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A two dimensional numerical code for computation of the electromagnetic field of a fast magnetosonic wave in a
tokamak at high harmonics of the ion cyclotron frequency has been developed. The code computes the finite differ-
ence solution of Maxwell’s equations for separate toroidal harmonics making use of the toroidal symmetry of
tokamak plasmas. The proper boundary conditions are prescribed at the realistic tokamak vessel. The currents in the
RF antenna are specified externally and then used in Ampere’s law. The main poloidal tokamak magnetic field and
the "kinetic" part of the dielectric permeability tensor are treated iteratively. The code has been verified against
known analytical solutions and first calculations of current drive in the spherical torus are presented.

PACS: 52.27.Ny

INTRODUCTION

None-inductive current drive is essential for long-
pulse or steady-state operation of spherical tori. Along
with Electron Bernstein Waves, the High Harmonic Fast
Waves (HHFW) are among the candidates for current
drive in these devices. The basic mechanism of HHFW
power absorption is electron transit time magnetic
pumping (TTMP). Due to high beta values in spherical
torus discharges, the absorption of HHFW is rather high
and essential heating [1] and current drive [2] have been
demonstrated. Up to now HHFW heating and current
drive have been modeled with the ray tracing code
GENRAY and the code AORSA (All-ORders Spectral
Algorithm) [3]. However, the ray tracing approach has
intrinsic drawbacks, e.g., undefined conditions of ray
reflection at plasma boundaries and ignoring of wave
field interference. In addition, the code AORSA can
only be used on supercomputers. Within this investiga-
tion, HHFW power absorption and current drive in a
spherical torus with a divertor are modeled numerically
on a PC where the distribution of electromagnetic fields
in the plasma is computed taking into account a real
equilibrium magnetic field and plasma density distribu-
tion.

1. THE CODE STRUCTURE

The code is organized in the following way (Fig. 1).
First, real space coordinates of the chamber are digitized
and provided as input. Data such as main magnetic field
and magnetic flux surfaces are provided using a given
EFIT equilibrium or another equilibrium format. Then,
the location and the poloidal structure of the HHFW
antenna are specified. The density and temperature

Equilibrium from EFIT ~—~—

Wave

By ('//)

dependencies on the magnetic flux label y are assigned
for the main plasma, the scrape-off layer, as well as for
the divertor region. These values are then passed to the
wave solver. The wave solver computes the electromag-
netic field distributions of the fast magnetosonic wave
(FMSW) in the minor cross-section of the torus as well
as the absorbed power P, (). The wave magnetic

field By (y) parallel to main magnetic field B, deter-
mines the quasilinear diffusion coefficient being the
input for the code SYNCH [4] which then calculates the
density profile of the driven current jop ().

2. THE WAVE SOLVER

The wave solver uses with the Maxwell equations in
cylindrical coordinates (R, ¢, Z). The Z-axis of this sys-
tem coincides with torus axis and ¢ is the toroidal an-
gle. The main magnetic field has normalized compo-
nents bg, b,, bz with prevailing component b,. Further,
only harmonic oscillations ~exp(~iat), where o is the
wave frequency, are considered. The frequency band
W~ Nwy <<, is investigated. Here n~6...10 and

@, , @ are the ion and electron cyclotron frequencies,
respectively. The harmonic dependence of wave fields
on the toroidal angle ¢ is  prescribed
E(F) B(F)=|E(R.2) B(R,Z)| expil p) due to toroidal
symmetry. Each toroidal harmonic | is processed sepa-
rately.
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Fig. 1. The structure of the code

With this, the Maxwell equations take the form
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Here, physical field components are used, £ is the
tensor of the plasma dielectric permittivity, j, is the
antenna current (“external” current in Ampere’s law).

