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ABSTRACT

In this report the theory of three dimensional antenna in Ion Cyclotron Resonance
Frequency (ICRF) is developed for a plasma with circular magnetic surfaces. The multi
loop antenna is located in ITER several ports. Circular plasma and antenna geometry
provides new important tools to account for: 1) right loading antenna impedance matrix
calculation urgently needed for a matching of RF generator with an antenna; 2) right
calculation of an antenna toroidal and poloidal excited spectra because the
DIFFRACTION, refraction and REFLECTION effects for the Fast Waves (FW) are in
FIRST time are included self consistently in 3D ICRF antenna - plasma treatment; 3)
right caculation of RF power deposition profiles because self consistently found 3D
antenna - plasma FW excited spectra in
non slab plasma model are important ones in a weakly dissipated plasma for Fast Waves
{even for ITER parameters).

In the developed theory multi loop antennae are located in several ITER ports with
arbitrary relative toroidal and poloidal positions. It gives great flexibility of
investigation possibility for production of an optimal ICRF antenna directivity in
conditions of limited toroidal space in a reactor port and a possibility to control widness
of excited FW k - spectra to control RF power deposition profiles into a plasma. The
above theory allows to calculate RF losses on a Faraday screen bars.

In the model developed each loop is located in a special individual recess in a tokamak
port to control in some extent mutual coupling between loops through a vacuum port
region and simulteneously to support the Faraday screen bars. The theory developed
accounts for two options for poloidal loops: to be located INSIDE of each sub recess
(with a smaller mutual loops coupling) and to be located OUTSIDE of each sub recess
(more closely to plasma) with an increased antenna loading resistance. Radial antenna
loops feeders are taken into account as well.

The MULTI PORT structure of the theory gives another important tool to control
mutual coupling of loops: it is possible to locate one port just near another
one with, for example, only two loops in each sub PORT just simulating contineous
conducting boundary between several loops (besides of sub recess walls). Another
possibility is to simulate extended toroidal port size to improve
an antenna directivity. The information about plasma properties comes into antenna
theory through plasma surface impedance matrix Y., and is calculated separately by fast
MINTOR2 code described in Part A. According to theory developed the ANPORT
code has been written. The first runs indicated strong mutual loops coupling of ITER now
designed antenna. The work is under progress.

Key Words: Antenna, ICRF, port, multi-loop, current drive, plasma heating, ITER,
tokamak, code, plasma, impedance matrix



I. INTRODUCTION. INDEXES and DEFINITIONS
In following theory of multi port, multi loop antennae (each poloidal loop
1s located in an individual sub-recess ) we define meanings of several indexes
and clasters of indexes, along with some another termins.
] - number of a port

1 - “local” number of sub recess in a port

i-th “global” (over all ports) number of sub loop and a number of EM
fields, excited by i-th sub loop.

Numeration of sub loops: since 1¥ port, from left to right, and from
bottom to a top ( see Fig. lap).



m - poloidal number of a mode in a plasma/SOL,
m :Hlmin:"’)_1$0313”'3 mmax
n - toroidal number of 2 mode in a plasma/SOL

= Iy, '“7_17031:“-: Dimax

M - poloidal number of 2 mode in ports/sub recesses
M = 071:"'3 Mmax
N - toroidal number of a mode in port (regions IIL, IV),

N = 123, Nya

T

1 - toroidal number of a mode in a sub recess (regions LII)

n = 1,2,3,.,M nax
“CLAUSTER” indexes:
I = {jMN} - “global” number of mode in a port

(over all ports)

I'={j1Mmn} - “global” mode number in a “sub recess”
H. EXPRESSIONS for EM FIELDS in ANTENNA REGIONS L,II

Here are given the expressions for electromagnetic fields in j-th port

in sub recess regions I and II (see Fig.1). The components of electrical field, polodal E,

and radial E_, satisfying to the boundary conditions on an
antenna conducting walls and back plate, are as follows (in 1-th

E(r.9.2)= Y > ©,(9,2) Y cos| M(g - ¢)]sinlk, (z - ;)]
[ M



X(—iko ){pn {A;L\h}! 7 ( pr}r) + Bjt'.\f?rl \!(pﬂr)] * PJ“MTJ’(r)} (2

The toroidal wave magnetic field is given by

B.(r,@,z) = 2 z cos[fs—/?(tp - qof)}sm[kn(: - :f; )

