηςt�xh se yuqrì/jermì pl�sma. Se aut  thn per�ptwsh, h arijmhtik  lÔsh e�naiastaj , ìpw fa�netai qarakthristik� kai sto Sq. 5.8(b). Autì den e�nai prìblh-ma th arijmhtik  mejìdou, all� prokÔptei apì thn �dia th jewrhtik  perigraf .Piì sugkekrimèna, sthn perigraf  tou pl�smato w sÔnolo mh allhlepidr¸ntwnhlektron�wn   w reustì, ìpw fa�netai kajar� ap’ thn Ex. (5.20), ta stoiqe�atou dihlektrikoÔ tanust  den or�zontai ìtan ω ≈ ωce, en¸ sthn kinhtik  perigraf ta stoiqe�a tou tanust  or�zontai kanonik� se ìle ti peript¸sei.Tèlo, sthn trèqousa morf  tou montèlou ma, h dihlektrik  apìkrish pro-kÔptei apì th grammik  jewr�a talant¸sewn pl�smato. 'Etsi, le�pei h perigraf mh grammik¸n fainomènwn ìpw p.q. h an¸malh di�qush twn hlektron�wn egk�r-sia sto magnhtikì ped�o (bl. Kef. 2) kai h asumfwn�a an�mesa sth f�sh toukÔmato kai th f�sh th peristrof  twn hlektron�wn (bl. Kef. 4). Se aut  thnkateÔjunsh, mia �mesh epèktash th perigraf  e�nai na upolog�soume thn puk-nìthta reÔmato me b�sh hlektrìnia pou kinoÔntai ep�nw sto arijmhtikì plègma.Oi troqiè twn hlektron�wn mporoÔn na upologistoÔn apì ti diakritopoihmèneexis¸sei k�nhsh   me �lle diajèsime mejìdou.





6. ANAKEFALAIWSH-PROOPTIKESSe autì to kef�laio pragmatopoioÔme mia anakefala�wsh, d�nonta èmfashsta kuriìtera apotelèsmata kai thn prosfor� th diatrib  aut  sthn kalÔterhkatanìhsh th allhlep�drash pl�smato-kÔmato sth fÔsh kai to ergast rio.Akìmh, k�noume mia suz thsh gÔrw apì ti pijanè epekt�sei th diatrib , eidi-kìtera se jèmata pou aforoÔn th jèrmansh pl�smato, thn od ghsh mh epagìme-nwn reum�twn kai thn antimet¸pish magnhto�drodunamik¸n/kinhtik¸n astajei¸nse peiramatikoÔ antidrast re elegqìmenh jermopurhnik  sÔnthxh.6.1 Anakefala�wsh-KÔria shme�aSth diatrib  aut  asqolhj kame me th jewrhtik  melèth th allhlep�drashuy�suqnh hlektromagnhtik  aktinobol�a me pl�sma kai ti efarmogè th. Hallhlep�drash fortismènwn swmatid�wn me hlektrostatik� kai hlektromagnhtik�kÔmata apotele� th b�sh gia thn perigraf  kai katanìhsh poll¸n fainomènwn,ìpw p.q. thn epit�qunsh hlektron�wn kai ti ast�jeie pl�smato se astrofusik�sust mata kai epitaquntè. AnalÔsame th di�dosh kai aporrìfhsh aktinobol�ame suqnìthta kont�   pollapl�sia me th suqnìthta peristrof  twn hlektron�wngÔrw ap’ to magnhtikì ped�o, me stìqo thn kalÔterh katanìhsh th exèlixh toukÔmato kai tou pl�smato. Sthn an�lush l�bame upìyh (a) th mh grammik allhlep�drash kÔmato-fort�ou, (b) ton kinhtikì qarakt ra tou pl�smato, (g)th sÔnjeth gewmetr�a th kumatik  dèsmh. En gènei, h prosèggish tou yuqroÔpl�smato gia thn kumatik  di�dosh, h grammik  jewr�a talant¸sewn pl�smatogia thn aporrìfhsh tou kÔmato kai h hmigrammik  jewr�a gia thn exèlixh thsun�rthsh katanom  twn hlektron�wn parèqoun mia ikanopoihtik  perigraf  thexèlixh tou hlektromagnhtikoÔ kÔmato sto pl�sma. Up�rqoun ìmw peript¸seiìpou h isqÔ twn jewri¸n aut¸n e�nai amf�bolh, ìtan ta kinhtik�  /kai ta mhgrammik� fainìmena pa�zoun shmantikì rìlo.Ta apotelèsmata th diatrib  analÔontai se tèssera kef�laia (Kef. 2-5).Sto Kef. 2 asqolhj kame me thn ep�drash uy�suqnwn hlektromagnhtik¸n kum�-twn se araiì magnhtismèno pl�sma. Sto sugkekrimèno prìblhma, to posostì twnqaotik¸n troqi¸n e�nai sun�rthsh tou pl�tou tou kÔmato. Gia èna meg�lo eÔ-ro tim¸n tou pl�tou, o q¸ro f�sewn e�nai èna polÔploko m�gma organwmènwnkai qaotik¸n troqi¸n, kai h dunamik  sumperifor� xefeÔgei ap’ ta sunhjismènapla�sia. Eidikìtera, h morf  th sun�rthsh katanom  twn hlektron�wn èrqetaise ant�jesh me th lÔsh th ex�swsh FP (upolog�zetai me b�sh thn hmigrammik jewr�a), k�ti pou upodhl¸nei thn Ôparxh an¸malh di�qush sto sÔsthma.



148 6. Anakefala�wsh-ProoptikèApì to pareljìn e�nai  dh gnwstì pw h allhlep�drash iìntwn me hlektro-statik� kÔmata qarakthr�zetai apì an¸malh di�qush. De�xame, gia pr¸th for�,ìti sthn allhlep�drash hlektron�wn me hlektromagnhtik� kÔmata h exèlixh tousust mato akolouje� an¸malh di�qush [Tsironis and Vlahos 2005℄. Katal xamesto sumpèrasma autì apì trei diaforetikè optikè gwn�e: (a) O upologismìth dÔnamh Lorentz èdeixe ìti e�nai isqur� anomoiogen  kat� m ko twn troqi¸n,odhg¸nta to kèntro-odhgì se mia allhlouq�a apì omal� ”�lmata” an�mesa seperioqè pag�deush, (b) O upologismì th mèsh tim  twn metabol¸n th jèshèdeixe pw h di�qush twn hlektron�wn upakoÔei aplì nìmo dÔnamh me ekjètemikrìterou tou 1 (upodi�qush), (g) O upologismì th aktinobol�a cyclotronèdeixe ìti h morf  tou f�smato metab�lletai akajìrista an�loga me to pìsoall�zei h dunamik  th troqi�. Ta apotelèsmata upodeiknÔoun ìti, se arketèpeript¸sei, h qr sh th hmigrammik  jewr�a den parèqei axiìpisth perigraf .Bèbaia, oi timè twn paramètrwn kai h gewmetr�a sthn opo�a anafèrontai oi upo-logismo� parapèmpoun sto ionosfairikì pl�sma, opìte de mporoÔme na ex�goumegenikìtera sumper�smata. Sthn up�rqousa arjrograf�a up�rqei akìmh diqognw-m�a p�nw se autì to z thma kai apaite�tai peraitèrw diereÔnhsh.Sto Kef. 3 melet same th di�dosh kumatik¸n desm¸n me non-Gaussian profi-
le hlektrikoÔ ped�ou, sto pla�sio th asumptwtik  mejìdou entopismoÔ dèsmh.H apaitoÔmenh allhlouq�a upologism¸n gia ton entopismì desm¸n me profile hle-ktrikoÔ ped�ou genikoÔ sq mato e�nai h ex : (a) An�lush tou profile se rujmoÔ
Gauss-Hermite, (b) Gen�keush th paramètrou tou eÔrou dèsmh, (3) Upologi-smì th kuklotronik  apìsbesh twn rujm¸n an¸terh t�xh. Diapist¸jhkeìti h mèjodo entopismoÔ dèsmh, me ton trìpo pou e�qe diatupwje� arqik� apìton Pereverzev [Pereverzev 1998℄, qreiazìtan k�poie metatropè ¸ste na mpore�na parèqei orj  perigraf  twn non-Gaussian desm¸n.H melèth enì aploÔ probl mato, th di�dosh mia non-Gaussian dèsmh meèna mìno rujmì an¸terh t�xh se pl�sma me ep�pedh gewmetr�a, od ghse se shma-ntik� sumper�smata: (a) To genikeumèno eÔro dèsmh aux�netai w sun�rthsh tht�xh kai tou pl�tou tou rujmoÔ an¸terh t�xh, en¸ exart�tai apì th sunolik metatìpish f�sh se orismène mìno peript¸sei, (b) H ep�drash th kuklotroni-k  aporrìfhsh sto eÔro g�netai shmantik  gia rujmoÔ polÔ uyhl  t�xh kaime meg�lo pl�to, (g) 'Otan den up�rqei ex�rthsh ap’ th θmn, h sumperifor� e�naiparìmoia gia kÔma me pìlwsh O kai me pìlwsh X, en¸ sthn ant�jeth per�ptwshup�rqoun diaforè. O upologismì th di�dosh non-Gaussian dèsmh sth gramm ekpomp  sust mato ECRH katèdeixe pw me qr sh mia non-Gaussian dèsmh mekat�llhlo profile e�nai dunatì na epiteuqje� (a) me�wsh th puknìthta enèrgeiath dèsmh, (b) entonìterh est�ash mèsa sto pl�sma se sqèsh me ti Gaussiandèsme [Tsironis et al 2006℄. Ta apotelèsmata aut� ano�goun to drìmo gia thnanab�jmish twn uparqìntwn kwd�kwn entopismoÔ dèsmh ¸ste na sumperil�bounthn prosomo�wsh th di�dosh kai aporrìfhsh opoioud pote tÔpou kumatik dèsmh, ìpw kai gia th dhmiourg�a enì montèlou gia thn perigraf  metabol¸nsto profile tou hlektrikoÔ ped�ou lìgw asummetr�a, anomoiogèneia  /kai isquroÔentopismoÔ sthn aporrìfhsh entì tou pl�smato.



