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ABSTRACT

A one-dimensional cylindrical model including Hall current
effects is used to optimize the antenna system for Alfvén wave heating
in the TCA tokamak. The power absorbed in the plasma is computed as a
function of the shape of the antenna, its orientation with respect to
the poloidal magnetic field, its radial position as well as its
fundamental toroidal wave number. The study reveals several ways of
improving the performance of the modular antenna system used in TCA.

1. INTRODUCTION

Resonant absorption of Alfvén waves has been proposed many years
ago [1,2] as a possible candidate for heating tokamak plasma to fusion
temperatures. The method is currently being investigated on serveral
tokamaks [3,4,5]. Recent experiments on TCA, at RF power levels
exceeding the ohmic heating power (200 kW), have shown substantial
increases in electron and ion temperature [3]. Theoretical calcula-
tions [6] of absorbed power, using a 1-D cylindrical model including
Hall currents have given good agreement with experimental results [7],
as far as the excitation of modes with m=t1 is concerned. Not all the
observations, however, can be explained with the cylindrical model
[8]. Some experimental features seem to be due to the toroidal geome-
try. Presently, the torus can only be modeled in ideal MHD, i.e.
neglecting finite frequency (or Hall current) effects [9]. The two
theoretical models are complementary but, in general, the cylindrical
one compares better with the experiment. This gives us a certain
confidence to use the 1-D model for antenna optimization.

Previous work in this direction [10] was mainly concerned with
optimizing the antenna loading in w-k space, using an ideal helical
antenna with fixed current. Here, we develop the theory of a general
single-mode antenna, modeled by an imposed current distribution with
an arbitrary radial profile. Then, we consider a real antenna, similar
to the one mounted in TCA, and we include the effects of feed
currents. We examine various optimization criteria, and we investigate
the effects of varying the toroidal wave number, the shape of the
antenna, the tilt angle between the antenna current and the poloidal
magnetic field, the radial positions of antenna and plasma surfaces
and finally the geometry of the feed currents.



2. BASIC ANTENNA THEORY

The frequencies in the range of Alfvén wave heating are so small
that the wave fields in the vacuum between plasma (radius rp) and
conducting wall (radius rg) can be described by quasistationary
electrodynamics. A straigthforward antenna theory can be developed if
the antenna is modeled by imposed currents flowing in the vacuum and
not as pieces of metal in which image currents can flow. It is our
intention to treat antennae of realistic shapes. In the framework of a
cylindrically symmetric model they can be described as sums of
Fourier-modes, exp i(mé+kz-wt) [11], where r, 6 an z are the usual

cylindrical coordinates. In this section we discuss the theory of one
single mode.

The antenna geometry is chosen as follows. Surface currents are
allowed to flow on radii r;, and r,, with Ip<r;<ry<rg. The radius
r, will eventually tend towards rg. In the range ¥ <r<r, volume
currents may flow. These currents are necessary to describe the
currents in the feeders of a realistic antenna [10].

In quasistationary electrodynamics the current density, j, must
satisfy

-

V-J = Q (1)

and may therefore be written as
'—»

T:Vxé (2)

-
where b is an arbitrary "current potential". In cylindrical coordi-
nates, Vx? contains radial derivatives of bg and by, but not of
by. The current potential b can therefore have the form

L, =LK (r) =i S(r=0) 4 ¥ I (1, )

r
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The potential B is zero if r<r; or r>rp. The quantities B and y are
arbitrary constants and “@(r)=(iay,ag,x;) is an arbitrary vector
function. Upon substituting eq. (3) into eq. (2) we obtain
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Here the prime denotes 3/dr.

Any antenna configuration with two surface currents at r=r; and
r=r, can be obtained from a special choice of «(r), B and y. Let us
mention two simple examples. With «=y=0 a helical antenna at r=r,
without feeders is obtained. The choice «r=0,=0 and Yrag=mg=my
leads to an antenna with poloidal surface currents (jg) at r=r; and
r, and radial feed currents (j.).

The wave equation in vacuum is
—_— N, > (5)
VxR = Mo
Defining a magnetic field potential, ¢, by
—r —
B=polt —7¢)

we can write the wave equation (5) restricted to the regions rp<r<

(6)

rjs r;<e<r, and r,<r<rg as

A= X "
The boundary and matching conditions are
¢ () =
IM’JIQ =4, [[¢/ﬂ,2 =~ (%) (8)
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The bracket [cp]], denotes the jump ¢(r+0)-¢(r-0). If r,org we
have ¢'(r,+0)>0 and therefore ¢'(rg)=a,(rg). This is the situa-

tion where the surface current at r=r; is fed from outside.

Here we do not specify the boundary conditions at the plasma-
vacuum interface as we do not discuss the solution of the wave equa-
tion in the plasma. For this part of the problem the reader is
referred to a recent publication [12]. It is easy to solve egs. (7)
and (8) numerically whith a Runge-Kutta procedure.



