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The propagation and absorption of slow waves in the plasma of the Wendelstein 7-X stellarator was investigated
by the ray tracing. The aim of the work was to obtain a qualitative picture of the penetration into the plasma of a
wave excited by the potential difference between the antenna conductors and the antenna box. For this, a ray code
was used, which performs calculations in the magnetic configuration of the stellarator obtained by the VMEC code.
A strong influence of the type of magnetic configuration (“higher mirror”, “lower mirror”, or standard configura-

tion) on the propagation and absorption of a slow wave was found.
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INTRODUCTION

Installation of lon Cyclotron Resonance Heating
(ICRH) system is foreseen in the Wendelstein 7-X
(W 7-X) stellarator in the near future. The main goal of
the ICRH is to create sufficiently energetic ions in order
to investigate their confinement in the optimized stellar-
ator at fusion-relevant conditions. The main features of
the W 7-X ICRH system are given in [1]. It should be
noted that, when studying the interaction of the ICRH
antenna with the W 7-X plasma, the main attention was
paid to the coupling and absorption of the fast wave.
The electric field of this wave is polarized in the poloi-
dal direction at the plasma edge. It is fast wave (FW)
that is launched by the current-carrying conductors of
the ICRH antenna. The other part of the radio frequency
(RF) power is transmitted to the plasma due to toroidal
RF electric field. This electric field is due to the oscillat-
ing differences of the potentials in the gap between the
unshielded current-caring conductors and in the gaps
between the conductors and the grounded antenna box.
The essential part of this RF power is radiated as the
slow wave (SW), which has the electric field component
in the toroidal direction.

Therefore it is very important to find out location of
the SW penetration and absorption regions. It is impos-
sible to carry out this problem analytically due to com-
plicate 3D structure of the torsatron magnetic surfaces
and confining field. Moreover, the numerical modeling
of full wave problem faces insuperable difficulties
caused by 3D inhomogeneity and problem stiffness. On
the other hand, for typical plasma periphery parameters

(electron density n, ~10”cm™ and electron tempera-
ture T, ~25eV [2]) the SW wavelength is much less

than the average plasma radius. Therefore geometrical
optics approximation is valid for this analysis.
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1. BASIC EQUATIONS

Propagation of SW in the W 7-X plasma was studied
using the ray tracing code. The VMEC equilibrium data
were used in the calculations. A “standard” magnetic
configuration [3] was used in most calculations (Fig. 1).

Fig. 1. Last closed magnetic surface of W 7-X (standard
configuration) obtained by VMEC code

A “lower-mirror” configuration and a “higher-mirror”
configuration were used for comparison. The code
solves the equations

dk _ oD, /aD,
dt or | e’

dr _ oD, /aDR M

dt ok / oo

where k is the wave vector, @ is the wave frequency, t
is time, F is the ray spatial coordinates and

D(w,F,IZ)zO is the SW dispersion equation in the
form

D =Dy +iD, =N} +&(N/ —¢£)=0. ()
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Here N, =ck, /@, N, =ck, /o, k, =(k*—k?)"* and
k =k -B/B = (bgkg +b,k, +b,ky,). 3)

Cylindrical coordinates with axis along the stellarator
axis are used. Components of plasma dielectric permea-
bility tensor &, and &, are defined as
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where w3, =47e’n, /m, is plasma frequency of o ions,
o =H, D, He’, @, =eB/cm, is o ions cyclotron fre-
quency, vTazma is o ions thermal velocity,
a)se =4ze°n,/m, is plasma frequency of electrons,
Vi, =\/'I'QWe is thermal wvelocity of electrons,
Z, = a)/\/5|k"

Exco = wﬁeveﬁ / ®® and v, is effective collisional fre-

4 [27 e*Z%An, .
quency of electrons v, =3 m_eT A is the

Vi, » W(z,) is plasma dispersion function,

Coulomb logarithm.
Power associated with certain ray Q is defined as

Q=Q,e ", where Q, is the initial RF power at the ray
starting pointand I' = [} 7 dt ,

D|
oDy J0w

. D, =Img,(N? = 2,)+ Im&;(N2 - 2,). (6)

y=-

When calculating Q along the ray, electron Landau
damping, ion cyclotron damping and collisional damp-
ing were taken into account.

