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Jlucepraiiiliny poOOTy MNPUCBSIYECHO TEOPETHUYHOMY JOCIIKEHHIO MOIIUPECHHS
IIBUJIKOT MarHiTO3ByKOBO1 XBWJII 32 OCTaHHbOIO TOBEPXHEIO TOKaMaka y HaOJMKEHHI
XOJIOJHOT IIIa3MH 0€3 31ITKHEHb, SiKa 3HAXOJUTHCA Y 30BHIIIHHOMY CTAJIOMY MarHITHOMY
noJti. Y poOOTi 3HANUIEHO MOJIOKEHHS TOYOK IMOBOPOTY (TOYOK BIJCIYKH) JJIsI KOMIIOHEHT
€JIEKTPOMArHITHOTO TOJISl XBHJIL; TOCTIIKEHO 3aIEKHOCTI PO3TAITyBaHHS IIUX TOYOK BiJI
napaMmeTpiB ITUIa3MU Ta B TPaAJi€EHTIB IMX TMapaMeTpiB; BHUBYEHO JHUCIEPCIHI
BJIACTUBOCTI BJIACHUX EJIEKTPOMArHITHUX CUTHAJIB, SIKI MOXYTh IOIIUPIOBATHUCS B
10HHOMY IMKJIOTPOHHOMY Jliama3oHi YacToT B 00JacTi JOKalbHOTro AJb()BEHOBOTO

PE30HAHCY 3a OCTAHHLBOIO 3aMKHCHOIO MAar"iTHOIO IMOBCPXHCIO TOKAMaKa.

Ha mepmiomy ertami po6otm OyJI0O OTpUMAaHO SIBHUH BUIIISA AHQEpECHIATbHUX
PIBHSIHb JIJISl 3HAXOJ/KEHHS MPOCTOPOBOIO PO3MOJAUTY KOMIOHEHT €JIE€KTPOMAarHiTHOTO
noJisi B 10HHOMY IMKJIOTPOHHOMY JIialma30Hi 4YacTOT 3 ypaxyBaHHSM pagiajibHOT
HEOTHOPITHOCTI MapameTpiB mia3Mu. g nporo OyJjio 3aCTOCOBAHO 3arajibHO BIIOMI
PIBHSIHHSL €JIEKTPOJMHAMIKM — PIBHSAHHS MakcBena y JeKapToBiii cUCTEMi KOOpPAHHAT.
JInsi KOMIIOHEHT IMX PIBHSIHB OYyJio 3acTocoBaHO Meron Dyp’e aHamizy Ta 3700yTO
PIBHSIHHS [T 3HAXOJIKEHHS aMIUTITY]l KOMIOHEeHT H,, Ey 1 E, eleKTpOMardiTHOTO MoJs
curHany. Ili piBHSHHA MaoTh (OpMy 3BUYAWHHUX  JIHIAHUX  OJHOPIAHUX
nudepeHIiaIbHUX PIBHSAHB APYTOTO MOPSAKY 3 MPUCYTHICTIO B HUX JIOJIAHKIB 3 TIEPIIIOI0
MOXIIHOK KOMIIOHEHT TMoJjs. Taki pIBHSHHS Yy JiTeparypi JOCHIKYIOTH JUIIE 3
MaTeMaTUYHOT TOUKH 30Dy, K MPaBUIO, 3 METOK MOIIYKY PO3B’S3KIB PiBHSHb, TOOTO

IPOCTOPOBOTO PO3MO/AUTY KOMIIOHEHT 1MOJIs. [[71s 11boT0 mii0uparoTh 3aMiHy, sika 3BOJIUTh