6.1. Anakefala�wsh-KÔria shme�a 149Sto Kef. 4 pragmatopoi jhke mia mh grammik  kai autosunep  melèth thallhlep�drash kÔmato-swmatid�ou. H diafor� me ta dÔo prohgoÔmena kef�laiaègkeitai sto ìti sumperilamb�netai h ep�drash twn kin sewn twn hlektron�wn sthdunamik  exèlixh tou kÔmato [Tsironis and Vlahos 2006℄. Sugkekrimèna, to pl�-sma perigr�fetai sto pla�sio statistik¸n deigm�twn hlektron�wn, ta opo�a drounsullogik� kai kajor�zoun th qronik  exèlixh tou pl�tou kai th suqnìthta toukÔmato mèsw th puknìthta reÔmato. To prìblhma pro ep�lush apotèleseh prosomo�wsh th kuklotronik  aporrìfhsh hlektromagnhtik¸n kum�twn seaplopoihmènh gewmetr�a tokamak. Ta kÔria apotelèsmata sunoy�zontai w ex :(a) H aporrìfhsh tou kÔmato upolog�zetai arket� meiwmènh se sÔgkrish me tonupologismì me b�sh th grammik  jewr�a, me th me�wsh na aux�netai w sun�rthshth isqÔo tou kÔmato kai th gwn�a pou sqhmat�zei h dieÔjunsh di�dosh me tomagnhtikì ped�o, (b) H suqnìthta èqei mia qronik  metabol  mh grammik  fÔse-w, sugkekrimèna mia mh grammik  tal�ntwsh gÔrw apì thn arqik  th tim . Toapotèlesma (b) upodhl¸nei ìti h dunamik  twn hlektron�wn den epidr� mìno sthnaporrìfhsh all� epemba�nei kai sta qarakthristik� th di�dosh th dèsmh.Oi periorismo� tou sugkekrimènou montèlou e�nai shmantiko�. Anafèroume qa-rakthristik� ìti, kat� tou upologismoÔ, de lamb�netai upìyh (a) h qwrik  me-tabol  twn paramètrwn tou kÔmato (kumat�nusma) kai tou pl�smato (puknì-thta, jermokras�a, magnhtikì ped�o), (b) to ìti h arijmhtik  eust�jeia twn pro-somoi¸sewn exart�tai ap’ ton arijmì twn hlektron�wn pou qrhsimopoioÔntai giath statistik  perigraf  tou pl�smato, (g) ìti k�poia hlektrìnia eisèrqontai  epanèrqontai sthn perioq  th allhlep�drash kat� th di�rkeia twn prosomoi¸se-wn. Parìla aut�, ta apotelèsmata apoteloÔn �llh m�a shmantik  èndeixh tou ìtih isqÔ th grammik  jewr�a talant¸sewn pl�smato se orismène peript¸seiprèpei na epanexetaste�.H poluplokìthta twn jem�twn pou e�nai s mera sto ep�kentro th èreunapro�pojètei th qr sh realistik¸n prosomoi¸sewn. Me aut  th logik , sto Kef.5 asqolhj kame me thn ulopo�hsh enì plhrèsterou montèlou, to opo�o na su-mperilamb�nei ìsa to dunatìn perissìtera ap’ ta qarakthristik� pou exet�samesta prohgoÔmena kef�laia. Parousi�same èna montèlo basismèno ston algìrijmo
FDTD, to opo�o den e�nai to plhrèstero dunatì, kaj¸ e�nai grammikì kai den e�naiautosunepè. 'Eqonta ìmw san basikì qarakthristikì th bèltisth perigraf  thexèlixh tou kumatikoÔ ped�ou (qwr� prosegg�sei san autè twn asumptwtik¸nmejìdwn), e�nai to pr¸to b ma gia th dhmiourg�a enì ubridikoÔ montèlou gia thmelèth tou sust mato pl�sma-kÔma.Gia èna kÔma me stajer  suqnìthta pou diad�detai se statikì pl�sma, h mèjodo
FDTD efarmìzetai apeuje�a qrhsimopoi¸nta th dihlektrik  apìkrish tou pl�-smato sto ped�o suqnot twn. Epekte�name th mèjodo twn Schneider kai Hudson[Schneider and Hudson 1993℄ diatup¸nonta ton algìrijmo skedazìmenou ped�ougia anisotropikì pl�sma, kai ton ulopoi same ston k¸dika ECFW, o opo�o èqeith dunatìthta qr sh diaforetik¸n fusik¸n montèlwn gia th dihlektrik  apì-krish [Tsironis et al 2007℄. San par�deigma, ègine mia arijmhtik  efarmog  gia1-di�stath di�dosh se ep�pedh gewmetr�a, kai ta kÔria apotelèsmata e�nai ta ex :



150 6. Anakefala�wsh-Prooptikè(a) Se ìle ti prosegg�sei gia to pl�sma, ta ped�a E, B ft�noun se steady-stateÔstera apì èna qarakthristikì qrìno, (b) Se yuqrì/jermì pl�sma, to pl�to Eparamènei stajerì kat� m ko th di�dosh, diìti oi prosegg�sei autè de su-mperilamb�noun thn perigraf  th kuklotronik  aporrìfhsh, (g) Se kinhtikìpl�sma, h aporrìfhsh g�netai se mia polÔ sten  perioq  (z¸nh suntonismoÔ), thopo�a h jèsh entì tou pl�smato kajor�zetai ap’ th suqnìthta tou kÔmato kaito profile tou magnhtikoÔ ped�ou.6.2 Prooptikè kai mellontikè kateujÔnseiH poluplokìthta twn anoikt¸n problhm�twn sth jewr�a, kaj¸ kai h ermhne�apeiramatik¸n apotelesm�twn, apaitoÔn th qr sh montèlwn pou na prosomoi¸nounìso to dunatìn perissìtere fusikè arqè. Gia to sugkekrimèno prìblhma thallhlep�drash hlektromagnhtik¸n kum�twn me pl�sma, autì shma�nei mia autosu-nep  perigraf  me ti ligìtere dunatè prosegg�sei. 'Oson afor� ton upologismìth apìkrish tou pl�smato, h bèltisth antimet¸pish e�nai na luje� arijmhtik�h kinhtik  ex�swsh kai ìle oi posìthte na upolog�zontai me b�sh th sun�rth-sh katanom . Enallaktik�, h sun�rthsh katanom  mpore� na upologiste� kat�prosèggish apì th statistik  taxinìmhsh twn troqi¸n enì meg�lou plhjusmoÔhlektron�wn. En gènei, h qr sh swmatid�wn sthn perigraf  fusik¸n problhm�twnèqei to kìsto tou uyhloÔ upologistikoÔ fìrtou. Sunep¸, to na g�noun parado-qè pou odhgoÔn se aplopoihmène perigrafè e�nai mia anagkaiìthta. Tautìqronaloipìn me thn prosp�jeia gia th dhmiourg�a tou plhrèsterou dunatoÔ montèlou,e�nai anagka�a kai h melèth problhm�twn piì apl¸n, ap’ ta opo�a ìmw mporoÔmena ex�goume polÔ shmantik� fusik� sumper�smata.'Ena anoiktì jèma pou e�nai polÔ shmantikì, eidik� gia ta peir�mata pou prì-keitai na diexaqjoÔn ston ITER, e�nai o rìlo twn mh grammik¸n fainomènwn stapeir�mata ECRH/ECCD. Prìsfata apotelèsmata upodeiknÔoun ìti oi fusikèsunèpeie th mh grammikìthta emfan�zontai gia paramètrou sqetikè me tousÔgqronou antidrast re sÔnthxh, kai tìso h grammik  ìso kai h hmigrammik jewr�a paÔoun na d�noun swst  perigraf . Mia kat�llhlh mèjodo prèpei nalamb�nei upìyh ton pl rh mh grammikì qarakt ra th allhlep�drash kÔmato-swmatid�ou. Autì mpore� na ulopoihje� me analutikè mejìdou (jewr�a kanonik¸ndiataraq¸n, metasqhmatismì Lie)   arijmhtikoÔ algor�jmou (k¸dike pou upo-log�zoun ti troqiè swmatid�wn). Gia par�deigma, sto montèlo pou parousi�sthkesto Kef. 5 h apìkrish tou pl�smato e�nai sto pla�sio th grammik  jewr�a,kai sunep¸ le�pei h perigraf  mh grammik¸n fainomènwn. Mia �mesh epèktashtou montèlou autoÔ e�nai na upolog�soume thn puknìthta reÔmato me b�sh fort�apou kinoÔntai p�nw sto arijmhtikì plègma.H di�dosh kai aporrìfhsh desm¸n EC aktinobol�a me non-Gaussian katanom hlektrikoÔ ped�ou e�nai èna polÔ shmantikì jewrhtikì kai praktikì prìblhma.Ektì apì th dunatìthta perigraf  th exèlixh polÔplokwn kumatik¸n desm¸nsto pl�sma, h melèth twn non-Gaussian desm¸n e�nai kajoristik  gia thn epèktashth mejìdou pou qrhsimopoie�tai s mera gia ton upologismì th aporrìfhsh tou



6.2. Prooptikè kai mellontikè kateujÔnsei 151kuklotronikoÔ kÔmato. 'Ena piì realistikì montèlo ja prèpei na sumperilamb�neithn ep�drash tou isquroÔ entopismoÔ, th asummetr�a kai th anomoiogèneia sthnaporrìfhsh th dèsmh. M�a belt�wsh twn uparqìntwn mejìdwn ègkeitai sto naperigrafoÔn oi metabolè sthn katanom  tou hlektrikoÔ ped�ou th dèsmh mèswth dhmiourg�a rujm¸n Gauss-Hermite an¸terh t�xh, oi opo�oi e�nai dunatì naantall�soun enèrgeia metaxÔ tou.H melèth twn parap�nw jem�twn mpore� na g�nei kai sto pla�sio mejìdwn poulÔnoun thn kumatik  ex�swsh qwr� prosegg�sei, ìpw p.q. h arijmhtik  mèjodo
FDTD. Par� ta pleonekt mata th mejìdou FDTD, w s mera èqei efarmoste�el�qista sthn prosomo�wsh th di�dosh kum�twn se pl�sma sÔnthxh. Me thmèjodo aut  e�nai dunatì o apeuje�a upologismì fainomènwn ìpw l.q. h meta-trop  rujmoÔ pìlwsh, h jèrmansh pl�smato se perioqè makri� ap’ to magnhtikì�xona, kaj¸ kai fainomènwn pou sundèontai me to profile th dèsmh (p.q. est�a-sh, per�jlash), ta opo�a oi asumptwtikè mèjodoi adunatoÔn na upolog�soun qwr�thn prosj kh epiplèon paradoq¸n. Bèbaia, oi upologistikè an�gke mia tètoiaulopo�hsh e�nai arket� meg�le, ìmw aut  den paÔei na e�nai efikt  an analo-gistoÔme thn upologistik  dÔnamh kai ti mejìdou parallhlismoÔ kwd�kwn poue�nai diajèsime s mera. G�netai antilhptì ìti autì e�nai èna z thma pou ja prèpeina e�nai ep�sh mèro th èreuna.O rìlo tou magnhtikoÔ ped�ou tou pl�smato ja prèpei ep�sh na lhfje� su-sthmatik� upìyh. Katarq n, h magnhtik  anomoiogèneia sto tokamak tropopoie�th dunamik  th allhlep�drash kÔmato-swmatid�ou. Me autì ton trìpo ephre�-zetai h aporrìfhsh kai h od ghsh mh epagìmenwn reum�twn shmantik� se sqèshme thn per�ptwsh tou omogenoÔ magnhtikoÔ ped�ou. E�nai ep�sh shmantikì se miamelèth na up�rqei h dunatìthta na ulopoie�tai h pragmatik  dom  th magnhtik isorrop�a tou tokamak, all� kai h parous�a twn di�forwn magnhto�drodunami-k¸n astajei¸n pou èqoun san apotèlesma th dhmiourg�a magnhtik¸n nhs�dwn. Sesqèsh me autì, kaj¸ ta fainìmena ECRH/ECCD axiopoioÔntai eurÔtata stonèlegqo tètoiwn astajei¸n, e�nai kajoristikì na ektim soume thn ep�drash tètoiwnnhs�dwn sthn aporrìfhsh kai thn od ghsh reum�twn.Sunoptik�, to kÔrio antike�meno mia plhrèsterh melèth tou ìlou probl ma-to prèpei na e�nai h anab�jmish twn mejìdwn pou qrhsimopoioÔntai gia th melèthth kuklotronik  aporrìfhsh tou kÔmato, th od ghsh mh epagìmenwn reum�-twn, th metatrop  pìlwsh twn kumatik¸n rujm¸n kai th dunamik  sumperifo-r� th sun�rthsh katanom  twn hlektron�wn. Sugkekrimèna b mata pro aut thn kateÔjunsh e�nai ta akìlouja: (a) Kajorismì th shmantikìthta twn mhgrammik¸n fainomènwn sthn kumatik  aporrìfhsh kai thn exèlixh th sun�rthshkatanom , (b) DiereÔnhsh tou pragmatikoÔ rìlou twn kinhtik¸n fainomènwn sthdi�dosh th kumatik  dèsmh, (g) Axiopo�hsh twn pleonekthm�twn th qr sh
non-Gaussian desm¸n se grammè metafor� susthm�twn ECRH, all� kai sthnperaitèrw jewrhtik  melèth th kuklotronik  aporrìfhsh, (d) An�ptuxh miaenopoihmènh perigraf  th exèlixh th sun�rthsh katanom  twn hlektron�wn(pèra apì th grammik  kai hmigrammik  prosèggish), parous�a kai qwroqronik�entopismènwn hlektromagnhtik¸n kum�twn.