The plasma density (and temperature) profiles were
set as

exp(é) - exp(Ay )
op@ 1 U @)
n, +(n, —n,)explL—y)/s] w>1s

0

n(y) =

where w is the flux surface label (v =0 at the plasma
center, =1 at the last closed magnetic surface
(LCMS)), A is stapling coefficient, n, is density at the
LCMS, ¢ is parameter (£ =4 for density and &=-2

for temperature) and & is the e-folding length outside
the LCMS. The following set of parameters has been
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used: By=25.9 kGs, ne=7-10" cm?3, ng=5-10" cm?,
Nu/ne = 0.6, np/ne = 0.3, Npea/ne = 0.01, Ty = 1keV,
Ter =5¢€V, = w/2r =25 MHz for most part of calcula-
tions.

2. ICRH ANTENNA AND SW SPECTRUM

Simplified layout of the W 7-X unshielded antenna
[1, 4] is shown in Fig. 2.

Fig. 2. Layout of the W 7-X ICRH antenna

Two poloidal antenna straps and grounded antenna
box are seen in Fig. 2. The gaps b between antenna
straps and box, numbered as 1 (left) and 3 (right), are
3 cm each. The gap a between straps, numbered as 2, is
10 cm. Width of each strap is 9 cm and length L is
82 cm. Only (0 0) relative phasing of antenna straps is
considered in this paper. With this relative phasing, the
input voltage V4 = -Vg = V. The voltage Va (Vs) de-
creases (increases) to the grounded end of the strap line-
arly. Such voltage distribution causes electric field E,

in the gaps (see Fig. 3).
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Fig. 3. Toroidal electric field distributions in poloidal
direction (V = 1)

E,, distributions were expanded into Fourier series of
poloidal (m) and toroidal (1) angles (Figs. 4, 5).
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Fig. 4. Poloidal spectrum of E,, radiated by W 7-X
ICRH antenna at (0 0) relative phasing of the straps
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Fig. 5. Toroidal spectrum of E,, radiated by W 7-X
ICRH antenna at (0 0) relative phasing of the straps

Most of the RF power is in poloidal harmonics with
Iml <4 . At the same time, the toroidal spectrum is rather
wide (see Fig. 5).

As is known, when the condition

02<z,<2 9)
is satisfied, SW are strongly absorbed by plasma elec-
trons due to Landau damping. By analogy with investi-
gations of FW heating in tokamaks, one could define K,

as k= (1+me)/R [1, 4] (R is the big radius of the torus,

¢ is the rotational transform angle, ¢~ 0.9 at the plasma
edge) and conclude from (9) that the harmonics with
I>1_p are strongly damped. Here | p ~oR/3vy.. Assum-
ing that near the antenna T, =25 eV and R = 620 cm, it
turns out I p = 150. But, as ray tracing calculations
show, this approach is inapplicable for a slow wave. In
expression (3), along with Kk,b,, an important role is
played by the term kgbg. Therefore, the propagation of
harmonics with | >1, is possible. Below, each combi-
nation of poloidal m and toroidal | harmonics was traced
independently.

3. RAY TRACING CALCULATIONS

The W 7-X ICRH antenna is located at ¢=7.4° from
minor cross-section, where magnetic surfaces are been-
shaped. It is antenna port AEE 3.1. Antenna angular

length in toroidal direction is Ap=3" or 0.52 rad. To
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start calculation of any specific ray, the initial values
£, =(Ry, @5, 2,) and K, = (K. Iy, ko) must be deter-
mined. The representative values |, = +50, +215, +340
were used. The value of k,, was defined as

K, :%cos[arctg(zo/Ro)], where my =3, z,|<40cm

and a=55cm is a mean minor radius. This value has a
little effect on calculation results. The value of R, was
determined from the condition y, =1.134. With this

value of y,, plasma density n ~5-10%”cm™ at the
starting points.