Take PIBHSAHHSA 10 PIBHIHHA O€3 Mepiioi MoXigHo1, aje 1 METOUKa HE Ja€ MOXKIHUBOCTI
MPaBUIbHO 3HAWTH KOOPIAMHATH TOYOK MOBOPOTY, K€ HOBA (PYHKIIISI MAa€ HOB1 TOYKH
noBOpOTY. TOUYKOIO MOBOPOTY B IIiil pOOOTI HA3MBAIOTh TOYKY, MO PI3HI OOKH BiJ SIKOI
KOMITIOHEHTH €JIEKTPOMArHiTHOTO TOJISI MAarlOTh PI3HMK Xapakrep. SKmo mo oauH OiK
KOMITOHEHT TIOJISI OCHMIIIOE 3 KOOPAMHATOK, TO MO 1HIIMK OiK — MPOCTOPOBO 3aracae.
Tomy y 1iit po60TI 3100yTi PIBHSIHHS, SIKI BU3HAYAIOTh IMOJIOKEHHS TOYOK MOBOPOTY Ha
OCHOBI aHaJli3y 3MIHHUX 3a KOOPJAMHATOIO0 KOEQIlI€HTIB OTPUMAHUX PIBHAHB, a HE Ha
OCHOBI1 CIIPOIICHHX, 110 JIa€ MOXJIUBICTh 3HAUTH KOOPAMHATH TOYOK MOBOPOTY TOUHO.
Ieii ¢akT CBIAYUTH MPO HOBU3HY JOCIIKEHHS, aJ)Ke TPAJAUIIIIMHO TOYKUA MOBOPOTY JJISI
3aJa4  €JeKTPOJAMHAMIKA IUIa3MU 3HAaXOJATh HAa OCHOBI PIBHSHB, SKI ONHCYIOTh
oAHOpPiAHY Twia3My. Ha TenepinrHiii yac TOYKHM MOBOPOTY (TYCTUHY TUIa3MH B IIUX TOUKAX )
3HAXOJATh TPAAUIIINHO 3 TIET caMOi yMOBH, 10 ¥ 4acToTy Biaciuku. (YacToToIO BIACIUKH
HA3MBAaIOTh TaKy YacTOTy, IO SIKIIO XBHWISI MOIIUPIOETHCA (OCHMIIOE B MPOCTOpP1) B
OJHOPIJHIA TUTa3Mi 3 YacTOTOIO, IO MEPEeBa)Ka€ YacTOTy BIIACIUKH, TO L XBUJISA

IMPOCTOPOBO 3aracac 3 4aCTOTOHO, IO € MCHIIOKO 34 YaCTOTY BiI[Ci‘lKI/I.)

VY pesynbTari nepmioro eramy poOoTH OyJO BUBEICHO YMOBH JJIs BU3HAYCHHS
TOYOK TIOBOPOTY KOMIIOHEHT €JICKTPOMArHiTHOTO TIOJii XBWIb B 10HHOMY
IUKJIOTPOHHOMY [liala30Hi 4acTOT JJIs BUNAAKYy HEOIHOPIIHOI IJIa3MU ISl XBWIb 3

JIOBUILHUMHU 3HAYEHHAMHU TOPOINHOTO, k,, 1 HONOINHOTO, k,,, XBUIBOBOTO YHUCIIA.

Ha npyromy eram po6oTu OyJio MPOBEACHO YHUCIOBE JIOCTIIKEHHS OTPUMAaHUX
PIBHSIHB 7151 3HAXOJKEHHS KOOPIUHAT TOYOK TIOBOPOTY KOMIIOHEHT €JIE€KTPOMArHiTHOTO
NoJisi XBWIb B 10HHOMY UMKIOTPOHHOMY Jlama3oHi 4actoT. Jlis 4ucioBoro
MOJICNIIOBaHHA OYJI0 3aCTOCOBAHO HACTYMHI MapamMeTpu IUIa3MH Ta XBWIl: LUKIIYHA
gactota @ = 3.34 @i, 30BHIIIHE cTane MarHiTHe nose Bo = 2.0 7z, manuii pagiyc mia3mu
a=05m 1 Bemukmii pagiyc miasmMu R =2.12m, nOBXMHA EKCIOHECHIIAJIBHOTO
3MeHIlIeHHs TycTuHu yacTuHOoK 1iazmMu A = 0.01801 u. 1li mapamerpu € 61u3bKuMHU 10
napameTpiB peajbHOi yCTaHOBKM — ToOKaMaka cepeaHix po3mipiB ASDEX Upgrade. byno
PO3MIISIHYTO /Ba BUMAJKH 3aJ€KHOCTI TYCTUHM YaCTUHOK IUIa3MH BiJl KOOpJAMHATU —
JiHIHA 3aJIeKHICTh TYCTUHU Bl KOOPAUHATH Ta eKCIOHEHIIalbHa. L{s octanHs, 3BiCHO,

€ OUTBIII CKIIAJHOIO JIJISl YUCIIOBOTO aHaJi3y, ajie OUThII aIeKBAaTHOIO 3 TOUKH 30pY (Bi3UKHU



— ajpKe B 00J1aCTl 32 OCTAaHHBOIO 3aMKHEHOIO MArHITHOIO MOBEPXHEI0 TOKaMaKa ryCTHHA

YaCTHHOK INIa3MHU Cllada€ 3 KOOPANHATOIO CaM¢€ 3a eKCHOHCHHiaJ'IBHI/IM 3aKOHOM.