152 6. Anakefala�wsh-ProoptikèW telikì sumpèrasma, jewroÔme ìti h katanìhsh th fusik  twn fainomènwn
ECRH/ECCD fa�netai na ermhneÔei arket� kal� ti sugkekrimène diadikas�e,ìmw h pepo�jhsh aut  sthr�zetai kÔria sthn epituq  perigraf  enì arijmoÔpeiram�twn par� sto leptomer  èlegqo th sumfwn�a an�mesa sth jewr�a kai tope�rama. Sthn pragmatikìthta, e�nai uperbolik� dÔskolo na metrhjoÔn diadikas�epou lamb�noun q¸ra ston polÔ mikrì ìgko tou pl�smato kont� sto suntonismì,ìpou kai aporrof�tai h kumatik  enèrgeia. Prìsfate anakalÔyei sth jewr�akai to pe�rama anadeiknÔoun peript¸sei ìpou ta mh grammik� fainìmena pa�zounshmantikì rìlo. Thn �dia stigm , e�nai shmantikì na melethje� kai h an�drashth katanom  twn hlektron�wn sthn kumatik  dèsmh, me skopì na katal xoumese piì akrib  apotelèsmata. H diatrib  e�nai se aut  thn kateÔjunsh, ìmw semerikè peript¸sei, lìgw twn aplopoi sewn, ta apotelèsmata e�nai endeiktik�.O qeirismì problhm�twn praktikoÔ endiafèronto, ìpw e�nai h exisorrìphshastajei¸n MHD me efarmog  ECRH   o upologismì tou ECCD se realistik magnhtik  gewmetr�a me nhs�de, apaite� mia piì sÔnjeth perigraf  pou lamb�neiupìyh th mègisth dunat  fusik  se sunduasmì me thn pragmatik  gewmetr�a.
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A. EPIDRASH TOU ORISMOU THS Θmn STIS EXISWSEISENTOPISMOU DESMHSSto par�rthma autì analÔontai oi metabolè pou epifèrei sti exis¸sei ento-pismoÔ dèsmh (sth morf  me thn opo�a parousi�sthkan apì ton Pereverzev sthn[Pereverzev 1998℄) h gen�keush tou orismoÔ th metatìpish f�sh Θmn apì thnEx. (3.18) sthn (3.23). Piì sugkekrimèna, de�qnoume ìti all�zoun oi exis¸seigia thn exèlixh tou pl�tou kai h morf  th merik  lÔsh gia to hlektrikì ped�o,en¸ oi exis¸sei gia to eÔro kai thn akt�na kampulìthta den ephre�zontai.Upenjum�zoume ìti h mejodolog�a tou entopismoÔ dèsmh (beam tracing forma-
lism) gia hlektromagnhtik� kÔmata diatup¸jhke gia pr¸th for� apì ton Perever-
zev sti dhmosieÔsei [Pereverzev 1996, Pereverzev 1998℄ kai genikeÔthke apì ton�dio sthn [Pereverzev 2007℄. To par�rthma autì èqei san skopì na leitourg seiw ”sundetikì kr�ko” an�mesa sti trei autè dhmosieÔsei. Se autì to pla�sio,akoloujoÔme th logik  th [Pereverzev 1998℄ kai shmei¸noume ti exis¸sei pouall�zoun se sqèsh me ìse èqoume anafèrei sthn Upoen. 3.2.3 kai sthn Enìt. 3.3,qwr� na mpa�noume sti leptomèreie twn apode�xewn twn tÔpwn (autè up�rqounsti �die ti dhmosieÔsei). Gia praktikoÔ lìgou, akoloujoÔme thn ar�jmhshtwn exis¸sewn ìpw aut  èqei kajoriste� sthn [Pereverzev 1998℄ kai oi exis¸seipou all�zoun shmei¸nontai me tìno.A.1 Anallo�wto twn exis¸sewn gia ta sαβ, φαβGia thn perigraf  tou sq mato th dèsmh, o Pereverzev or�zei kai èna deÔte-ro topikì sÔsthma suntetagmènwn to opo�o onom�zei ”endi�meso sÔsthma sunte-tagmènwn dèsmh” (intermediate beam coordinate system) kai to sumbol�zei me
(s, w1, w2). Kat’ antistoiq�a me to sÔsthma (τ, ξ1, ξ2), h suntetagmènh s e�nai kat�m ko th di�dosh kai oi (w1, w2) perigr�foun to egk�rsio ep�pedo. Oi (w1, w2)sundèontai me ti (ξ1, ξ2) me èna metasqhmatismì strof  wj = κ−1/2ℑj(ξ1, ξ2). Hanagkaiìthta eisagwg  twn suntetagmènwn aut¸n ègkeitai sto ìti, en gènei, htetragwnik  morf  φ den e�nai diaqwr�simh w pro ti ξ1, ξ2, all� endèqetai naperièqei kai peplegmènou ìrou th morf  ξ1ξ2. Auto� oi ìroi prokÔptoun ap’thn efarmog  tou metasqhmatismoÔ strof , kai ant�stoiqa apale�fontai me qr shtou ant�strofou metasqhmatismoÔ ℑ−1

j . Sto pla�sio tou parart mato autoÔ deja asqolhjoÔme me ti exis¸sei pou ekfr�zontai sto endi�meso sÔsthma sunte-tagmènwn dèsmh  /kai perièqoun to metasqhmatismì strof . Gia leptomèreieep� twn allag¸n sti exis¸sei autè o anagn¸sth parapèmpetai sthn prìsfathdhmos�eush [Pereverzev 2007℄.



156 A. Ep�drash tou orismoÔ th Θmn sti exis¸sei entopismoÔ dèsmhPro to tèlo th Enìt. 3.3, perigr�fonta sunoptik� ti genikeÔsei sth je-wr�a entopismoÔ dèsmh, de�xame th nèa morf  th Ex. (5) sthn [Pereverzev 1998℄
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Ψmn = 0, (5)′h opo�a prokÔptei, ant�stoiqa me thn (5), ajro�zonta ti Ex. (3.21) afoÔ pr¸tati pollaplasi�soume me Λ11, Λ22. H ex�swsh aut  e�nai polÔ shmantik  kaj¸,ìpw ja doÔme parak�tw, apì aut  prokÔptoun oi ìpoie allagè sti basikèexis¸sei. H majhmatik  èkfrash th tetragwnik  morf  φ paramènei ìpwsthn Ex. (10) (φ =

∑
i,j δijξiξj/2). Parathr ste ìti gia thn perigraf  th dèsmhsto ep�pedo egk�rsia th di�dosh qrei�zetai tìso to dèlta tou Kronecker ìsokai o tanust  Λ̃: To pr¸to emfan�zetai sth φ, en¸ o deÔtero emfan�zetai sthnqarakthristik  ex�swsh gia th sun�rthsh Ψmn.Apì ti Ex. (92) (exis¸sei entopismoÔ akt�na gia to gewmetrikì �xona thdèsmh) kai (93) (exis¸sei entopismoÔ dèsmh ekpefrasmène w pro ta sαβ ,

φαβ), h mình pou metab�lletai e�nai h deÔterh apì ti Ex. (93):
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. (93)′Oi Ex. (93) prokÔptoun ap’ thn Ex. (3.9) an antikatast soume th migadik  èk-frash s̄αβ = sαβ + iφαβ kai qwr�soume se pragmatikì kai fantastikì mèro. HEx. (94), h opo�a ousiastik� perigr�fei thn tetragwnik  morf  φ sto kartesianìsÔsthma suntetagmènwn (φ =
∑

α,β φαβ(χα − χ0α)(χβ − χ0β)/2), den all�zei.Ja asqolhjoÔme t¸ra me ti metabolè sthn Ex. (95). Xekin�me apì tonupologismì tou dexioÔ mèlou
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.'Ustera ap’ tou pollaplasiasmoÔ, prokÔptoun dÔo ajro�smata pou to kajènaperièqei m�a ap’ ti suntetagmène ξ1, ξ2, kai dÔo mikt� ajro�smata pou ti perièqounkai ti dÔo. Ta mikt� ajro�smata e�nai mhdèn, diìti oi metablhtè ξ1, ξ2 e�naigrammik� anex�rthte. 'Etsi, h parap�nw sqèsh g�netai
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,Lamb�nonta upìyh ti Ex. (3.22) h sqèsh aplopoie�tai shmantik�. Oi sunj ke(3.22), ìpw  dh èqoume anafèrei sthn Enìt. 3.3, e�nai h gen�keush twn sunjh-k¸n (3.19) th arqik  jewr�a. Sthn [Pereverzev 1998℄ oi sunj ke autè de