Once the magnetic fields or ¢ are known one can calculate the
power emitted by the antenna. Iet us define the complex power emitted
per unit area of the inner antenna sheet :

r 1 TE rdr
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Using eq. (2) and Maxwell's equations one has
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In the following sections we will always choose r,=rg and we
define rp=r; as the antenna radius. The currents flowing at r,=rg

are dissipationless.

3. FOURIER EXPANSION OF REALISTIC ANTENNA CURRENTS

Arbitrary antenna currents, at r=rp, may be written as

Jo =ZS J(“VA)J‘(W"LAZ_M) (1)
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In applying this formalism to a torus, we replace kz by n¢ where n is
the toroidal wave number, n=kR, ¢ is the toroidal angle, ¢=z/R, and R
is the major radius. Integrating V°§:0 from r=rp-e¢ to r=rpte where
e > 0, and assuming —j;O for r<rp gives us the radial component of
the feed current at r=rp,

-[m " '] ,;(m9+h$0—§.f) (13)
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If we then write, for r>rp,

JP (r) = J,ﬂ (w) V,, ) (14)
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where Vn m(ra)=1, and if we assume 3j,=0 for r>ra, we can
express the feed currents as
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Comparing egs (15) and (16) with eq. (4) we find that B=Sg/K,
ay=—(rag)'/m, ag=(mSg/krp+S,)V and a5=0. As an example,
let us compute the functions Sen,m' Szn,m and V,, for the

TCA antenna in standard phasing (Fig. 1). In this case, the antenna
currents at r=rp are given by

== S0-r) T 9)e
Jz =

where w is the width of the antenna, w=2R l7OA. The function £f(6 ,%=

+1 within the rectangular surfaces shown in Fig. 1, and £(6,f)=0 else-
where (f=1 for I>0 and f=-~1 for I<0). £(9,¥) is expanded as
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and the coefficients cp,p are given by
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Evaluation of the integral (19) yields
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where m=odd and n=+2,+6,+10 ... The function Vn,m(r) depends on the
geometry of the feed currents. We shall consider two cases : a) purely
radial feed currents and b) vertical feed currents (as in TCA).In case
a) we have, for r>rp
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In case b), things are more complicated. Consider a poloidal sec-
tion of the antenna at‘f=0 (Fig. 2). The feed currents can be written
as

\ I : : .
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where the function g(6,%) is given by

g6, %) = £(6) H(¥) (23)

and h(6) and H(f) are defined by
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Note that 6p 1s a function of rp, 6p=arc tan(Xp/rp) (Fig.
2). The function g(0,'9) is expanded as
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and the coefficients d,, are evaluated according to eq. (19),
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where m=odd and n=+2,+6,+10 ... It follows that
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and by comparing with eq. (15) we find
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4. OPTIMIZATION CRITERIA AND BASIC ASSUMPTIONS

In optimizing an RF heating system, one obviously wishes to maxi-
mize the power transferred to the plasma, while minimizing antenna
voltage, antenna surface area and resistive losses. The trade-off
between voltage, surface area and resistive losses, however, is not at
all obvious and depends on many parameters. If, for example, the an-
tennae are unshielded, the voltage must be kept low in order to avoid
arcing. If on the other hand the antennae are enclosed in Faraday
screens, a small surface area is probably more important than low
voltage.

In order to limit the number of parameters to be varied, we make
the following assumptions : The total antenna surface area is fixed at
16 % of the plasma surface. We consider only M=1 excitation with two
antennae on a poloidal circumference, dephased by 180 ° (M and N de-
fine the excitation structure, i.e. the geometry and phasing of the
various antennae, whereas m and n define a particular mode or Fourier
component). We assume that there are a total number of 4N antennae in
the torus, where N is the lowest toroidal wave number. The phase angle

between two adjacent antennae on a toroidal circumference is always



180 ©. We only consider rectangular or trapezoidal antennae with ver-
tical or radial feed currents. In most of the calculations we assume
that the frequency is just beyond the edge of the second continuum of
the lowest n (usually n=2). In the case of a purely poloidal antenna,
this implies that about half the power is deposited in the center and
the other half close to the edge of the plasma. We generally assume
w/wei=0.217. This corresponds to present TCA conditions in deuterium
(v=2.5 MHz, B=1.5 T). When N is varied, however, w and w/wei are
assumed to increase with N in such a way that the plasma density on
the continuum edge remains constant. Standard values of antenna and
shell radii are rp/a=1.15 and rg/a=1.5, except when these quanti-
ties are varied (section 8). All calculations are based on a standard
tokamak  equilibrium with @u=0.91, qz=3.27, j=jo(1-(r/a)2)2-5,
p=p0(1-(r/a)2). The plasma aspect ratio is taken as R/a=3.3, except
when a is varied, in which case R=const.