T AMnp

'rpfzJ{AJ-’-’\'!nx it (P,? ) JW”.“ w(P r)+ F"Mm (r)} (2'2)
The radial electrical fied is:

E(r.g,0)= > S sin[M(g - @) sim[k, (= - 2})]

1 Al

ik, —
x(— T){M[A,mm 7P+ B Yo (P, D+ Gy (D)} (2.3)

In the above formulas (2.1)-(2.3) Jyand Y\ are the Bessel functions of first kind
of fractional M order. The function ©{¢,z) is

1 inside of l-th sub recess

O](q)a Z) =
0 outside of I-th sub recess

The coefficients A,B to be found we will supply by upper indexes LIl inside of
of sub recess {I) and outside it (I1):
A B r>s

2 >

A BY r=<s

The functions F(r) and G(r) describe the role of radial feeders of current carring loops:

1)



4xT,, —
Foa(7) = =37 M, (16, ()4, @9
1
G a3 0
pen(1) = =5 (M, (1) + 16,11, 2.5)

n

Here Jiy, is radially independent constant in Fourier component of radial antenna
excitation current:

1-

Jr,er,(r) = ;Jmn

The function u(r) is a special solution of odinary second order inhomogeneous
differential equation and it together with constants J;\;, 1s decribed in Appendix.
The fractional order of Bessels depends on poloidal space extension angle of a port ¥ ;:

— aM
=— M=0,1,2, ..
W

P
The function 8(r) discriminates regions inside and outside of the sub recess:

L =s

8(r) = {
0 s

The subscripted flag A;; discniminates if i-th antenna loop belongs or not to
{j,1}-th sub recess:
1, ifi-th loop € {j,1} sub recess
Aijl={
0, f'not

7

The sub recess toroidal wave number is given by

, n=1,23,...

=13



where 1, 1s toroidal width of a sub recess Another definitions for wave numbers are

given as
Pl = k’-k: kK=o, p,=Vp]
Here wis a generator frequency, and c 1s speed of light.

The boundary condition at the back plate in each recess

B(r=r,)=0
and jump of a magnetic field across antenna’s poloidal loop if s > r,
u ! 4
[Bz - BZ ]r=s = ?‘]‘?’

together with continuity of poloidal electric field at a loop

[E,;’ —E] ] =0

result in system of linear equations:
AL =Y. B + O,
A =V B + O,
Ay = A+ g,
B, =B, +q,
where for brevity we used collective index J = {jIMn}. Here

Y, (p,r.) ; F, ()

I
" pJdaen)

Yo =~ >
Jz (o)
Q5 = O +45 =¥ s

g5 = w,P,SIRYo(p,5)~ RYo(p,s)]



g =-w,p,SIRI 5 (p,5) - R (P, )]

dx F.(s
R1=_2J1‘:fn+FJ1(S)’ R2=ﬁ
Py Py

( w, is given in Appendix).
Ifi€ {jl}ori € {j,1}, buts<r, then {q'q" }=0.

II. FIELDS in REGIONSIII, IV

In port regions outside of sub recesses area, b=r=r,, the fieldsin any tokamak
port, satisfying to boundary conditions, have the following expressions:

E,(r.g.2)= > 36,(¢.2) Y, cos|M(¢— @))]sinlk,(z —2))]
[ M, N

X~k HPx T Ao T (Pu D) + Boagi Y (Pyr)1 + Fogn (0}

The toroidal wave magnetic field component in j-th port is:

B(r.9.2) = 3, Y cosM(g - ;)]sin[ky(z-z))]

: MN
xpV{AJWIJ..(er)JrBJ ,l(er)+P;Wl(r)} 3.2)

Radial electrical wave field in that region is as

E (r.p,z)= E Esm M(gp- @, "] sin{k,(z - Z, %]

. MN
(__){M{ ﬂpﬂv;‘] (er) + bJW;YA—,{(PNr)] + GMm(r)}

The function ©;(¢,z) keeps the poloidal electrical field to be zero outside of j-th port:
1 mside of j-th port
Of¢.2) = {



0 outside of it

The coefficients A.B have the indexes to discriminate regions outside of the loop (IV) and

inside of the loop if last one is moved otside of sub recess more closely to the plasma (see
Fig.1):

r>s
r<s

In above formulas the toroidal wave number in a port (outside of sub recesses) is defined
as

, N=123,.

where L, is a toroidal broadness of a port. The functions F(r) and G(r) are given by