A.2. Diaforopo�hsh twn exis¸sewn gia ta Ā0, Ēmn 157sunant¸ntai me th sugkekrimènh morf  all� ekfr�zontai w pro ti (s, w1, w2),en¸ sthn [Pereverzev 2007℄ oi nèe sunj ke ekfr�zontai kai sta dÔo sust matasuntetagmènwn dèsmh. Telik�, h nèa morf  th Ex. (95) e�nai
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φαα′φββ′. (95)′Oi metabolè sto aristerì mèlo th Ex. (95) e�nai tètoie pou oi exis¸seientopismoÔ dèsmh (96) den all�zoun morf . Pr�gmati, an antikatast soume thn(95)' sth deÔterh apì ti Ex. (93)' (h pr¸th de�xame parap�nw ìti de metab�lletai),katal goume sthn �dia morf  exis¸sewn me ti (96), en¸ kai h nèa morf  th Ex.(97) (h pali� morf  e�nai h Ex. (3.9) sthn Upoen. 3.2.3), h opo�a prokÔptei meth je¸rhsh s̄αβ = sαβ + iφαβ , e�nai �dia me thn pali�. Kat� sunèpeia, h gen�keushsth mèjodo entopismoÔ dèsmh (me thn eisagwg  tou tanust  Λ̃ gia thn perigraf tou sq mato th dèsmh sto ep�pedo k�jeta sth di�dosh) af nei anallo�wte tiexis¸sei entopismoÔ dèsmh gia ta sαβ, φαβ.A.2 Diaforopo�hsh twn exis¸sewn gia ta Ā0, ĒmnOi diaforikè exis¸sei gia thn exèlixh tou pl�tou tou kÔmato sto pla�sioth arqik  jewr�a entopismoÔ dèsmh (bl. Ex. (3.10) kai (3.15)) upolog�zontaisthn Upoen. (V.C) th [Pereverzev 1998℄. Upenjum�zoume ìti oi exis¸sei autèprokÔptoun apì tou ìrou 1ης t�xh tou anaptÔgmato tou pl�tou se asumptw-tik  seir� me par�metro κ, kai ìti o suntelest  C̄mn e�nai to migadikì pl�to (toant�stoiqo me autì sth mèjodo entopismoÔ akt�na) metatopismèno kat� Θmn sesqèsh me to gewmetrikì �xona th dèsmh (C̄mn = Ā0e
iΘmn).Oi exis¸sei pou d�nontai sthn [Pereverzev 1998℄, apì ti opo�e kai prokÔpteih Ex. (3.10), metab�llontai me ton ex  trìpo:
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∗·M(Ā0ˆ̄e)+Ā0
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Λ22dτ]. (105)′Sugkr�nonta ti parap�nw exis¸sei me autè th arqik  jewr�a, parathroÔmeìti oi allagè èqoun na k�noun mìno me th gen�keush tou orismoÔ th metatìpishf�sh Θmn apì thn Ex. (3.18) sthn (3.23). Sunep¸, h genik  morf  twn exi-s¸sewn aut¸n, dhl. ìtan o ìro m+n+1 (arqik  jewr�a)   (m+1/2)Λ11 +(n+



158 A. Ep�drash tou orismoÔ th Θmn sti exis¸sei entopismoÔ dèsmh
1/2)Λ22 (nèa jewr�a) ekfr�zetai sto pla�sio th Θmn, den all�zei. To �dio sum-ba�nei kai me th merik  lÔsh gia to hlektrikì ped�o: H genik  morf  th Ex. (3.11)de metab�lletai, en¸ ìtan antikatast soume th metatìpish f�sh prokÔptoun harqik  kai h nèa morf  th Ex. (111)

Ēmn =
C̄mnHm(ξ1)Hn(ξ2)√

π2m+nm!n!
ˆ̄e · eiκs−κφ−i[(m+ 1

2
)
∫ τ

0
Λ11dτ+(n+ 1

2
)
∫ τ

0
Λ22dτ]. (111)′Se ìle ti parap�nw exis¸sei, h gen�keush th arqik  jewr�a epitugq�netaime thn eisagwg  tou tanust  Λ̃, h opo�a qarakthr�zei ti basikè exis¸sei (5)' kai(95)'. H par�metro N mpore� na e�nai opoiad pote sun�rthsh th suntetagmènh

τ . Mia kat�llhlh epilog  me fusikì perieqìmeno g�netai sthn [Pereverzev 1998℄,ìpou h N epilègetai na e�nai h dr�sh kat� Hamilton (bl. Ex. (43))
N =

∑

α

kα
∂H
∂kα

.Antijètw, ta diag¸nia stoiqe�a tou Λ̃ prèpei na ikanopoioÔn mia sqèsh-periorismì,thn Ex. (3.22) (sthn arqik  jewr�a h ant�stoiqh sqèsh e�nai h (3.19)). Ta Λ11,
Λ22 upolog�zontai ap’ th sqèsh aut  me b�sh (a) thn epilog  gia th sun�rthsh
N (τ), (b) th morf  tou metasqhmatismoÔ apì ti topikè suntetagmène (τ, ξ1, ξ2)sto kartesianì sÔsthma (emplèketai mèsw twn bajm�dwn ∂ξi/∂χα).E�dame ìti h gen�keush th mejìdou entopismoÔ dèsmh af nei anallo�wte tiexis¸sei gia ta sαβ, φαβ , en¸ kai oi allagè sthn ex�swsh gia to pl�to kaisth merik  lÔsh gia to ped�o èqoun na k�noun mìno me th gen�keush tou orismoÔth metatìpish f�sh. 'Omw, parìlo to ìti oi allagè sti basikè exis¸seiden e�nai rizikè, h gen�keush e�nai jemeli¸dh. Autì g�netai emfanè an k�poiosugkr�nei th morf  twn sunjhk¸n epilusimìthta th sqèsh diaspor� sti dÔojewr�e. Sthn arqik  jewr�a, h sunj kh aut  e�nai h H = N (ξ2
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2)/2 meperiorismì thn Ex. (3.19), en¸ sth nèa jewr�a h ant�stoiqh sunj kh èqei th morf 
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2
2)/2 me periorismì thn (3.22). Endeiktik� anafèroume ìti,upì th nèa diatÔpwsh, mpore� na melethje� (san eidik  per�ptwsh) kai h bajmwt kumatik  ex�swsh, h opo�a èqei th sunj kh epilusimìthta [Pereverzev 1996℄
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,en¸ k�ti tètoio den e�nai dunatì sto pla�sio th arqik  jewr�a, toul�qistonìpw aut  parousi�sthke sthn [Pereverzev 1998℄.



B. OI ARIJMHTIKOI KWDIKES NGBT KAI ECFW1DSto par�rthma autì parousi�zontai sunoptik� oi algìrijmoi/k¸dike NGBTkai ECFW1D, me tou opo�ou upolog�sthkan ta arijmhtik� apotelèsmata staKef. 3 kai 5 ant�stoiqa. O NGBT ulopoie� arijmhtik� th mèjodo entopismoÔ dè-smh gia ton upologismì th di�dosh hlektromagnhtik  dèsmh me non-Gaussiankatanom  hlektrikoÔ ped�ou se statikì, anomoiogenè kai anisìtropo pl�sma, en¸o ECFW1D prosomoi¸nei thn 1-di�stath di�dosh kai aporrìfhsh hlektromagnh-tikoÔ kÔmato se dunamikì, anomoiogenè kai anisìtropo pl�sma me th mèjodo
FDTD. Kai oi dÔo k¸dike èqoun suntaqje� se gl¸ssa FORTRAN kai sth logik tou domhmènou programmatismoÔ, ìpou oi leitourg�e ekteloÔntai apì uporout�ne(subroutines) oi opo�e kaloÔntai apì èna kur�w prìgramma (MAIN).H parous�ash g�netai ìqi tìso me skopì na analujoÔn oi fusikè arqè pouuðojete� o k�je k¸dika (autì èqei g�nei sta ant�stoiqa kef�laia), all� gia naembajÔnoume se teqnikè leptomèreie sqetik� me thn kataskeu  kai thn ektèleshtwn kwd�kwn. Epikentr¸noume sta ex  qarakthristik�: (a) Diamìrfwsh tou ar-qe�ou eisìdou (input file), (b) Metablhtè (antistoiq�a me ta fusik� megèjh) (g)Dom  tou k¸dika kai di�gramma ro , (d) An�lush th leitourg�a twn upopro-gramm�twn, (e) Diamìrfwsh twn arqe�wn exìdou (output files). Na shmei¸soumeìti, gia praktikoÔ lìgou, ìle oi metablhtè kai oi uporout�ne/sunart sei pouup�rqoun stou k¸dike ja anagr�fontai me kefala�a gr�mmata. Oi sumbolismo�twn metablht¸n e�nai anex�rthtoi apì eke�nou pou or�same sta Kef. 3 kai 5, kaiìle oi antistoiq�e epishma�nontai se eidikoÔ p�nake.B.1 O k¸dika NGBTO k¸dika NGBT (h onomas�a proèrqetai apì ta arqik� gr�mmata twn lèxe-wn Non-Gaussian Beam Tracing) apotele� mia arijmhtik  ulopo�hsh th mejìdouentopismoÔ dèsmh gia ton upologismì th di�dosh kai aporrìfhsh kumatik¸ndesm¸n se statikì, anomoiogenè kai anisìtropo pl�sma. O k¸dika dèqetai sane�sodo th dedomènh gewmetr�a tou pl�smato kai ta qarakthristik� th kumatik dèsmh kat� thn ekpomp  kai upolog�zei th di�dosh sto eswterikì tou pl�smato.Sthn èxodo prokÔptoun ta ex  apotelèsmata: (a) LÔsh twn exis¸sewn entopi-smoÔ dèsmh, (b) Genikeumèno eÔro dèsmh, (g) Katanom  tou hlektrikoÔ ped�ou(profile). Me ton ìro ”exis¸sei entopismoÔ dèsmh”, ìpw èqoume kajor�sei stoKef. 3, anaferìmaste sti exis¸sei gia (a) th jèsh kai ton kumat�rijmo tou ge-wmetrikoÔ �xona th dèsmh, (b) to eÔro kai thn akt�na kampulìthta tou rujmoÔmhdenik  t�xh, (g) to pl�to kÔmato tou k�je rujmoÔ.