@ OEg OE;

Because @ >> @ and o << @, , the MHD approxima-

tion is used for the tensor £. The input from transit time
magnetic pumping is the only important kinetic compo-
nent. It is taken into account using an iteration proce-
dure. It is known, that for FMSW the parallel field com-
ponent of the wave electric field E; is negligibly small

m
E ~ ('j—;El ~VEL' Here ¢, and &, are the perpen-

dicular and parallel diagonal components of the plasma
dielectric permittivity tensor, respectively, m is electron
mass and M is ion mass. So, E; is neglected in the code

everywhere, apart from terms, which contain &;E .
Thus, the expression sz—b—R ER—b—Z

4 4
from E, =0. Finally, the system of equations (1)-(6) is

transformed to

E, follows
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Here &, is the off-diagonal perpendicular component of
the dielectric permittivity tensor, and
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are the terms proportional to the main poloidal magnetic
B, - B
field, and jTMP —vxy TPy TTMP =c&i\/;zew(ze)l : (12)
2r By
where c is speed of light, g, :MBL(?TQ, n, is electron
density, T, is electron temperature, 2z, = © . rrrrrr1
Vakyr, I i o
Trrrr = B, node
ky =1/R. Vpe =4/To/m, W(z,) is the Kramp function. T T
To resolve the system of equations (7)-(9), the finite T E node
difference method is used. The code uses an equidistant L Ne—E node
rectangular mesh with a choice of the step-sizes AR and [ I | | | z
AZ for the wave magnetic field B, . Following the logic Y O
of Eq. (7), other grids for the wave electric fields are step of grid

introduced in the computational domain shifted by AZ/2
for Eg and AR/2 for E; (Fig. 2).

The effect of the poloidal tokamak magnetic field (\7R

and \7Z in Egs. (8, 9)) is taken into account with help of

a preconditioned iteration technique and Kinetic part of
dielectric permittivity tensor is included in the same
way.
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Fig. 2. Computational grid for B, consists of the nodes,
located in the intersections of the solid lines. Grid for
ER consists of the nodes, located in the intersections of

the vertical solid lines and horizontal dashed lines. Grid
for E; consists of the nodes, located in the intersections
of the vertical dashed lines and horizontal solid lines
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3. VERIFICATION OF THE WAVE SOLVER

To verify the wave solver it is necessary to com-
pare the results with an analytical solution.
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Fig. 3. Distribution of fast wave magnetic field in the
circular minor cross-section for a poloidally symmetric
antenna

It is possible to do for the case of homogeneous plasma
cylinder with a constant axial main magnetic field. In
order to do so, the minor cross-section of the plasma
was chosen to be a circle, plasma density was set to a
constant, aspect ratio was set to 10° and the main
poloidal magnetic field was set to zero. In addition, the
antenna current was set to a single poloidal harmonic. In
this case, the Bessel function is the analytical solution
for the wave magnetic field component in the plasma. In

Fig.3 the component B, pattern is shown for

©»=18-10°s"", k =0.03cm™, n,=15-10"cm>®,
B, =3kG and a poloidally symmetric antenna
(poloidal number M = 0). As seen in this figure, the
result has quite symmetric azimuthal distribution. In

addition, the radial structure of the wave magnetic field
is shown in Fig. 4.
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Fig. 4. Radial dependence of fast wave magnetic field
(M =0, blue) in comparison with the Bessel function of
the order 0 (red)

The radial structure of the computed wave magnetic
field coincides perfectly with the analytical solution
within the plasma region (see Fig. 4). The discrepancy
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between the curves in the outer region is due to non-
applicability of the analytical solution there. A check for
high poloidal harmonics was also been performed. As
seen in Fig. 5, the computed wave magnetic field also
perfectly matches the analytical solution for M = 9.
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Fig. 5. Radial dependence of fast wave magnetic field
(M =9, blue) in comparison with the Bessel function of
the order 9 (red)

Another crucial point of computations is the compliance
with the energy conservation law
div(§ )+ % Re(jE*)=0, (13)

where S is the Poynting vector. As it shown in Fig. 6,
Eq. (13) is valid to the order of  ~ 10",
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Fig. 6. Radial dependence of discrepancy in the energy
conservation low 0

whereas, each term in (14) is of the order of 10°. The
value of & is slightly improved with decrease in grid
spacing. In summary one can state that the wave solver
is verified successfully.