Under these conditions, we compute the power transferred to the
plasma, in cylindrical approximation, eq. (10), as a function of the
following parameters : 1) toroidal wave nuwber, N, 2) antenna length
to width ratio, 3) antenna tilt angle with respect to the poloidal
magnetic field, 4) antenna radial position, 5) plasma radius, and 6)

geometry of feed currents. Results are presented in the sections
below.

5. LOW vs. HIGH TOROIDAL WAVE NUMBERS

One of the important parameters in an Alfvén wave heating system
is the toroidal wave number, N, of the fundamental mode to be
excited. The choice of N not only determines the geometry of the
antenna system but also fixes the optimum excitation frequency for a
given plasma density. The basic question is whether low or high N's
should be preferred. In order to answer this question, we compare
systems with different N's, under the following assumptions : the
number of antennae in the torus, Np, is assumed proportional to N
(Np=4N). The total antenna surface area and the length of each
antenna are held constant, whereas the antenna width is proportional
to 1/N. The RF current per antenna also varies as 1/N, in order to



keep the current density constant. The excitation frequency is assumed
to increase with N in such a way that the (n==N, m=-1) continuum edge
always corresponds to the same value of the plasma density. Under
these conditions, we compute the total power absorbed in the plasma
for various N's. The result is shown in Fig. 3, where we plot absorbed
power as a function of the normalized frequency (Q=(wa/By) LoPg). In
Fig. 4 we show the absorbed power on the edge of the (n=-N, m=-1)
continuum as a function of N. We observe a clear maximum in the neigh-
bourhood of N=4.Higher N numbers do not seem to be attractive, even in
the cylindrical approximation. In toroidal geometry, high-N excitation
leads to the additional problem of power deposition near the edge, due
to mode coupling [9]. Also plotted in Fig. 4 is the antenna terminal
voltage as a function of N.

It should be remembered that the results presented in Fig. 4 were
obtained assuming constant current density in the antennae. If we
assume constant terminal voltage or constant resistive losses, the
maximum is shifted towards slightly lower values of N (i.e. N=3). On
the other hand, if we decrease the plasma-wall spacing (e.g. rg/a=
1.2) or if we increase the aspect ratio (e.g. R/a=4.3), the optimum N
is shifted upwards to values between 6 and 8.

6. OPTIMUM SHAPE OF A RECTANGULAR POILOIDAL ANTENNA

The simplest modular antenna system for excitation of Alfvén
waves in a tokamak is the rectangular poloidal antenna (Fig. 1). If
the total antenna surface is fixed, the only free parameter is the
length-to-width ratio, 6p/‘Pa. (Length and width of a poloidal
antenna are given by 2 rapp and 2 R'¥p, respectively). In this
section, we compute the absorbed power as a function of the angle
6as assuming 6pa=const. The calculations were done for a TCA-
type system with 8 antennae in N=2,M=1 phasing. The excitation fre-
quency and plasma density are fixed (Q=1). The results are shown in
Fig. 5. When the current in each antenna is kept constant, the power
increases roughly linearly with 6p. From this result one might con-
clude that 6p should be made as large as possible. However, when the
voltage on the antenna terminals is kept constant, the trend is exact-
ly opposite and the absorbed power varies approximately as 6 A'3/ 2,
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We believe that low voltage is much more important than low current,
at least for unshielded antennae [13]. In TCA, for example, the absor-
bed power could be increased by a factor 3, without changing the an-
tenna voltage, if the angle 6p were reduced to 22.5 ©. Such a modi-
fication would, however, pose some problems with diagnostic access,
since the toroidal angle, fa, would be increased by a factor 2, and
the toroidal coverage would be 61 %. In Fig. 5, we also show the case
where the resistive losses, D ~12(6A/?A), are assumed constant. In
this case, I varies as @ A'l and the absorbed power becomes almost
independent of 6p. In conclusion, it appears that an unshielded
poloidal antenna should be made as short and wide as possible in order

to minimize the voltage on the terminals.

7. SEGMENTED HELICAL ANTENNA

Up to this point, we have been considering purely poloidal anten-
nae. These excite modes with positive and negative helicity, leading
to a non-optimal power deposition profile (typically one half in the
center and one half on the edge). In order to avoid edge loading, one
might consider using a continuous helical antenna. However, this is
not a very attractive solution from a practical point of view. Here,
we wish to investigate the performance of a modular helical antenna,
consisting of short helical segments. et us consider a tilted tra-
pezoidal antenna, as shown in Fig. 6. The parameter t defines the tilt
angle, t=d /d6. Fourier expansion of the surface currents, according
to egs (11) and (12) yields

€ 4TI  sin% sm(m+tn)e,

S = — (31)
6,"”‘ T°RY%, h m+tn
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where m=odd and n=+2,%+6,+10 ... Similarly, the Fourier expansion of

the vertical feed currents leads to
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where we have used egs (15) and (16) to describe the volume currents
in the vacuum, for radr<rg. It is obvious that the excitation
amplitude, Sty n,m (eq. 31) now depends on the relative signs of
m and n, i.e. on the helicity of the mode considered.