YucnoBi OCHIIKEHHS MIATBEPAWIH, 1110 Y HEOIHOPIAHIN M1a3Mi TOYKH MOBOPOTY
MalTh PI3HE TMOJIOKEHHS sl TPhOX HAOOpIB KOMIOHEHT €JIEeKTPOMArHiTHOTO OIS
HIBUAKOT MarHito3BykoBoi xBuii: Ex1 Hy, Ey1 Hy, Hz. YMoBa, sika € 3araibHO BiIOMOIO Y
JaiTepaTypl, SK yMOBa JIs BH3HAUECHHS YacTOTH BIJICIYKM IITBHUJKOI MarHiTO3BYKOBOi
XBWI1 JJId 3aJlaHUX TapaMeTpiB OJHOPIAHOI TUIa3MH, 30BCIM HE MIAXOAWTH s
3aCTOCYBaHHS 3HAXOJKEHHS TOYOK MOBOPOTY B HEOJHOPIAHIN IUIa3Mi 32 OCTaHHBOIO
3aMKHEHOIO0 MAarHiTHOIO MOBEPXHEI0 TOKamakiB. Bzaraii, B HEOAHOpPIJIHIN IJIa3Mi Taka
YMOBa € 3aCTOCOBHOIO JIMIIIE JJIsl BU3HAYEHHSI TOYOK MOBOPOTY KOMIOHEHT moJist Ey 1 Hy

3ky:0.

PesynbTaTu Apyroro eramy JOCHIIIKEHHS MIATBEPIKYIOTh, 110 HEOJIHOPIIHICTH
TUIa3MU BUKJIMKAE PI3HUN BIUIMB HA PO3TANITyBaHHS MOJIOKEHHS TOYKH MOBOPOTY IS
XBWJIb 3 PI3HUMHU XBWIBOBUMHU YUCIaMH. Maibke Ml BCIX JOCHIIKYyBaHUX 3HAYCHB
HOMEpIB MOJY TOUKU MOBOPOTY XBWJILOBHX MONIB Ey 1 Hy € HallOAmX4uMuU 10 CTIHKH

TOKaMaka.

Ha tperbomy etam poOoTH Oyl0o JOCHIIKEHO MPOCTOPOBUN PO3MOJLI TOJIB
€IEeKTPOMArHiTHOI XBHWJI1 3 TOPOITHUM IMOKa3HUKOM 3aJOMJICHHS, MEHIINM OJWHHUII, 1
HEHYJIbOBHUM IOJOITHUM XBWJIbOBUM YHUCIIOM, SIKA JIOKaJI130BaHa B OKOJI1 A JIb()BEHOBOTO
PE30HAHCy 3a OCTAHHbOIO 3aMKHEHOI0 MarHiTHOI MOBEpXHEI0 TokaMaka. Ha nibomy erami
CTapTOBUMH PIBHSHHAMH TaKOX € PiBHAHHA MakcBemia 1 7o HuX 3actocoBaHo Dyp’e
aHaii3. OCKUIbKY 32 OCTaHHHOIO 3aMKHEHOIO0 MAarHiTHOIO MOBEPXHE TOKaMaka IyCTUHa
T1a3MH 3MIHIOETBCS 1y>Ke IIBUAKO, TO 3aCTOCYBATH Yy il yacTuHi npocropy Mmeroq BKb
HEMOJKJIMBO. 30KpeMa, JUIsi OTPUMAaHHSI MPOCTOPOBOTO PO3MOALTY TOJS XBWII B OKOJI1
Anb()BEHOBOTO PE30HAHCY 3aCTOCOBAHO TaK 3BaHUN MeToJ By3bkoro mapy. s
pO3B’A3yBaHHS TU(PEpEHIATEHUX PIBHAHB 1 300YTTS MPOCTOPOBOTO PO3MOUTY IOIIB
XBHJI1 00J1aCTh TPOCTOPY MOOIU3Y AJb(HBEHOBOTO pe30HAHCY OYJI0 PO3LJICHO HA YOTUPHU
xapaktepHi 30HM. s KOkHOI 3 30H Oyno 3100yTO AaCMMIOTOTHYHI PO3B’SI3KH
IudepeHiaIbHIX PIBHSIHb y KOXKHIM OKpEeMid 30HI, AKi MOTIM OyJ0 3IIMTO Ha MEXax