4”131?\' FY;
F;M“(r) = —E—Z—MHMN(I')GS(?)AU

N

G () = 4”"1;” (M?u,, (r)+ D, (DA,

Dy

1 < to j-th port
A1j = {
0 i€ toj-thport

In the case of poloidal loops being protruded outside of sub recess region, i.e. s <
we account for jump of wave magnetic field across of a loop and continuity of poloidal
electric field:

(B -] -5, s,
(22 -£7] -0



These two last conditions create the new linear equations:

A = Ao +4 v
Bl . = Bl + Do
where
Ty = WaP N SR Y (py7) — R Y (py7)}

G, = Wy PuSRI(Py$) — R T (pys)}

fie€j or s>rthenq™, q" =0
IV. DIVERTOR REGION (region V)

In this section we consider region between bulk plasma (r=a) and a first wall (=b) and
name that as divertor region (region V). In this region poloidal electric field excited by all
loops (current global index iz “I”) over all ports we expand in Fourier series over plasma
toroidal and poloidal harmonics (m,n):

E,(r.g,0)= 3 D€ (=ikoD, {And o (PF) + B ¥, (1)}

B(r.90)=ymy ™  p A, ] (p.)+B.Y, (P}
Here toroidal plasma wave number is given as

k =

n i, n=0+1+2 .
R

B =ko’-k’, Ppa=Vipa

V. BOUNDARY CONDITIONS AT PLASMA SURFACE



At plasma vacuum boundary we require the continuity of polidal electric field and the
continuity of a toroidal component of wave magnetic field:

lasma —_ yacuum lasma —_ yacuum
EPlss — F sawm g pms o g 51

In our previos report [ 1 ] we developed the procedure for calculation of wave fields in
inhomogeneous plasma. For our antenna electromagnetic charecteristics (antenna
impedance matnix, spectrum of excited waves, Ohmic losses on the Faraday screen, etc.)
to be found it will be sufficient to make use the plasma surface impedance [ 1 }:

E
Y = [ Lo | (52)
[ BJ"” J r=a—0
Then from (5.1) and (5.2) one has
) _ 2
A:W = Y:nB:m ? Ymn =i pn Ymr!
kP,
: Y Y ~-Y
}":n _ m(pna) m(pna) (53)

Yt (p,@ ~ J,.(p,a)

From formulas (5.3) we see that coefficient y" is closely related with
reflection coefficient from plasma.

VI, FIELDS MATCHING AT ANTENNA MOUTH (r=b)

Now we start important procedure of fields matching at an antenna (port) mouth. We
stress that in many ITER related 2D full wave codes the fields are matched term by term
in Fourier series, so speaking about port antenna but dealing with an antenna located in
SOL region. In presented theory we are doing real in port antenna solution by matching
TOTAL em fields at an antenna mouth. We equate total fields at r = b, multiply equality
by exp(-img-ik,z) and integrate first wall surface. Schematically it looks like:

E 4 xR
[do ™™ E < E],
- -aR



The same we are doing for the magnetic fields B,, integrating over j-th port:

f dgdz cos[M (g — qozJ Msin[k,, (z - zjo )][B: = B;V ]

OVER-J-TH —-PORT r=b

This results in important system of linear equations;

E{Gﬂ A" +H.B'}=D ©1
where

i

=g T (pyb) + ay, Y (pyb) -

_2 Tri' ffJM (pN' b)+q;‘:’YA‘T (pN'b)}’
7

The coefficients G and H are given by

G, =T, J(p,b)—8,J(pyb)

M

H 2:'1 YH (pN'b)—aﬁ' Yfﬁ(p;\!b)
As above, the prime at the head of Bessels {I,Y) means differentiaton over its
arguments, and d;; 1s Kroneker function.
In the above integration we made use an orthogonality of trigonometric functions. The
real information about plasma, chamber and ports sizes are comes through T coeflicient:

p J * =
T. = y R a,a. . B.B. .
Ir 2 2 mn " MmO T N N
i RAMLP‘PPPN P

_Pr Voadul D) + Y (p,D)
" pn y:n‘]m(pnb).{- Ym(pﬂb)




The reflective wave amplitude at an antenna/port mouth is given by

1
1
" AxRply .. . (p.b)+Y.(p,b)]

X E aij[iJ\np\ [Aj\f\z if (p\ b) + Bj:f\zK.T(pr)]

AN

The integration geometrical coefficients oty , Bjxa are given in Appendix.
VII. FIELDS MATCHING at SUB RECESSES MOUTHES