Further, the initial value of k; was determined from
the dispersion equation in the form

k2, [gl (1—b§)+g3b§]+ 2Kegbe (Koo, +Kogb, ) (&5 — &)+

+gl[k;0 K2 = (Ko, + oo, )2} 2 (Kyaby +hogb, )

a)Z
——&&,=0.
C

More informative for understanding the further propaga-
tion of the SW are the components k,, and k. It is

worth to note that the sign of k , is determined by the
sign of 1, and the sign of k, depends only on the root

number. Moreover, |k|p| practically does not depend on

I, sign and root number.

In order to consider SW propagation, the antenna
surface was divided into fifteen parts. There were three
rows with coordinates ¢, =0.103, 0.129, 0.155 in the
toroidal direction and five rows with coordinates z, = 0,
+20; 40 cm in the poloidal direction. Six rays with
different lo were traced at each point.

Typical dependencies of ray parameters are shown in
Figs. 6-8. The ray displacement from initial magnetic
surface (see Fig. 8) is quite small Vy = 0.045, what in
terms of mean minor radius is Aa ~2.5cm.
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Fig. 6. Ray coordinates vs time along the ray for
@=0.103, 2,=0.0 cm, l,=-50
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Fig. 7. Variation of N, vs time along the ray for
»=0.103, 2p=0.0 cm, lo=-50
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Fig. 8. Variation of y vs time along the ray for
»=0.103, 2o=0.0 cm, l,=-50

This is very small compared to the displacement in
the toroidal direction A(Rg)=110 cm (see Fig. 6). The
change in R (see Fig. 6) is mainly due to the change in
the shape of the magnetic surfaces when the ray moves
along the torus. The variation of N, along the ray (see
Fig. 7) is inherent in a slow wave. A similar change
occurs in the low hybrid frequency band [5]. It is deter-
mined by the change in the magnitude of the magnetic
field along the ray.
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Fig. 9. Equatorial projection of rays with l;= 215 (red)

and lo=-215 (black). The starting point is marked with a
cross (¢=0.129, z,=0.0 cm)
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As it is shown in Fig. 9, rays with different sign of I,
propagate in different toroidal directions. Moreover, red
ray shifts to the lower density plasma and black ray
shifts in the opposite direction. The larger the absolute
value of the initial toroidal number, the further the SW
moves away from the antenna in the toroidal direction
and directions of +Vy.
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Fig. 10. Dependencies of R on time along the ray for
different values of ly (¢=0.129, 2,5=0.0 cm)

280
240-
200-
160
120 — ¢,

80- I

40 . . . ]

00 40x107  80x107  12x10°  1,6x10°

Fig. 11. Variation of N, and ¢; vs time along the ray for
@=0.129, 2,5=0.0 cm, 1,=215

The calculations performed showed that SW do not
penetrate into the bulk plasma. Collisional absorption
and Landau damping of this waves in the peripheral
plasma is negligibly small. Rays were terminated in the

vicinity of & — N”2 ~ 0 regions, where SW converts into
FW (see Fig. 11).

4. MAGNETIC CONFIGURATION EFFECTS

In order to find out whether the magnetic configura-
tion of the stellarator affects the propagation of a SW,
calculations were carried out in the configurations
“lower mirror” (LM) and “higher mirror” (HM) [3]. It
was found that with a change in the magnetic configura-
tion, not only the propagation, but also the absorption of
the SW changes greatly (Fig. 12).