160 B. Oi arijmhtiko� k¸dike NGBT kai ECFW1DMetablht  Orismì Qarakthristikè timè
CFWFC ωc

ω

∣∣
r=0

0.25 � 1
DTAU B ma olokl rwsh (dτ) 0.001 � 0.01 (rpol)

ETHC, ETHE Te|r=0, Te|r=rpol
3 � 10, 0.1 � 0.5 (KeV)

IBIM Arqikì profile dèsmh -1: math, 1: datafile

NPOL Pìlwsh kÔmato (M=O,Q) -1: O, 1: X

NPROPDIR KateÔjunsh di�dosh -1: left, 1: right

PFWF2C, PFWF2E
(ωp

ω

)2
r=0

, (ωp

ω

)2
r=rpol

0.2 � 0.5, 0.6 � 0.9
RCY0, RCZ0 Ry0, Rz0 -1 � 1 (cm)
RTOR, RPOL rtor, rpol 0.5 � 2, 1.5 � 6.2 (m)

WF2PI Suqnìthta kÔmato 1 � 2 (GHz)
WY0, WZ0 Wy0, Wz0 2 � 5 (cm)P�naka B.1: Oi metablhtè sto arqe�o eisìdou tou k¸dika NGBT (me alfabhtik  seir�).Gia k�je metablht  d�netai o orismì (  to ant�stoiqo mègejo) kai qara-kthristikè timè gia prosomoi¸sei ECRH.O èlegqo tou k¸dika g�netai apì mia kÔria rout�na, h opo�a kale� uporout�negia thn ektèlesh sugkekrimènwn kajhkìntwn. Sto eisagwgikì mèro g�nontai oidhl¸sei metablht¸n kai pin�kwn gia thn kataq¸rhsh twn upologism¸n, kaj¸kai o kajorismì majhmatik¸n kai fusik¸n stajer¸n (p.q. √2, c). Sth sunèqeiag�netai an�gnwsh tou arqe�ou eisìdou kai dhmiourgoÔntai arqe�a exìdou gia thnapoj keush twn apotelesm�twn (gia th diamìrfwsh twn arqe�wn exìdou ja mil -soume parak�tw). Oi metablhtè pou qrhsimopoioÔntai sthn e�sodo fa�nontai stonP�n. B.1. To arqe�o eisìdou (INITNGBT.DAT) perièqei timè gia (a) ta qarakth-ristik� megèjh tou pl�smato (e�do gewmetr�a, diast�sei, profiles magnhtikoÔped�ou/puknìthta/jermokras�a), (b) ti paramètrou th dèsmh (suqnìthta,pìlwsh, kateÔjunsh di�dosh), (g) ti arqikè sunj ke gia to eÔro, thn akt�-na kampulìthta kai to profile th dèsmh egk�rsia sth di�dosh. H gewmetr�ae�nai ep�pedh   toroeid  (san diast�sei ant�stoiqa d�noume to sunolikì m ko  ti rtor, rpol), en¸ ta profiles twn B0, ne kai Te e�nai analutikè sunart sei twnsuntetagmènwn (bl. p.q. thn efarmog  th Upoen. 3.5.1).H leitourg�a th kÔria rout�na sunoy�zetai sto Sq. B.1, ìpou d�netai tologikì di�gramma ro  tou NGBT, en¸ oi uporout�ne tou k¸dika anafèrontaiston P�n. B.2. 'Ustera ap’ ti dhl¸sei metablht¸n kai thn e�sodo, akolouje�o upologismì twn basik¸n paramètrwn tou k¸dika (b ma olokl rwsh, kuklik 
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Sq ma B.1: Logikì di�gramma ro  tou k¸dika NGBT.suqnìthta kÔmato, m ko kÔmato gia di�dosh sto kenì) kai o kajorismì twnarqik¸n sunjhk¸n. H dèsmh ekpèmpetai apì èna shme�o ektì th perioq  poubr�sketai to pl�sma, me for� jetik    arnhtik , kai sunep¸ h arqik  tim  giaton kumat�rijmo e�nai eke�nh pou antistoiqe� se di�dosh sto kenì. An�loga methn tim  tou de�kth IBIM, to arqikì profile th dèsmh d�netai apì majhmatik sqèsh (analutik�)   apì p�naka tim¸n (p.q. apì peiramatik� dedomèna). Kai stidÔo peript¸sei, to arqikì profile analÔetai se rujmoÔ Gauss-Hermite, ta pl�thtwn opo�wn apoteloÔn ti arqikè sunj ke C̄mn|τ=0. O arijmì twn rujm¸ne�nai o megalÔtero gia ton opo�o to sf�lma tou anaptÔgmato (ìpw to or�samesthn Enìt. 3.3) den xepern� to 1%. H an�lush g�netai kal¸nta thn uporout�na
GHEXPAN, h opo�a dèqetai san e�sodo ti timè Ē(ξ1, ξ2)|τ=0 kai upolog�zei taarqik� pl�th twn rujm¸n me b�sh thn Ex. (3.13).Se autì to shme�o arq�zei h epanalhptik  diadikas�a gia thn eÔresh th lÔshse k�je jèsh. O brìqo (loop) xekin� me ton upologismì ìlwn twn qarakthristi-k¸n megej¸n tou pl�smato kai twn stoiqe�wn tou tanust  diaspor�, oi opo�oig�nontai ap’ ti uporout�ne PLASMAPROF kai DISPTENS ant�stoiqa. 'Uste-ra, h kÔria rout�na kale� thn uporout�na BTSOL gia thn ep�lush twn exis¸sewnentopismoÔ dèsmh. Ed¸, an�loga me thn per�ptwsh, up�rqoun di�fore epilogè.'Otan up�rqei analutik  lÔsh (ìpw sthn efarmog  th Upoen. 3.5.1) th qrhsimo-poioÔme, kaj¸ e�nai kai h piì akrib  kai h piì gr gorh lÔsh (sthn per�ptwsh aut kale�tai kai h LINABS gia ton upologismì tou suntelest  αL). 'Otan to prìblhmaantimetwp�zetai mìno arijmhtik�, h lÔsh upolog�zetai me ”sÔzeuxh” (coupling) tou
NGBT me ton k¸dika entopismoÔ dèsmh TORBEAM, diìti sthn paroÔsa f�sh o
NGBT den èqei th dunatìthta arijmhtik  ep�lush twn sugkekrimènwn exis¸sewn(h ulopo�hsh tou tm mato autoÔ th BTSOL e�nai se exèlixh).
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BIMPROF Upologismì profile hlektrikoÔ ped�ou dèsmh

BTSOL Ep�lush exis¸sewn entopismoÔ dèsmh
DISPTENS Upologismì tanust  diaspor� pl�smato
GHEXPAN An�lush profile dèsmh se rujmoÔ Gauss-Hermite

LINABS Upologismì grammikoÔ suntelest  aporrìfhsh
PLASMAPROF Kajorismì gewmetr�a pl�smato

RMSWID Upologismì genikeumènou eÔrou dèsmhP�naka B.2: Oi uporout�ne tou k¸dika NGBT (me alfabhtik  seir�).Gia thn olokl rwsh tou brìqou apomènei o upologismì twn genikeumènwneur¸n kai tou profile tou hlektrikoÔ ped�ou th dèsmh. O upologismì tou geni-keumènou eÔrou g�netai ap’ thn uporout�na RMSWID. H RMSWID dèqetai sane�sodo ta eÔrh tou ìrou mhdenik  t�xh kai tou de�kte (m,n), ta pl�th rmn kaiti metatop�sei f�sh θmn, kai ulopoie� th seir� pr�xewn pou perigr�fetai sthnEnìt. 3.4. Ant�stoiqa, gia ton upologismì tou profile th dèsmh kale�tai h upo-rout�na BIMPROF, h opo�a bas�zetai ousiastik� sthn Ex. (3.25). H kataskeu tou profile g�netai me 1000 shme�a entì th perioq  [-10,10℄ gia ti (ξ1, ξ2). 'Enakrit rio termatismoÔ leitourg�a tou brìqou e�nai o arijmì twn epanal yewn namhn xepern� èna mègisto ìrio. O arijmì autì e�nai to phl�ko th apìstash pouja dianÔsei to kÔma pro to b ma olokl rwsh. 'Omw, h apìstash aut  den e�naiek twn protèrwn gnwst , diìti h dèsmh en gènei de diad�detai par�llhla se k�poiaap’ ti kartesianè dieujÔnsei. Sth sugkekrimènh per�ptwsh, to katallhlìterokrit rio e�nai na elègqoume an k�poia ap’ ti (x, y, z) xepern� ta ìria th perioq pou melet�me, kai ìtan sumba�nei autì na termat�zoume to brìqo.Met� th l xh tou brìqou kle�noun ta arqe�a exìdou kai h ektèlesh tou k¸dikatermat�zetai. H apoj keush twn apotelesm�twn sta arqe�a exìdou pragmatopoie�-tai entì tou brìqou, amèsw met� ton upologismì twn posot twn se k�je jèsh.Kaj¸, sto arijmhtikì prìblhma, gia tou upologismoÔ se mia jèsh de qrei�zetaina gnwr�zoume apotelèsmata ap’ ti prohgoÔmene, antistoiqoÔme bajmwtè meta-blhtè sti posìthte autè kai ellat¸nontai oi apait sei se mn mh. Ta arqe�aexìdou parousi�zontai ston P�n. B.3. Sto arqe�o BEAMPROFILE.DAT gr�fo-ntai se k�je jèsh ta shme�a tou profile1, sto BTSOLUTION.DAT h lÔsh twnexis¸sewn entopismoÔ dèsmh kai sto RMSWIDTH.DAT ta genikeumèna eÔrh.1 Κατά την αποτύπωση του profile σε γραφήματα (plots) χρειάζεται προσοχή στο να επιλέγονται
τα κατάλληλα 1000 σημεία. Στη θέση τ αντιστοιχούν τα σημεία

[
1000 τ

dτ
, 1000

(
τ
dτ

+ 1
)]
.
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BEAMPROFILE.DAT ξ1, ξ2,

∣∣Ē
∣∣2

BTSOLUTION.DAT x
rpol

, kx

kv
, W1

W10
, W2

W20
, |C̄00|

RMSWIDTH.DAT x
rpol

, w1

W10
, w2

W20P�naka B.3: Ta arqe�a exìdou tou k¸dikaNGBT (me alfabhtik  seir�). Gia k�je arqe�od�netai h diamìrfwsh twn apotelesm�twn se st le.B.2 O k¸dika ECFW1DO k¸dika ECFW1D (h onomas�a proèrqetai apì ta arqik� gr�mmata twn lè-xewn Electron-Cyclotron Full-Wave 1-Dimensional) apotele� mia prosomo�wsh th1-di�stath di�dosh hlektromagnhtikoÔ kÔmato se anomoiogenè kai anisìtropopl�sma me th mèjodo FDTD. Sthn e�sodo tou k¸dika d�noume ta qarakthristik�th fusik  kai th gewmetr�a tou pl�smato kai tou hlektromagnhtikoÔ kÔma-to, ta opo�a kai kajor�zoun th dom  tou upologistikoÔ q¸rou, kai o k¸dikaupolog�zei thn exèlixh twn hlektromagnhtik¸n ped�wn se k�je qronik  stigm  seìlo ton upologistikì q¸ro. Sthn èxodo pa�rnoume ta akìlouja apotèlesmata: (a)LÔsh twn exis¸sewn Maxwell (timè twn ped�wn E, H, se k�je jèsh r kai qronik stigm  t), (b) Puknìthta reÔmato j(r, t), (g) Profile tou pl�tou tou hlektrikoÔped�ou E kai th puknìthta reÔmato j kat� m ko th di�dosh.H dom  tou ECFW1D e�nai parìmoia me aut  tou NGBT pou melet same para-p�nw (kÔria rout�na pou kale� uporout�ne). Mia diafor� up�rqei sto ìti oi dhl¸-sei metablht¸n kai pin�kwn, o kajorismì twn stajer¸n kai h apìdosh arqik¸ntim¸n sti metablhtè eisìdou den pragmatopoioÔntai entì th kÔria rout�naall� sto sumperilambanìmeno arqe�o INCL1D.FOR. Ston P�n. B.4 d�nontai oimetablhtè pou qrhsimopoioÔntai sthn e�sodo. Ed¸ perilamb�nontai timè gia (a)th gewmetr�a kai ta profiles tou magnhtikoÔ ped�ou, th puknìthta kai th jermo-kras�a tou pl�smato, (b) ta qarakthristik� tou kÔmato (suqnìthta, pìlwsh,eÔro dèsmh, arqik  isqÔ), (g) to qwrikì kai qronikì b ma gia thn ektèlesh toualgor�jmou FDTD. H gewmetr�a th di�dosh e�nai ep�pedh 1D (h epèktash thleitourg�a tou k¸dika se 2D-3D gewmetr�e e�nai se exèlixh) kai ta profiles twnqarakthristik¸n megej¸n tou pl�smato e�nai analutikè sunart sei twn sunte-tagmènwn. Met� to tèlo th ektèlesh twn entol¸n tou arqe�ou INCL1D.FORdhmiourgoÔntai ta arqe�a exìdou (gia ta arqe�a aut� ja mil soume parak�tw).To logikì di�gramma ro  tou ECFW1D d�netai sto Sq. B.2, en¸ oi uporout�-ne tou k¸dika anafèrontai ston P�n. B.5. 'Ustera ap’ th dhmiourg�a twn arqe�wnexìdou, upolog�zontai oi basikè par�metroi tou k¸dika (qwrikì kai qronikì b -ma, sunolikì arijmì qronik¸n bhm�twn) kai oi arqikè sunj ke (arqik� pl�thtou prosp�ptonto hlektrikoÔ ped�ou) ap’ thn uporout�na INITIALIZE. Sth su-
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B0C B0|r=0 2 � 5.5 (T)