oy 30H. Y TpeTiil 30H1, HABKOJIO AJIb()BEHOBOTO PE30HAHCY, METO/] By3bKOTO IIapy



0yJI0 3aCTOCOBAHO JIJIs1 pO3B’ I3aHHS CUCTEMHU JBOX 3B’ SI3aHUX AU(PEPEHIIATIbHUX PIBHSHb
JIPyTOro TOPSJKY, sIKI OMUCYIOTh 3B’S3aHI IIBUAKY Ta NOBUIbHY XBWil. lle mamo

MOXJTUBICTh BIATBOPUTH MPOCTOPOBHM PO3MOILT MOJIIB XBUIIL.

OcranHiM  eramoM poOoTtu OyB aHanmi3 JAUCHEPCIMHUX  BIACTUBOCTEH
€JIEKTPOMArHiTHOIO  CUTHaJy B 10HHOMY UMKIOTPOHHOMY Jiialla30Hi  4acToT,
JOKaJIi30BaHOTO B OKOJ1 AJb()BEHOBOTO pe3oHaHcy. s mboro s MPOCTOPOBUX
3QJIC)KHOCTEN KOMITOHEHT €JICKTPOMArHITHOTO MOJisg OyJIO 3aCTOCOBAHO KpailloBI YMOBH
Ha KpasixX 30H, Ha sIKi 0yJIO MOAUIEHO MPOCTIp. Y pe3yJbTaTi OTPUMAHO PIBHSAHHSA, Y SIKOMY
Bu3HauHUK MaTpuii 10x10 nopiBHIOE HYJIIO, IIEl BU3HAUHUK OYJIO CYyTTEBO CHPOILEHO Ta
3BEACHO /10 BU3HAYHUKAa MaTpuill 6x6. Y pe3yibTari 32 OTpUMaHUM PIBHSHHIM OYJIO
YUCEIIbHUMU METOJIaMH pPO3PaxOBaHO BJIACHI 3HAYEHHS YacTOT CHUTHALY ISl PI3HUX
3HaYeHb HOMepiB Mou. [TapaMerpu mia3Mu Ta XBHIII JJIs IBOTO €Tary OOHUPaMCh TaKi
cami, SK 1 JJIsl Apyroro eramy. Pe3ynbTaTu 4KMCIOBOTO MOJENIOBAHHS IMOKa3alld, IO
BJIACHI YaCTOTH € IPUOIM3HO MPOMOPLUIHHUMH TOPOITHOMY HOMepY Moan, @ « |l|. Taka
3QJIEKHICTh TaKOX BioMa Uil alb()BEHOBUX XBWIb. MexaHi3MHu 30yIKCHHS IUX
€JIEKTPOMArHiTHUX CHUTHANIB y AaHii poOoTi He po3risaaroTs. HaTomicTe y poboTi
pPO3MIISIHYTO TMpoOJieMy BJIaCHMX 3HA4Y€Hb 1 BiacHUX QyHKiH. CurHanm, w01
JTOCTIKYIOThCS Y poOOTi, MOXKYTh 30y 1)KyBaTUCS aHTCHOIO B I0HHOMY ITUKJIOTPOHHOMY
Jianma3oHi  4acTOT  YHACHiJOK  MapaMeTpUYHOi  poO3MajHOi  HECTIMKocTi  abo
BUCOKOEHEPTETUYHUMHU XBOCTAaMHU HOHIB. Y TOH K€ yac 3alpONOHOBAHUN JTOKAII30BaHU I
BUCOKOYACTOTHUN CHUTHAJl BCE III€ MO’XHA pO3IISAaTH SK OJWH 13 MEXaHI3MIB,
BIJIMOBIAATHLHUAX 32 HeOakaHEe MOMIMHAHHS MOTY)XHOCTI CUTHAJTY BIJIMOBIIHOI YacTOTH B
PO3pUDKEHIN TMIa3Mi 3a OCTaHHBOKO 3aMKHEHOI0 MArHiTHOK ITOBEPXHEI TOKaMmaka.
[lepenbOayaeThesi, M0 CUTHAT € JIOKAII30BaHUM MMOOJIHM3Y JIOKAIBHOTO AJb(BEHOBOTO

pEe30HaHCy.