Fig. 7 shows two typical loading curves, for TCA parameters, one
with positive, the other with negative tilt. We note that the two
curves are completely different although the tilt angle used here,
t=0.2, is much smaller than that which would be required for aligning
the antennae with a (n=2, m=1) helix, i.e. t=m/n=0.5. This indicates
that preferential excitation of modes with positive or negative heli-
city is possible with moderately tilted antennae. In Fig. 8 we show
how the total absorbed power is split up between modes with positive
and negative helicity. The Figure displays the fractional loading due
to these modes as a function of the tilt parameter, t. The frequency
is chosen just beyond the edge of the (n=-2, m=-1) continuum
(2=0.925). We note that for t=+0.3, the plasma responds as if it were
excited with a perfect helical antenna. Even for t=+0.1, corresponding
to a physical tilt angle of «=arc tan(tR/a)=18 © s there is only 17% of
the power in the unwanted modes. We conclude that efficient mode
selection and, hence, power deposition profile optimization can be
achieved by using a segmented helical antenna. Such an antenna may,
however, lead to other problems : since it produces an electric field
component parallel to the toroidal magnetic field, a Faraday screen
may turn out to be necessary.

8. EFFECT OF PLASMA AND ANTENNA RADII ON ABSORBED POWER

It is clear that, in order to optimize the power transferred to
the plasma, the antenna should be placed as close to the plasma as
possible and the conducting shell should be as far away as possible.
Starting from TCA conditions, (rp/a=1.15, rg/a=1.5) we first con-
sider the effect of varying either the antenna radius or the plasma
radius (Fig. 9). Plasma density, g-profile and excitation frequency
are assumed constant. On the left-hand side of Fig. 9, we show the
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power as a function of plasma radius, with fixed antenna radius. The
slope of this curve agrees well with measurements in TCA [14]. On the
right-hand side of the same Figure we plot the power as a function of
antenna radius, with fixed plasma radius. We note that if one wishes
to increase the distance between plasma and antenna (e.g. in order to
introduce a Faraday screen) while minimizing the associated loss of
coupling, then it is preferable to reduce the plasma radius rather
than increase the antenna radius. This is seen more clearly in Fig. 10
where we plot the loading as a function of a/rg for various values
of A, where A=(rp-a)/rg. It is interesting to note that the
absorbed power reaches its maximum for relatively small values of
a/rg.

9. COMPARISON BETWEEN RADIAL AND VERTICAL FEED CURRENTS

All the results presented so far were obtained by assuming verti-
cal currents feeding the antennae (see section 3). When the feed
currents are purely radial, the area enclosed by the antenna loop is
increased and the coupling to the plasma is improved. This is seen in
Fig. 11 where we show the resistive loading as a function of Q@ for the

two cases with vertical and radial feed currents.

10. CONCLUSIONS

Two important conclusions can be drawn from the results presented
above : firstly, we have shown that in a tokamak with small aspect
ratio (R/a = 3.3), circular cross section and relatively large wall
radius (rg/a=1.5), the optimum toroidal wave number, N, for Alfvén
wave heating is between 3 and 4. Both very low and very high N's lead
to a considerable reduction in the power transferred to the plasma. If
the aspect ratio is increased and the wall radius decreased (e.g.
R/a=4.3, rg/a=1.2) we obtain qualitatively the same result, but the
optimum N is shifted to values between 6 and 8.

Secondly, by analyzing a modular helical antenna consisting of
short segments which are tilted with respect to the poloidal magnetic
field, we have demonstrated that almost pure helical modes can be
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excited by using tilt angles which are only about one half of those
corresponding to the helix of the mode. This implies that the optimi-
zation of the power deposition profile, and in particular, the elimi-
nation of power absorption near the edge of the plasma, are feasible
without using a continuous helical antenna.
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Absorbed power vs. Q=(wa/Bg)/nopy for N=2,4,6,8

Absorbed power and antenna voltage on the edge of the (n=-N,
m=-1) continuum vs. N

Absorbed power vs. antenna length, assuming constant antenna
surface

Tilted trapezoidal antenna
Resistive antenna load vs.Q for two different tilt angles

Fractional load for modes with positive and negative helicity
vs. tilt angle (9=0.925)

Absorbed power as a function of plasma radius and as a func-
tion of antenna radius

Absorbed power vs. plasma radius for various values of the

radial distance (A) between plasma and antenna

Resistive antenna load vs. @, assuming vertical or radial
feed currents
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