Inside of a j-th port we must also to match em fields at sub recesses openings at
r = r,. We again multiply the equalities of total em fields by trigonometric functions and
integrate in torotdal direction over a port size L, and over a sub recess size L, to make use
orthogonality of trgonometric functions:

fdv smlk, (Z-Z )][E;I = Eg] ]m-
z°

rl

Z)?+.Lr

[desinlk, - B =B

Making use the expressions for the fields from previous sections one gets a continuation
of hnear equations for unknown coefficients for the em fields:

2 (VAL’\TN Am T ‘VMMN' B j.:ifN] )= UjMN’: (7.1)
w
Here

L .
View = Lo I (P 1) _?pPNJM (Pu1)0

L .
WM\N T Ygloyr) - ,: PNKW(PN’})‘S,W‘



The right hand side of Eq . (7.1) includes also a contribution of radial antenna feeders
(throuth the function F):

_,ll\iNz = JWI (r ) 2 T j‘VINI (r ) +

E‘uwn{prerMn IMm(r)+QJanz M(pn )]_anJLMm M(pnr) Fsz(r )}

Matrix T is given by
2 »
TMVN' = L_pN‘ 2 E(Mﬂ\’nywnRMn)
T L

where

Py Vi (a7 + Y5 (P,7)
P; Y;’\a’n‘]‘\? (pn’;‘)-{h Yﬂ(pnrs) ‘

Ry, =

LTy

The coefficients w,, are given in Appendix.
The coefficient B" is expressed as:

1
By = F,(n) - QIg(p,r)+
TP ) e

L7 & HuaPalAn T (Pt )+ B Y (pyr) + B (1))

r#q N

This completes preparatory work for solving antenna problem on a computer.

VIII. LINEAR SYSTEM OF EQUATIONS



The denived linear equations (6.1) and (7.1) we combine in a compact system For the
brevity we use “clauster” index I = {j, M, N}

Sp.B =D, -U, )
1

It means that

B =Y FD, ~U,) (82)
I
where

P.=H,-W_.86.0

b b MNN Y Ang

For example, V. is inverted over indexes NN matrix V,,, .. Then we find

A_,{_fﬂ\’z =U AN T 2 WM\'N’ BJ{:;\-I (83)
N

It would be possible to make a solution of the linear system “ideologically simple”, but
with greater requirement on “memory”.

IX. TOTAL ANTENNA IMPEDANCE and IMPEDANCE MATRIX



We define total antenna matrix impedance Z through a complex power:

]. gt . _ }. 2
P == [T OBV = 215 ©1)

24
Here I, is amplitude of an exciting current in sub loop. (In above definition the multiplyer,
responsible for averaging of squared current over loop length has not been accounted for
simplicity).

The antenna impedance matrix we define as

Z, = (i (PE;()av (©2)

assuming unit loop current: I, = 1 SGSM. In Egs. (9.1), (9.2) integration is performed
over volume of excited antenna currents {over the loops). The contribution of radial
antenna feeders in an impedance is evaluated by trapezia
rules (we recall that “1” 1s a global sub loop number over all ports and recesses).

In following the indexes j,1 (j 1s port number, 1 is “local” number of a sub recess in a
port) are those, that A;ﬂ =1.

9.1 Loops are deeply in sub recesses

In this case s > r; . Then performing an integration we find:

i r,-S
Z. =ZkolppL,{szl = >, (9.1.1)

Here

o =;J;MAM{pn[A*’ TPy + By Y (N4 Fy, ()} (912)

My

o — TS T(pn)
22 “EJJM'I{M[A:;M?F'( M;DS + M:.Dr )

w

Y. Y_
AB M(P,,s)+ = (Par)

M
5 r,

) (9.13)

+ GJIMm' (s) + Gler:f' . )}.

A r

w

The above impedance formulas are useful in many respects. For example from
(9.1.1) follows that impedances are proportional to poloidal antenna extent ¥,,.