BuB4yeHHs TOYOK BIJACIYKM Ta TMOBEAIHKM €JIEKTPOMArHiTHUX CHUTHAIIB Yy
PO3pIKEHIN IM1a3Mi 3a OCTaHHBOIO 3aMKHEHOIO MAarHITHOIO TOBEPXHEI0 TOKaMaka €
MPEIMETOM aKTUBHHUX JOCIIIKEHb, OCKUTLKU MOKPAIICHHS PO3YMIHHS MPOIIECIB Y ITbOMY

MIPOCTOP1, 3HAXOXKEHHS MOJIOXKEHHS TOUOK BIICIYKA Ta PO3YMIHHS X 3a1€XKHOCTEN BiA



napaMeTpiB IUIa3MH Ta iX TPaIE€HTIB MOXE JOTMOMOTITH MIABUIIUTH €(PEKTHBHICTH Ta

JOBIOBIYHICTH POOOTH TEPMOSIEPHUX YCTAHOBOK, & CaMe TOKaMakKiB.

KiarouoBi ciioBa: xonomHa mia3Ma 0e3 31TKHEHb, TOYKH BIJACIYKH, BJIACHI XBWIII,
10HHUM IMKJIOTPOHHUM J1alla30H 4YacToT, AJb(BEHIB PE30HAHC, OCTAHHS 3aMKHEHa

MarHiTHa MMOBCPXHA TOKaMaKa, MCTO/J BY3bKOI'O 11apy, I[PICHGpCifIHG piBHﬂHHH.
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The dissertation work is devoted to the theoretical study of the propagation of a fast
magnetoacoustic wave in a tokamak scrape-off layer in the approximation of a cold
magnetoactive collisionless plasma. The work is devoted to finding the positions of the
turning points (cutoff points) for the components of the electromagnetic field of the wave;
studying the dependence of the location of these points on the plasma parameters and on
the gradients of these parameters; studying the dispersion properties of electromagnetic
signals located within Alfvén resonances in a tokamak scrape-off layer in ion cyclotron

frequency range.

At the first stage of the work, an explicit form of differential equations is derived
for the components of the electromagnetic field in ion cyclotron frequency range. For
this, the well-known equations of electrodynamics are used — Maxwell's equations in the
Cartesian coordinate system. For the components of this field, the Fourier analysis is
applied and equations are obtained for finding the amplitudes of the components H,, E,,
and E,. of the electromagnetic field of the signal. These are ordinary second-order linear
uniform differential equations with the presence of terms with the first derivatives of the

wave field amplitudes in them. Such equations are studied in the literature only from the



mathematical point of view with the goal to find the wave amplitude spatial distribution
— a replacement of the desired function is selected that reduces such an equation to an
equation without the first derivative. However, this technique does not allow correct
finding the coordinates of the turning points, because the new function has new cut-off
points. Therefore, in this work, equations for finding the turning points were obtained
based on the derived equations rather than on the basis of simplified ones, which allows
correct finding the coordinates of the cut-off points. This fact indicates the novelty of the
research, because turning points for electrodynamics problems are practically not found

in this way.

As a result of the first stage of work, conditions for determining the cut-off points
of the electromagnetic wave field components in the ion cyclotron frequency range are

derived for the waves with both poloidal wavenumbers k,, + 0 and k, = 0 with account

for plasma strong inhomogeneity.