DELX Qwrikì b ma (∆x) 0.01 � 0.2 (λv)
DNEC, DNEE ne|r=0, ne|r=rpol

1.5 � 2, 1 � 1.5 (cm−3)
ETHC, ETHE Te|r=0, Te|r=rpol

3 � 10, 0.1 � 0.5 (KeV)
FREQ Suqnìthta kÔmato 0.5 � 2 (GHz)
NPOL Pìlwsh kÔmato (M=O,Q) -1: O, 1: X

POW0 P0 1-10 (MW)
RMIN, RMAX rpol, rtor 0.5 � 2, 1.5 � 6.2 (m)

SFDT Qronikì b ma (∆t) 0.01 � 0.1 (∆x
υp
)

WBIM EÔro dèsmh 2 � 5 (cm)P�naka B.4: E�sodo tou k¸dika ECFW1D: Metablhtè (me alfabhtik  seir�), orismì(  ant�stoiqo mègejo) kai qarakthristikè timè gia prosomoi¸sei ECRH.nèqeia kale�tai h uporout�na BUILDSPACE gia th diamìrfwsh tou upologistikoÔq¸rou, entì th opo�a upolog�zontai oi suntelestè exèlixh twn diakritopoi-hmènwn exis¸sewn tou algor�jmou FDTD. 'Opw e�dame sthn Upoen. 5.3.1, oisuntelestè exèlixh e�nai sunart sei tou qwrikoÔ kai qronikoÔ b mato, kaj¸kai twn stoiqe�wn tou dihlektrikoÔ tanust  pl�smato2. Ta stoiqe�a tou tanust upolog�zontai kal¸nta thn uporout�na PLASMATENS. Entì th PLASMA-
TENS kaloÔntai h PLASMAPROF gia ton upologismì twn ωc, ωp kai vt se ìlata shme�a tou upologistikoÔ q¸rou, kai h ECDISPSOL gia thn ep�lush th sqèshdiaspor� twn hlektromagnhtik¸n kum�twn sto pl�sma.Apì ed¸ kai pèra arq�zei h epanalhptik  diadikas�a (brìqo) gia ton upologi-smì tou hlektromagnhtikoÔ ped�ou se ìla ta shme�a tou q¸rou se k�je qronik stigm . Se k�je epan�lhyh ekteloÔntai me th seir� ta ex  b mata: (a) Upologi-smì tou prosp�ptonto hlektrikoÔ ped�ou (uporout�na INCFIELD) (b) Upologi-smì/Ananèwsh tou skedazìmenou hlektrikoÔ ped�ou (uporout�na ESUPDATE),(g) Efarmog  twn sunoriak¸n sunjhk¸n Mur 2ης t�xh (uporout�na ORBC), (d)AÔxhsh tou stigmia�ou qrìnou t kat� misì b ma ∆t/2, (e) Upologismì/Ananèwshtou skedazìmenou magnhtikoÔ ped�ou (uporout�na HSUPDATE), (st) Epanektèle-sh tou b mato (d). H epanalhptik  diadikas�a oloklhr¸netai ìtan o arijmì twn2 Στην παρούσα έκδοση του κώδικα, ο όρος του ηλεκτρικού ρεύματος που υπεισέρχεται στις εξι-
σώσεις Maxwell υπολογίζεται στο πλαίσιο της θεώρησης του πλάσματος ως γραμμικό διηλεκτρικό
μέσο. Η περιγραφή της απόκρισης του πλάσματος σε άλλο πλαίσιο είναι σε εξέλιξη.
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Sq ma B.2: Logikì di�gramma ro  tou k¸dika ECFW1D.
Uporout�na Leitourg�a

BUILDSPACE Sqhmatismì upologistikoÔ q¸rou
ECDISPSOL Ep�lush grammik  sqèsh diaspor�

ESUPDATE, HSUPDATE Upologismì skedazomènwn ped�wn
INCFIELD Upologismì prospiptìntwn ped�wn
INITIALIZE Kajorismì arqik¸n sunjhk¸n

ORBC Efarmog  sunoriak¸n sunjhk¸n Mur

PLASMAPROF Kajorismì gewmetr�a pl�smato
PLASMATENS Upologismì dihlektrikoÔ tanust  pl�smatoP�naka B.5: Oi uporout�ne tou k¸dika ECFW1D (me alfabhtik  seir�).
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ABSPROF.DAT x

rpol
, E (V/m)

CDRVPROF.DAT x
rpol

, j (A/m2)

EPROF.DAT x
rpol

, Ex (V/m), Ey (V/m), Ez (V/m)

JPROF.DAT x
rpol

, jx (A/m2), jy (A/m2), jz (A/m2),
SSCHK.DAT t (s), Ex|t (V/m), Ey|t (V/m), Ez|t (V/m)P�naka B.6: Ta arqe�a exìdou tou k¸dika ECFW1D (me alfabhtik  seir�). Gia k�jearqe�o d�netai h diamìrfwsh twn apotelesm�twn se st le.qronik¸n bhm�twn xeper�sei (gia pr¸th for�) to an¸tato ìrio pou èqei kajoriste�sto arqe�o INCL1D.FOR, kai met� thn olokl rws  th kle�noun ta arqe�a exìdoukai h ektèlesh tou k¸dika termat�zetai.H apoj keush twn apotelesm�twn sta arqe�a exìdou pragmatopoie�tai entìtou brìqou, Ôstera apì ton upologismì twn posot twn se k�je jèsh. Ta arqe�aexìdou parousi�zontai ston P�n. B.3. Sto arqe�o ABSPROF.DAT apojhkeÔetaito profile tou pl�tou tou hlektrikoÔ ped�ou, sto CDRVPROF.DAT to profiletou pl�tou th puknìthta reÔmato, sto EPROF.DAT oi timè twn sunistws¸ntou hlektrikoÔ ped�ou se k�je jèsh, sto JPROF.DAT ta profiles twn sunistw-s¸n th puknìthta reÔmato kai sto SSCHK.DAT oi timè twn sunistws¸n touhlektrikoÔ ped�ou se di�fore qarakthristikè jèsei kat� m ko th di�dosh sek�je qronik  stigm . To arqe�o SSCHK.DAT qrhsimeÔei gia ton èlegqo th qro-nik  exèlixh tou hlektrikoÔ ped�ou, kai sugkekrimèna gia to an kai pìte ft�neise statik  kat�stash (steady-state).



KAT�ALOGOS SQHM�ATWNSq mata Kef. 11.1 Par�metroi (puknìthta kai jermokras�a) di�forwn fusik¸n susth-m�twn pou apoteloÔntai apì pl�sma. . . . . . . . . . . . . . . . . 41.2 Sqhmatik  anapar�stash twn talant¸sewn pl�smato (kat� Lang-
muir) kai twn kuklotronik¸n kin sewn se magnhtismèno pl�sma. . 71.3 Sqhmatik  anapar�stash th sÔgkroush hlektron�ou-iìnto. . . . 91.4 To tokamak, m�a apì ti sÔgqrone peiramatikè diat�xei gia thnep�teuxh elegqìmenh jermopurhnik  sÔnthxh mèsw tou magnhti-koÔ periorismoÔ pl�smato. . . . . . . . . . . . . . . . . . . . . . . 111.5 H mh sqetikistik  katanom  Maxwell gia diaforetikè timè thjermik  taqÔthta sto pl�sma. . . . . . . . . . . . . . . . . . . . 251.6 KÔria qarakthristik� twn uy�suqnwn hlektromagnhtik¸n kum�twnpou diad�dontai se yuqrì magnhtismèno pl�sma (a) par�llhla stomagnhtikì ped�o (R, L), (b) k�jeta sto magnhtikì ped�o me pìlwshO, (g) k�jeta sto magnhtikì ped�o me pìlwsh Q. . . . . . . . . . . 361.7 (a) To gurotrìnio, h kuriìterh di�taxh gia thn paragwg  uy�suq-nh hlektromagnhtik  aktinobol�a, (b) Sqhmatik  anapar�stashpeir�mato anaklastometr�a (reflectometry) gia th mètrhsh thpuknìthta sto pl�sma. . . . . . . . . . . . . . . . . . . . . . . . 39Sq mata Kef. 22.1 Mèsh enèrgeia 〈γ〉 enì arqik� monoenergeiakoÔ plhjusmoÔ hle-ktron�wn (γ0 = 2.5) san sun�rthsh tou pl�tou kÔmato A0 gia
N = 1, 3, 5. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 502.2 (a) Sqhmatik  anapar�stash th diadikas�a l yh shme�wn tom 
Poincaré se sÔsthma dÔo bajm¸n eleujer�a, (b) Tupik  eikìna(sketch) tou q¸rou f�sewn enì dunamikoÔ sust mato. . . . . . . 512.3 Ep�pedo tom  Poincaré (χ, πχ) gia thn allhlep�drash hlektron�ou-kÔmato, gia pl�to kÔmato A0 = 0.5, 0.05. . . . . . . . . . . . . . 522.4 Sun�rthsh katanom  enèrgeia kai hlektrikì reÔma w pro toqrìno gia thn allhlep�drash hlektron�wn arqik  enèrgeia γ0 =
2.5 me N = 1, 5 hlektromagnhtik� kÔmata pl�tou A0 = 0.1. . . . . 532.5 Sun�rthsh katanom  f(F⊥) th sunist¸sa th dÔnamh Lorentzk�jeta sto magnhtikì ped�o gia A0 = 0.1 kai N = 1, 5. . . . . . . . 55



168 Kat�logo sqhm�twn2.6 H troqi� tou kèntrou-odhgoÔ th peristrof  upì thn ep�drash thdÔnamh ol�sjhsh E1⊥ ×B0 gia A0 = 0.1 kai N = 1, 5. . . . . . . 562.7 Oi posìthte ln 〈(γ − γ0)
2〉, ln 〈(r⊥ − r0⊥)2〉 san sun�rthsh tou ln tgia N = 1 (A0 = 0.1, 0.5) kai N = 5 (A0 = 0.5). . . . . . . . . . . 572.8 Ekjète di�qush αγ kai αr san sun�rthsh tou pl�tou kÔmato