92 Loops are oulside of sub recesses

In this case antenna sub loops are moved more closely to plasma to increase an active
impedance (loading resistance): s <r,, . Direct evaluation of (9.2) gives the
impedance matrix:

(62.1)

_ i T,
L. = -ZICO‘PP{LP(:.'E1 +

_522 V+ L

The contribution of poloidal RF current to the impedance is given by

2 E LAY M{p\ ;ﬂm ‘]u(pns) + B_::Zm Yu (p‘\,S)] + ‘L;‘.\w{ (S)} (9'2 2)

Contribution of rad:al feeders outside of a recess is;

A )+
¥

W

(px's)
2 = o aadAMIA L (e

Vij Yy (PyS) + YA—f(err)

AN § r, )] +
L5 ) G .. ()
f”‘; "“: (923)

5

Contribution of part radial feeders, located inside of a recess,to the impedance matrix is
given by:

e o— o Jd=pr) Jo(pr)
N = D TaniMIA,, L (— rn pE el

Ay ¢ r,

Y-(p,r,) .\ Yo(p,n)

'
leMm' ; . N+
ijMr,n' (rs) + G;Mrp' (rw) (9 2 4)
£ i~

X. RADIAL POWER FLUX



Making use orthogonality eigen functions the radial power flux is expressed in a
compact form:

T xR
C «
I, =—g!dqo:£2rd: Re[E, B.]1= ;Hm

where at a port mouth r = b each Fourier term 1s given by

1 ,
N -—awaRp: 1B, ¥ Im(y ) (10.1)
2w

n

Here magnetic field B', is a contribution of all loops of multi port antenna

B, -8B,

APPENDIX



la. BESSEL FUNCTIONS

In this report many times appearing Bessel functions J and Y are understood as:

Ipr), Y (pr), pi=0
I{pr), Y pr) = {
Jpr), K(pr), p* <0

where I (z) and K (z) are modifyed Bessel functions
The Wronskian of Bessels has a form:

: : 1
Ja(PrYo(pr)=Jo(Pr)Y(pr) =—

r

where

n/2, p'z0
w =4
-1, pr<o

2a. COEFFICIENTS ajym, Bisns Max,

The coefficient alfa is the integral:

¢f+‘~!l P

Xy = fcos[ﬂﬂf((p—tpf))]e'mwdqu

e



_l-evwf I _1)1‘»{etm‘PP -1

m —
T g e [ 1=l MM |
m — M,

[
I
R —
= 47"5’”‘% e bml=l M, 1= 0
I
|
|

The coefficient beta is the integral over toroidal wide of a port:

Z+L,

Bae= [sinlky(z—z))le™d: -
ZI}

- . k
I[e SN e = Nkz ,,,,, |k, 1=l &, |

N

The coefficient mu is integral over toroidal width of I-th sub recess of j-th port:

0
Zy

vy = fsinlky (2 = 2))]sintk, (2= 25)]dz =
Z

where z” =1(L, + d,) and d, is thickness of a sub recess wall in toroidal direction.

3a. FUNCTION U(r)

Presence of radial antenna feeders requires of solution of inhomogeneous differential
equation. In cylindrical antenna geometry it is a particular solution of the equation:



Jr'lnr"(r)+m'(r)+(pzl"2 - A_/Iz) =1

where prime means differentiation over r We find this solution numerically by an
expansion u(r) in Teylor series over t =r/s-1 argument near of t = 0.

4a2. FOURIER COMPONENTS OF SUB LOOP CURRENTS

On Fig. 1ap we scetch antenna mouth how it is seen from a plasma center. In each sub
recess are located 2 sub loops (or even one sub loop as an option). The poloidal angle
antenna loop and port angle sizes are shown together with coordinates of loop centers in
polodal and toroidal directions.

Two operational modes of RF feed are also shown' out phase and sin phase feeds,
creating different Fast wave exciting spectra.

For the out phase feed the expressions for Fourier harmonics of excing currents are:

P,
e

J =

g iMn D

Joud

@M

It is a current in sub pecess. The poloidal current Fourter component in a port region
outside of a recess is given by

P,
anmm = __I_-)_‘]zpmjﬂ\’
In theses formulas @, and D are respectively phase of i-th loop and toroidal wide of a

loop.
The “hatted” currents in main text are’

—_ e"b’ -

JzMn = _b_JJM‘]q
~ enp! -

T = T

Here



4
n m]

Y« s N D
J = sin(—)sin{ k. —
(SDsinck, =)

4 . oy - D
Jw = Esm{ kz, )sin(k, 5)

For out phase feed

— v
cos( Mo’ )cos(fs—=2

4
J fE—
W 2

M

. =W
)sm(M?)



wall !

—J 1

e e e m m e e e e e — — m m m m e m m m = m m — e — — = — e = = — = = ==

' Minor radius plasma cross section together with in-port multi loop

' ICRF antenna. In and out of recess loop location options are shown.



Fig.1ap. FOURIER COMPONENTS OF SUB LOOP CURRENTS

D
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r 5
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