At the second stage of work, a numerical study of the obtained equations is carried
out to find the coordinates of the cut-off points of the electromagnetic wave field
components in ion cyclotron frequency range. The following plasma and wave parameters
are used for numerical modeling: generator angular frequency @ = 3.34 i, external
static magnetic field Bo = 2.0 7, minor plasma radius a = 0.5 m and major plasma radius
R = 2.12 m, the decay length of the plasma particle density A4 = 0.01801 m. These
parameters are consistent with the parameters of the real installation — the medium-sized
tokamak ASDEX Upgrade. Two cases of the dependence of the density of plasma
particles on the coordinate are considered — a linear dependence of the density on the
coordinate and an exponential one. The latter is, of course, more complicated for
numerical analysis, but more suitable from the point of view of physics — because in the
region of a tokamak scrape-off layer, the density of plasma particles decreases with the

coordinate just according to the exponential law.

Numerical studies have confirmed that in inhomogeneous plasma the cut-off points
have different positions for three sets of components of the electromagnetic field of a fast

magnetosonic wave: Ex and Hy, Ey and Hx, H,. The condition, which is generally known



in the literature as a condition for determining the cut-off frequency of a fast
magnetosonic wave for given homogeneous plasma parameters, is not at all suitable for
the application for finding cut-off points in inhomogeneous plasma, which is present in
all fusion facilities. In general, in inhomogeneous plasma such a condition is applicable

only for determining the cut-off points of the field components Ey and Hx with k,, = 0.

The results of the second stage of the study indicate that the non-uniformity of the
plasma causes a different effect on the location of the cut-off points for waves with
different wave numbers. For almost all studied values of the mode indices, the cut-off

points of the wave fields Ey and Hx are closest to the tokamak wall.

At the third stage of the work, the spatial distribution of the eigen wave field with
the toroidal refractive index smaller than a unit and the frequency higher than ion
cyclotron frequency localized in the region of Alfven resonance in a tokamak scrape-off
layer is considered. At this stage, the Maxwell's equations are also the starting equations,
and Fourier analysis is applied to them. Since in the region of a tokamak scrape-off layer,
the plasma density varies very quickly, it is impossible to apply the WKB method in this
region. Therefore, the so-called narrow layer method is used to obtain the spatial
distribution of the wave field in the close vicinity of Alfven resonance. To solve the
differential equations, the space around the Alfven resonance is separated into four
characteristic zones. For each of the zones, the spatial wave field variation is
asymptotically derived and solutions of the differential equations are tuned at the
boundaries of the zones. In the third zone, in the close vicinity of Alfven resonance (not
far than plasma density decay length), the narrow layer method was applied. This made

it possible to reproduce the spatial distribution of the localized wave field.

The analysis of the dispersion properties of electromagnetic signal in ion cyclotron
frequency range in a tokamak scrape-off layer is the last stage of the work. For this,
boundary conditions are applied to the spatial dependences of the electromagnetic field
components at the edges of the zones within which the space was divided. As a result, the
dispersion relation is obtained in which the determinant of the 10x10 matrix is equal to
zero. This determinant is significantly simplified and reduced to the determinant of the

6Xx6 matrix. As a result, the eigen values of the signal frequencies for different values of



the toroidal and poloidal wave indices are calculated using numerical methods to solve
the dispersion relation. The plasma and wave parameters for this stage are chosen the
same as for the second stage. The results of numerical modeling show that the eigen
frequencies are approximately proportional to the toroidal wave index, w « |n|. This
feature is also known for Alfvén waves. The mechanisms of excitation of radio frequency
signals are not considered in this work. Instead, the paper addresses the problem of eigen
values and eigen functions. The signals investigated in the paper can be excited by an
antenna in the ion cyclotron frequency range either by parametric decay or by ion
energetic tails. At the same time, the proposed localized radio frequency signal can still
be considered as one of the mechanisms responsible for the unwanted absorption of signal
power of the corresponding frequency in a tokamak scrape-off layer. It is assumed that

the signal is localized in a local Alfvén resonance.

The study of cut-off points and the dispersion properties of electromagnetic signals
localized in the vicinity of Alfven resonance in a tokamak scrape-off layer are the subject
of active research, since improving the understanding of processes in the scrape-off layer,
determining the position of cut-off points and understanding their dependences on plasma
parameters and their gradients can help increase the efficiency and durability of fusion

plants, in particular tokamaks.

Key words: cold collisionless plasma, cut-off points, eigen waves, ion cyclotron
range of frequency, Alfvén resonance, tokamak scrape-off layer, narrow layer method,

dispersion relation.