A0 gia (a) aplì kÔma (N = 1), (b) kumatopakèto N = 5 rujm¸n. . 58
2.9 Mèsh isqÔ aktinobol�a cyclotron apì de�gma 1000 hlektron�wnpou allhlepidr� me kÔma pl�tou A0 = 0.02, 0.05, 0.5. . . . . . . . 612.10 (a) SÔsthma suntetagmènwn gia ton upologismì tou f�smato thaktinobol�a cyclotron, (b) Met�bash th morf  tou f�smatoapì diakritì (m�a armonik  gia v ≪ c kai poll¸n gia v ∼ c) sesuneqè (gia v ≈ c). . . . . . . . . . . . . . . . . . . . . . . . . . . 622.11 F�sma th aktinobol�a cyclotron apì hlektrìnio pou allhlepidr�me hlektromagnhtikì kÔma pl�tou A0 = 0.1 gia qrìno t = 10000.H arqik  enèrgeia tou hlektron�ou e�nai γ0 = 1.1, 2.5. . . . . . . . 65Sq mata Kef. 3
3.1 (a) To sÔsthma suntetagmènwn dèsmh (τ, ξ1, ξ2), (b) Apotelèsmatatou k¸dika entopismoÔ dèsmh TORBEAM gia thn aporrof¸menhenèrgeia kai thn puknìthta odhgoÔmenou reÔmato. . . . . . . . . . 773.2 (a) Katanom  tou hlektrikoÔ ped�ou mia 1-di�stath tetragwni-k  dèsmh eÔrou ℓsq = 4, ìpw anakataskeu�sthke me qr sh 50rujm¸n Gauss-Hermite, (b) Oi suntelestè twn �rtiwn ìrwn touanaptÔgmato kai to sf�lma san sun�rthsh th t�xh 2n. . . . . . 803.3 (a) Katanom  tou hlektrikoÔ ped�ou mia 1-di�stath dèsmh mesq ma ”misoÔ hmitìnou” pl�tou ℓhs = π/2, ìpw anakataskeu�-sthke apì 50 rujmoÔ Gauss-Hermite, (b) Oi suntelestè twn �r-tiwn ìrwn kai to sf�lma san sun�rthsh th t�xh 2n. . . . . . . . 813.4 H gewmetr�a gia th di�dosh kumatik  dèsmh se ep�pedo pl�sma. . 88
3.5 Exèlixh tou genikeumènou eÔrou dèsmh sti dieujÔnsei y, z giadi�dosh me pìlwsh O, dmn = 0.1 kai (m,n)=(2, 1), (0, 2). . . . . . 913.6 Genikeumèno eÔro gia th di�dosh dèsmh me pìlwsh X sth dieÔ-junsh z me (m,n) = (1, 3) kai dmn = 0.05, 0.3 kai sth dieÔjunsh yme (m,n) = (1, 0) kai dmn = 0.2, 0.5. . . . . . . . . . . . . . . . . . 923.7 (a) Sunolik  metatìpish f�sh θmn gia dèsmh me pìlwsh O,X kai

(m,n) = (0, 2), (b) Pl�th kÔmato |C̄00|2, |C̄mn|2 gia dèsmh mepìlwsh O kai (m,n)=(2, 1) pou diad�detai se yuqrì (Te = 0) kaise kinhtikì (Te 6= 0) pl�sma, (g) Sqetik  puknìthta enèrgeia dmngia dèsmh me pìlwsh X, dmn0 = 0.1 kai (m,n)=(1, 1), (8, 8). . . . . 933.8 Genikeumèno eÔro sth dieÔjunsh z, ìpw upolog�zetai ap’ touk¸dike NGBT kai ECPROP, all� kai me b�sh thn arqik  mèjodoentopismoÔ dèsmh [Pereverzev 1998℄, gia di�dosh me pìlwsh O kai
(m,n)=(0, 2), dmn = 0.2. . . . . . . . . . . . . . . . . . . . . . . . 95



Kat�logo sqhm�twn 1693.9 Profile tou hlektrikoÔ ped�ou th dèsmh, to opo�o apotele�tai apìtou rujmoÔ Ē = Ē00 + Ē20 + Ē02, gia drms = 0.1. (b) Exèlixh tougenikeumènou eÔrou wy gia di�dosh kai aporrìfhsh sth gramm ekpomp  kai sto pl�sma (upologismì kenoÔ). . . . . . . . . . . . 96Sq mata Kef. 44.1 SÔgkrish th grammik  jewr�a gia thn kuklotronik  aporrìfh-sh me peiramatik� apotelèsmata apì ti mhqanè jermopurhnik sÔnthxh TFR, MTX kai W7-AS. . . . . . . . . . . . . . . . . . . 102
4.2 Qronik  exèlixh tou pl�tou kai th suqnìthta sthn ast�jeia

maser gia γb = 4. H arqik  suqnìthta e�nai �sh me γb. . . . . . . . 1084.3 H gewmetr�a tou pl�smato kai tou magnhtikoÔ ped�ou: To mikrìsq ma ep�nw prob�lei mia megèjunsh th peperasmènh perioq allhlep�drash kÔmato-swmatid�ou, en¸ to k�tw de�qnei (sto q¸rotaqut twn) thn kampÔlh suntonismoÔ kai thn kampÔlh pou or�zetaiapì th jermik  taqÔthta gia ti peript¸sei twn rujm¸n O1 kai X2k�jeta sto magnhtikì ped�o. . . . . . . . . . . . . . . . . . . . . . 1104.4 Prosomo�wsh kuklotronik  aporrìfhsh sto AUG gia Pw0 =
1MW, ϑw = 700: (a) Qronik  exèlixh th kanonikopoihmènh isqÔ-o Pw/Pw0 (me b�sh th grammik  jewr�a kai tou mh grammikoÔupologismoÔ), (b) Qronik  exèlixh th kanonikopoihmènh suqnì-thta ω/ωce, (g) Sun�rthsh katanom  f(γ) ti qronikè stigmè
t = 0 kai t = tint, (d) Kanonikopoihmènh mèsh kinhtik  enèrgeia twnhlektron�wn 〈γ − 1〉/〈γ0〉. . . . . . . . . . . . . . . . . . . . . . . 1124.5 Prosomo�wsh kuklotronik  aporrìfhsh sto AUG gia Pw/Pw0 =
1MW, ϑw = 900 (k�jeth prìsptwsh): (a) O lìgo Pw/Pw0 (gram-mikì kai mh grammikì upologismì) san sun�rthsh tou t/tint, (b)O lìgo ι⊥/ι0⊥ (apìkrish reÔmato egk�rsia sto magnhtikì ped�o)san sun�rthsh tou t/tint. . . . . . . . . . . . . . . . . . . . . . . . 1144.6 Prosomo�wsh kuklotronik  aporrìfhsh sto AUG gia Pw0 =
1GW, ϑw = 700: (a) Dunamik  exèlixh tou Pw/Pw0 (lamb�nontaupìyh kai thn aÔxhsh th Te ston upologismì tou αL), (b) f(γ)gia t = 0, tint (h teleuta�a en sugkr�sei me thn best-fit w pro thnkatanom  Maxwell). . . . . . . . . . . . . . . . . . . . . . . . . . . 1154.7 Prosomo�wsh kuklotronik  aporrìfhsh ston ITER gia Pw0 =
20MW, ϑw = 700: (a) Pw/Pw0 (grammikì kai mh grammikì upo-logismì) w pro t/tint, (b) ω/ωce w pro t/tint. . . . . . . . . . 1164.8 (a) Dunamik  exèlixh tou arijmhtikoÔ sf�lmato gia thn per�ptwsh
Pw0 = 20MW, ϑw = 700 (par�metroi ITER), (b) Dunamik  exèli-xh tou Pw/Pw0 (grammikì kai mh grammikì upologismì) gia thnper�ptwsh Pw0 = 10kW, ϑw = 700 (par�metroi AUG). . . . . . . . 116



170 Kat�logo sqhm�twnSq mata Kef. 55.1 (a) To kel� tou Yee ston 3-di�stato q¸ro, me kat�llhla topoje-thmèna to hlektrikì kai to magnhtikì ped�o, (b) Q�rth pou upo-deiknÔei thn exèlixh tou sq mato leapfrog ston 1-di�stato q¸rokai to qrìno. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1245.2 (a) H aplopoihmènh gewmetr�a gia th melèth th di�dosh k�jetasto magnhtikì ped�o me th mèjodo FDTD, (b) To kel� Yee sto1-di�stato q¸ro. . . . . . . . . . . . . . . . . . . . . . . . . . . . 1385.3 Apotelèsmata prosomo�wsh FDTD se yuqrì pl�sma gia para-mètrou AUG: (a) Qronik  exèlixh th sunist¸sa Ey sto sh-me�o x = −0.3rpol, (b) Qronik  exèlixh th sunist¸sa Ex stoshme�o x = −0.3rpol (me zoom sth geiton�a th qronik  stigm 
t = 2.5 · 10−9s). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1395.4 Apotelèsmata prosomo�wsh FDTD se yuqrì pl�sma gia paramè-trou AUG: (a) Profile tou pl�tou tou hlektrikoÔ ped�ou E, (b)
Profile tou pl�tou th puknìthta reÔmato j. . . . . . . . . . . . 1395.5 Apotelèsmata prosomo�wsh FDTD gia jermì pl�sma me paramè-trou AUG: (a) Profile th sunist¸sa jx, (b) Profile tou pl�tou
E (se sÔgkrish me to profile gia yuqrì pl�sma tou Sq. 5.4). . . . 1415.6 Prosomo�wsh FDTD gia kinhtikì kai asjen¸ sqetikistikì pl�smame paramètrou AUG: (a) Profile tou pl�tou E, (b) Profile toupl�tou j. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1425.7 Prosomo�wsh FDTD kinhtikoÔ kai asjen¸ sqetikistikoÔ pl�sma-to gia paramètrou ITER: (a) Qronik  exèlixh th sunist¸sa Ezsto shme�o x = −0.5rpol, (b) Profile tou pl�tou jz , (g) Profile toupl�tou E, (d) Profile tou pl�tou j. . . . . . . . . . . . . . . . . 1435.8 (a) SÔgkrish th pl rou lÔsh (ECFW1D) me thn asumptwtik lÔsh (NGBT), (b) ”'Ekrhxh” (blow-up) th pl rou lÔsh kont�sto basikì suntonismì sto montèlo yuqroÔ pl�smato. . . . . . . 144Sq mata Parart. BB.1 Logikì di�gramma ro  tou k¸dika NGBT. . . . . . . . . . . . . . 161B.2 Logikì di�gramma ro  tou k¸dika ECFW1D. . . . . . . . . . . . 165