For cases HM, l,= -340 and LM, 1,=340, the waves
do not penetrate the plasma at all. In addition, for some
rays, strong Landau damping was found (Fig. 13). In
this case, the calculation was stopped because of
Img; ~Reg; or InD~ReD.
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v CONCLUSIONS

The features of SW propagation and absorption in

1.144 hm, /o=+340 the W 7-X plasma were investigated. It was revealed
—1Im, [,=-340 that these waves penetrate poorly the plasma core and
1,114 st, [,=+340 propagate along the plasma periphery above all. Some

part of the radiated as a SW RF power is absorbed by
electrons due to Landau damping. Some part is ab-
sorbed through the resonance g;= 0. But the most part is
converted to FW near the antenna region.

1084 =00 Ne | e st/ o=-340
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MOJIEJIJMPOBAHUE PACIIPOCTPAHEHHU A U TOTJIOMIEHUS MEJJIEHHOM BOJIHBI
P HOHHOM IIUKJIOTPOHHOM HATPEBE B CTEJUIAPATOPE BEHJIEJIBIITENH 7-X

. I'pexos, 0. Typxun

PacnipocTpaHeHue u MOTJIONICHNE MEAJICHHOW BOJHEI B IJIa3Me cTeiuiaparopa Benpensmreitn 7-X 6bu10 Hccie-
JIOBAaHO METOJIOM JIy4eBBIX TpaekTopuil. Llenp paboThl — MoIydeHHE KaueCTBEHHOW KAapTHHBI NMPOHUKHOBEHUS B
IU1a3My BOJIHBI, BO30Y)KIaeMOii 3a c4eT pa3HOCTH MOTEHIIMAJIOB MEX/y IPOBOIHUKAMU aHTCHHBI M aHTEHHBIM OOK-
coM. JlJist 3TOro MCIOJIb30BaH JIy4eBOM KOJI, KOTOPBIN BBIMOJHSII pacyeThl B MarHUTHOW KOH(UIYpaluu cresuiapa-
Topa, nonyueHHoi kogoM VMEC. OOHapyXeHO CHIIbHOE BIMSHHE BUJIa MarHUTHOM KOH(Urypanuu (yCHUJICHHbIE
ro(pbl, YMEHbIICHHBIE TO(PHI WIN CTaHAAPTHas KOH(UTypanus) Ha paclpoCTPaHEHNE U TOTIIONIEHNE MEIJICHHON
BOJIHBL.

MOJIEJTIOBAHHS IIOIIUPEHHSA TA HOTI'JIMHAHHS OBLIBHOI XBUJII ITPH IOHHOMY
HUKJIOTPOHHOMY HATPIBAHHI B CTEJIAPATOPI BEHJIEJIBIITEMH 7-X

. I'pexos, 0. Typkin

[ommpeHHs 1 MOTTIMHAHHS MOBIIFHOI XBIJI B IJIa3Mi cTenapaTopa Bennensmrelin 7-X 0yi0 JOCHTIIKEHO METO-
JIOM MIPOMEHEBUX TPAeKTOpii. MeTa poOOTH — OTpUMaHHS SIKICHOT KapTHHHU MPOHUKHEHHS B IJIa3My XBHJI, 10 30y-
JOKYETBCS 32 PaxXyHOK Pi3HHMII MOTEHIIAIIB MK IPOBIAHUKAMU aHTEHH 1 aHTEHHUM O0KcoM. {71 Iboro BUKOpPHUCTA-
HUHM IPOMEHEBUH KO/, IKH BUKOHYBAB PO3PaxyHKH B MarHiTHiM KOH}iryparii ctemapaTopa, o oTpuMaHa KOJI0M
VMEC. BusiBneHo cHIIbHHH BIUIMB BHIY MarHiTHol KoH$irypauii (mocuieHi rodpu, 3MeHmeHi rogppu abo cranaap-
THa KOH(Irypais) Ha MOMKMPEHHS 1 NOTJIMHAHHS TTOBUILHOT XBHJIL.
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