4. CALCULATIONS OF CD

Test calculations of current drive efficiency were
done for spherical torus with NSTX-like parameters [3].
The fast wave TTMP current drive efficiency was calcu-
lated by the SYNCH code [4] using the local approxi-
mation for the wave-particle interaction (Fig. 7).
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B=06T n=1510"m>3 against known analytical solutions. The first calcula-
,no=1

4500 tions of current drive in the spherical torus using the

7<p'>[w/m3;] local approximation for the wave-particle interaction
4000 _ <> A/m have been performed. In the future the code will be
3500 modified to take into account non-local wave-particle
interaction.
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The two dimensional numerical code for calcula-
tion of HHFW power absorption and current drive has
been developed. The code was successfully verified
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JIBYMEPHBIN KOJI 1JIs1 MOJEJUPOBAHUSI HATPEBA ILJIABMBI U CO3/IAHUSI TOKOB
YBJEYEHMS BBICTPBIMU BOJTHAMM HA BBICOKMX TAPMOHHUKAX IIUKJIOTPOHHOM
YACTOTBI HOHOB

/. I'pexos, C. Kacunos, B. Kepnouxnep

PazpaboTaH qByMEpHBIH KO A pacuéra 3IeKTPOMAarHUTHOTO OISt OBICTPON MarHUTO3BYKOBOM BOJHBI B TO-
KaMakax B JAMANa30HE BBICOKUX FApMOHMK MOHHOH IMKJIOTPOHHON 4acTOThl. Mcnosip3ys TOpOMAanbHYH) CHMMET-
pHIO TIa3Mbl TOKAMaKa, METO0M KOHEYHBIX Pa3HOCTEH KOJ HAXOOUT PELICHUE ypaBHEHHI MakcBeia 1t OTAeb-
HOW TOPOMAANbHOM rapMOHUKHU. ['paHMYHBIE YCIIOBHS 3aJar0TCS Ha pEalbHONM CTEHKE Kamephl Tokamaka. BY-
aHTEHHA MOJIETIMPYETCS BBEICHHEM «BHEIITHET0» TOKa B 3aK0oH Ammepa. IlojonnansHoe yaep)kuBaiomiee MarHuTHOE
I0JIe ¥ BKJIAJ] «TEIUIOBOM» YAaCTH TEH30pa IMAIEKTPHUECKON MPOHUIIAEMOCTH IIJIa3MBbl BKIIIOUEHBI B PAcYETHI C TO-
Mouipto urepanuid. Ko Obl1 BepuduuupoBaH myTéM CpaBHEHHUS! pacyéTOB C W3BECTHBIM aHAJMTHUYECKHM PEIIeHH-
eMm. [IpencraBieHsl nepBbie pacu€Thl TOKA YBICUEHHS B CDEPUUECKOM TOpE.

JBOBUMIPHHUI KOJI 1711 MOJIEJIIOBAHHS HATPIBAHHSI IIJIA3MU TA CTBOPEHHS CTPYMIB
3AXOIUVIEHHA MIBUAKUMHA XBUJIAMA HA BUCOKHUX TAPMOHIKAX
IUKJIOTPOHHOI YACTOTH IOHIB

/. I'pexos, C. Kacinos, B. Kepnoixnep

Po3po0ieHo TBOBUMIPHHIA KO /ISl PO3PAXyHKY €JIEKTPOMArHITHOTO IMOJIS IBUIKOI MarHiTO3BYKOBOI XBHJI B
TOKaMakax y Jiana3oHi BUCOKMX rapMOHIK IIMKJIOTPOHHOT 4aCTOTH 10HIB. BUKOPHCTOBYIOUHM TOPOiZaIbHy CUMETPIIO
IUIa3MH TOKaMakiB, KOJ| 3HaXOJAUTh DIillIeHHs PiBHSHb MakcBella METOIOM CKIHYEHHX DPI3HHUIb JJIsl OKpeMOol Topoi-
JaJbHOI rapMOHIKH. ['paHUYHI YMOBH 3aJal0ThCs HA PealibHIl CTiHLI KaMepH Tokamaka. BU-aHTeHa MOIemoeThes
BBE/ICHHSM «30BHIIIHBOTO» CTpyMY B 3aKoH Amriepa. [lonoinanpHe MarditHe mosie, o yTpUMYE€, i BHECOK Bij «Te-
IUIOBOT» YAaCTHHM TEH30pa JIIeNIeKTPUYHOI TPOHMUKIMBOCTI IJIa3MHU BKJIIOUYEHI B PO3paxyHKH 3a JJOIOMOT'OI0 iTeparliid.
Kon Oyino nepeBipeHo IUIIXOM MOPIBHSIHHS PO3PaxXyHKIB 3 BIIOMHUM aHAJIITHYHUM pilleHHAM. HaBeneHo nepii po-
3paxyHKH CTPyMY 3aXOIIIEHHS B CEPHUIHOMY TOPI.
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