KAT�ALOGOS PIN�AKWNP�nake Kef. 11.1 Oi tèsseri basiko� tÔpoi kanonik¸n metasqhmatism¸n. . . . . . . . 171.2 Ta kÔria e�dh hlektromagnhtik¸n kum�twn gia di�dosh se yuqrìmagnhtismèno pl�sma . . . . . . . . . . . . . . . . . . . . . . . . . 34P�nake Parart. BB.1 Oi metablhtè sto arqe�o eisìdou tou k¸dika NGBT (me alfabh-tik  seir�). Gia k�je metablht  d�netai o orismì (  to ant�stoiqomègejo) kai qarakthristikè timè gia prosomoi¸sei ECRH. . . . 160B.2 Oi uporout�ne tou k¸dika NGBT (me alfabhtik  seir�). . . . . . 162B.3 Ta arqe�a exìdou tou k¸dika NGBT (me alfabhtik  seir�). Giak�je arqe�o d�netai h diamìrfwsh twn apotelesm�twn se st le. . 163B.4 E�sodo tou k¸dika ECFW1D: Metablhtè (me alfabhtik  seir�),orismì (  ant�stoiqo mègejo) kai qarakthristikè timè gia pro-somoi¸sei ECRH. . . . . . . . . . . . . . . . . . . . . . . . . . . 164B.5 Oi uporout�ne tou k¸dika ECFW1D (me alfabhtik  seir�). . . . 165B.6 Ta arqe�a exìdou tou k¸dika ECFW1D (me alfabhtik  seir�). Giak�je arqe�o d�netai h diamìrfwsh twn apotelesm�twn se st le. . 166





KATALOGOS SUMBOLWNLatinik� sÔmbola
A Anusmatikì dunamikì
Ā Pl�to hlektrikoÔ ped�ou sto eikonal ansatz

a Epit�qunsh
Æ(m,n) Sf�lma anaptÔgmato se genikeumènh seir� Fourier

B Magnhtik  epagwg  (anaf. w magnhtikì ped�o)
Bj Stajerè olokl rwsh
bcol Par�metro kroÔsh
btok Lìgo ìyh se tokamak (aspect ratio)
C̄mn Migadikì pl�to tou rujmoÔ t�xh (m,n)
CG

l |i,j,k Suntelestè exèlixh FDTD tou ped�ou G sto shme�o (i, j, k)

c TaqÔthta tou fwtì sto kenì (3 · 108m/s)
cei Energì diatom  sugkroÔsewn hlektron�wn-iìntwn
cvsc Kinhmatikì suntelest  ix¸dou
D Dihlektrik  metatìpish
D̃ = [Dkl] Tanust  diaspor� (dispersion tensor)
dmn Sqetik  puknìthta enèrgeia tou rujmoÔ t�xh (m,n)

drms RMS tim  twn lìgwn dmn se mia non-Gaussian dèsmh
E Hlektrikì ped�o
ˆ̄e Monadia�o di�nusma pìlwsh hlektrikoÔ ped�ou
e e = 2.71828183

F DÔnamh
Fk Genn tria sun�rthsh kanonikoÔ metasqhmatismoÔ tÔpou k
̥[g(t)] Metasqhmatismì Fourier th sun�rthsh g(t)
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f Sun�rthsh katanom  (distribution function)
H Magnhtikì ped�o
Hn(x) Polu¸numo Hermite bajmoÔ n
H Sun�rthsh Hamilton

Ĩ = [δi,j] Monadia�o tanust 
Il(x) Tropopoihmènh sun�rthsh Bessel tÔpou 1 t�xh l
Ī Migadikì olokl rwma isqÔo aktinobol�a cyclotron

Jl(x) Sun�rthsh Bessel t�xh l
J (xj , yj) Jacobian tou metasqhmatismoÔ yj = yj(xj)

j Qwrik  puknìthta hlektrikoÔ reÔmato
Kl(x) Tropopoihmènh sun�rthsh Bessel tÔpou 2 t�xh l
K0 Par�metro pl�smato
KB Stajer� tou Boltzmann (1.38 · 10−23J/K)
k Kumat�nusma
Lp Qarakthristik  kl�maka anomoiogèneia sto pl�sma
L Sun�rthsh Lagrange

lMj Akèraioi de�kte pìlwsh hlektromagnhtikoÔ kÔmato
ℓ M ko
M(G) Telest  �so me −∇× (∇s× G) −∇s× (∇× G)

M Magnhtik  rop 
m M�za
N De�kth di�jlash
N Sun�rthsh gia thn perigraf  th metatìpish f�sh
n Arijmhtik  puknìthta
O(xn) 'Oroi t�xh n
P̃ = [Pkl] Tanust  p�esh (stress tensor)
P P�esh isotropikoÔ reustoÔ
P IsqÔ (rujmì metabol  th enèrgeia)
PR IsqÔ aktinobol�a apì fortismèna swmat�dia
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Pw IsqÔ mikrokumatik  aktinobol�a
p Mhqanik  orm  swmatid�ou
Q̃ = [Qkl] Tanust  exèlixh FDTD se anisìtropo pl�sma
q Hlektrikì fort�o
R Akt�na kampulìthta met¸pou kÔmato Gaussian dèsmh
R(r, r̂′) Probol  tou dianÔsmato jèsh sth dieÔjunsh parat rhsh
r Di�nusma jèsh
r̆(r0,p0, t) Jèsh tou swmatid�ou me arqikè sunj ke (r0,p0)

rL Akt�na Larmor troqi� fortismènou swmatid�ou
rpol Poloeid  (mikr ) akt�na tokamak

rtor Toroeid  (meg�lh) akt�na tokamak

S̃ = [Skl] Tanust  exèlixh FDTD se anisìtropo pl�sma
Sq(̟, ζl) Sun�rthsh Shkarofsky t�xh q
s̄ = s+ iφ Genikeumènh f�sh kÔmato
T Jermokras�a
t Qrìno
T ss′ DÔnamh trib  apì ta swmat�dia s = e, i sta s′ = i, e

U(x) Bhmatik  sun�rthsh (step function)
u TaqÔthta reustoÔ
V 'Ogko
V(v, r̂′) Probol  th taqÔthta sth dieÔjunsh parat rhsh
v TaqÔthta swmatid�ou
vD TaqÔthta ol�sjhsh kèntrou-odhgoÔ
vt Jermik  taqÔthta
W EÔro Gaussian kumatik  dèsmh (1/e-width)
w̃2 Tanust  eÔrou kumatik  dèsmh
w EÔro kumatik  dèsmh
Z(ζl) Sun�rthsh diaspor� pl�smato (plasma dispersion function)



176 Kat�logo sumbìlwnEllhnik� sÔmbola
α Ekjèth di�qush
αL Suntelest  grammik  kuklotronik  aporrìfhsh
βJ 'Orisma th sun�rthsh Jl(x) �so me k⊥p⊥/(meωce)

βT Ant�strofo th kanonikopoihmènh jermik  enèrgeia
βΓ 'Orisma th sun�rthsh Γl(x) �so me k2

⊥v2
te/ω

2
ce

Γl(βΓ) Ekjetik  metatìpish th sun�rthsh Il(βΓ)

γ Sqetikistikì par�gonta Lorentz

γ̄mn Lìgo twn plat¸n C̄mn twn ìrwn (m,n), (0, 0)

γ̄rms RMS tim  twn lìgwn γ̄mn se mia non-Gaussian dèsmh
δ(x) Sun�rthsh dèlta
δi,j Dèlta tou Kronecker

δ′i,j Sumpl rwma tou dèlta tou Kronecker

E Enèrgeia
ε̃ = [εkl] Dihlektrikì tanust 
ε Dihlektrik  stajer�
ε0 Dihlektrik  stajer� tou kenoÔ (8.85 · 10−12F/m)
ǫ̃ = [ǭkl] Dihlektrikì tanust  pl�smato (plasma dielectric tensor)
ζl 'Orisma th sun�rthsh Z(ζl) �so me (ω − lωce)/(

√
2k||vte)

ηp Eidik  ant�stash pl�smato (plasma resistivity)
Θmn Metatìpish f�sh tou rujmoÔ (m,n)

θmn Sunolik  metatìpish f�sh tou rujmoÔ (m,n)

ϑ Gwn�a
ϑp Gwn�a el�kwsh (pitch angle)
ϑw Gwn�a di�dosh kÔmato w pro magnhtikì ped�o
ι Hlektrikì reÔma
κ Par�metro uy�suqnou or�ou (short-wavelength limit)
Λ̃ = [Λkl] Tanust  perigraf  tou egk�rsiou profile kumatik  dèsmh
λ M ko kÔmato hlektromagnhtik  aktinobol�a
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λD M ko Debye

µ Magnhtik  diaperatìthta
µ0 Magnhtik  diaperatìthta tou kenoÔ (4π · 10−7H/m)
νei Suqnìthta sugkroÔsewn hlektron�wn-iìntwn
Ξ[G] Strobilikì p�naka-di�nusma tou dianÔsmato G

ξj Suntetagmène dèsmh egk�rsia sth di�dosh
π π = 3.14159265358979...

πj Genikeumène (kanonikè) ormè
̟ 'Orisma th sun�rthsh Shkarofsky �so me βTN

2
||/2

ρ Qwrik  puknìthta fort�ou
̺ Qwrik  puknìthta m�za
σ̃ = [σkl] Tanust  agwgimìthta
σ Suntelest  agwgimìthta
τ Suntetagmènh akt�na/dèsmh par�llhla sth di�dosh
υA TaqÔthta Alfven

υg Omadik  taqÔthta kÔmato
υp Fasik  taqÔthta kÔmato
Φ Bajmwtì dunamikì
ϕ F�sh kÔmato
χj Genikeumène (kanonikè) suntetagmène
Ψmn(x, y) 2-di�stath sun�rthsh Gauss-Hermite t�xh (m,n)

ψn(x) 1-di�stath sun�rthsh Gauss-Hermite t�xh n
Ω Stere� gwn�a
ω Suqnìthta kÔmato
ωc Kuklotronik  suqnìthta (cyclotron frequency)
ωp Suqnìthta (talant¸sewn) pl�smato
ωUH 'Anw ubridik  suqnìthta (upper-hybrid frequency)





KATALOGOS SUNTOMOGRAFIWN
ABC Absorbing Boundary Conditions

ASDEX AxiSymmetric Divertor EXperiment

AUG Asdex UpGrade

DFT Discrete Fourier Transform

EC Electron-Cyclotron

ECCD Electron-Cyclotron Current Drive

ECRH Electron-Cyclotron Resonance Heating

FDTD Finite Difference Time Domain

FEL Free Electron Laser

FFP Fractional Fokker-Planck

FLR Finite Larmor Radius

FP Fokker-Planck

FWHM Full Width at Half-Maximum

IC Ion-Cyclotron

ITB Internal Transport Barrier

ITER International Thermonuclear Experimental Reactor

JET Joint European Torus

LH Lower-Hybrid

MHD MagnetoHydroDynamic

MTX Microwave Tokamak eXperiment

NTM Neoclassical Tearing Mode

O-X-B Ordinary-Extraordinary-Bernstein

ORBC Outer-Radiating Boundary Conditions

PSS Poincare Surface of Section
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RMS Root Mean Square

TFR Tokamak de Fontenay-aux-Roses

UH Upper-Hybrid

W7-AS Wendelstein 7-AS

WKB Wentzel-Krammers-Brillouin
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