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ABSTRACT 

The ray tracing code, TORAY, is used to investigate the 
importance of modeling assumptions utilized in describing Elec
tron Cyclotron Heating (ECH). In particular, we examine the 
dependence of the ECH deposition profile on the antenna pattern. 
We demonstrate that different assumptions for representing the 
incident wave energy by a finite number of rays lead to signifi
cantly different results for the energy deposition profile. 
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GENERAL B A C K G R O U N D 

Correct modeling of incident electron cyclotron energy is particularly important 
since knowledge and control of the deposition profile are necessary to achieve many 
of the goals envisioned for ECH . For example, stabilization of tearing mode insta
bilities, current drive resulting from deposition of electron cyclotron wave energy, 
and understanding electron transport all depend on controlled localized deposition. 
The electron cyclotron wave energy propagates from outside the plasma chamber 
into the plasma with the distribution of incident power determined by the antenna 
pattern of the launcher. It will be shown that the computed energy deposition 
profile may sensitively depend on .the modeling of the incident power. 

The amplitude of the incident wave energy is a continuous function over a solid 
angle. However, before ray tracing can be used to model ECH deposition, we must 
determine how to utilize the measured angular pattern of the launcher in choosing 
a finite number of rays to represent the incident electron cyclotron wave energy. In 
particular, we must decide what algorithm should be used so that a relatively small 
number of rays properly describes the launched power profile. 

One approach is to locate a point source at the plasma boundary (or at the 
antenna location) and to represent the antenna pattern of the incident energy by a 
number of rays with each ray being assigned an appropriate fraction of the incident 
energy. However, it is computationally inefficient to carry out the ray tracing, with 
the associated energy deposition, and then to weight the result with a small relative 
weight. A better approach would be to use an appropriate angular distribution of 
rays. The question that remains to be answered is how many rays and at what 
angles. 

From the examples of case studies presented, we see that the answer is not 
simple since the energy deposition profile may be a sensitive function of the angular 
distribution chosen to represent the incident power. In this paper we compare 
the energy deposition profiles that result when different assumptions are made in 
modeling the launch pattern. For example, we compare the deposition profile that 
results when Gaussian beam theory is used to describe the launched antenna power 
with the deposition profile that results when a uniform pattern of rays is assumed. 
In part, the interest in Gaussian beam theory stems from the fact that the HE11 
mode used at the launcher in ECH experiments on the PDX and PLT tokamaks 
results in an antenna pattern that is properly described by Gaussian beam theory. 
Moreover, the TE11 mode used at the launcher in the D3 and TFR experiments 
yields a pattern that 5s Gaussian in one direction. Below, we develop the procedure 
used in choosing the set of rays that describes the power distribution launched from 
a Gaussian antenna in free space. 

2 



G A U S S I A N B E A M A N T E N N A 

A Gaussian beam antenna produces a power density [1-3] 

P(r,z) = P 0 e x p - 2 r 2 

w(z) J (1) 

where r is the radial displacement from the antenna center line and z is the distance 
between the antenna center line and the plane where the power density is computed. 
The beam contour is given by 

w < z > = w ° [ i + ( ^ y 
n«/» 

(2) 

where X is the wavelength. The Gaussian beam contracts to a minimum diameter 
2wo at the beam waist where the phase front is plane. From the equation for w(z) 
it follows that the beam contour is a hyperbola with asymptotes inclined to the axis 
at an angle a where 

It follows from Eqs. (1) and (2) that on the plane a distance z from the antenna, 
the power I, within the radius r is given by: 

"W-jO—E? 2ffudu. 

Carrying out the integration and solving for r, we find 

,1/2 

* [ -* ("£) ] • 

(4) 

(S) 

where loo = P Q T W 2 / 2 . By considering average values of IfrJ/Ioo in the various 
radial zones, we obtain the value of r associated with each zone. 

In order to obtain the angular displacement associated with a ray that has 
radial displacement r from the center of the antenna beam at a distance z from the 
antenna, we require the effective radius of curvature, R(z), of the wavefront. The 
quantity R(z) is then the distance from where the power density is calculated to 
the effective launch point of the rays. In practice, we find that the effective launch 
point of the rays may be located well behind the physical location of the antenna. 
From Gaussian beam theory, R(z) is given in terms of the parameters Wo and A by: 

R ( z ) = z l + ( 
7TW£\ 

Xz J (6) 
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The angular displacement from the center of the Gaussian beam, i/> , is expressed 
in terms of r and R(z) by the equation 

ijj = arcsin (r/R(z)) . (7) 

Once V» is known, we can determine A$ and A0y the toroidal and poloidal angular 
displacements for the rays used to describe the antenna pattern of the power 
launched in the ECH studies. 

A problem that remains is to determine the appropriate value of z, that is, 
the location of the plane where the incident radiation pattern is to be computed. 
For example, should z he chosen so that we compute the Gaussian beam pattern 
near the edge of the plasma or should z be chosen so that the antenna pattern 
is computed near the location of the resonance layer? We have considered both 
of these possibilities in our studies and have found that, for the range of plasma 
parameters examined, the ECH energy deposition profiles do not sensitively depend 
on our choice of z. In the studies presented here z is chosen so that the antenna 
power profile is computed 5 cm into the plasma from the edge. Below we illustrate 
the dependence of the power deposition on the representation of the incident angular 
power spectrum. 

E X A M P L E S OF P O W E R D E P O S I T I O N PROFILES 

In order to examine the dependence of the power deposition profile on the 
incident angular power spectrum, we consider PDX/PLT type plasmas with outside 
(low field) O-mode launch and D3 tokamak plasmas with inside (high field) X-mode 
launch. In Figs. 1 and 2, we present the results for an antenna of the type used 
previously on PDX and now on PLT, i.e., an antenna 6.35 cm wide emitting ECH 
power in the HE11 mode [4,5]. O-mode power is launched from the low field side 
of a PDX/PLT like plasma with major radius, R, equal to 136 cm; plasma radius, 
a, equal t o 35 cm-, and central toroidal field, 21 kG. The frequency of the incident 
wave power is 60 GHz and the density, temperature and q profiles are given by 

n e ( c m - 3 ) = 1.4 X 1 0 1 3 [l - ( r / a ) 2 ] , (8) 

T e (keV) = 1 . 4 [ l - ( r / a ) 2 ] 2 , (9) 

q = 1.5 + 2 .5( r /a) s . (10) 

In each figure, poloidal and toroidal views of the ray paths are presented along with 
the plots of deposited power density and integrated deposited power as a function 
of radius. 
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In Fig. 1, the launched ECH power is represented by a uniform array of 42 rays. 
The launch direction of these rays results from using six angles in the pololdal plane 
and seven angles in the toroidal plane for each poloidal angle. The rays are taken to 
be uniformly spaced in both directions over a total angular width of 7.74 degrees, 
the same angular width that is obtained when Gaussian beam theory is used to 
describe the antenna pattern. The x's along each ray indicates a 10% or more 
additional power deposition along that ray path. The deposition location depends 
mainly on the poloidal angle. Since the six poloidal angles are symmetric about the 
plasma center line, the deposition pattern associated with the chosen uniform ray 
pattern is peaked at three radial locations. Clearly, this deposition pattern cannot 
properly represent the deposition associated with the continuous, centrally peaked 
radiation pattern that is emitted by the antenna. In Fig. 2, the ray paths and ECH 
deposition are presented for the case where 40 rays are chosen using the Gaussian 
beam theory described above. The value of w 0 for the antenna is 2.032 cm and z 
V/LS taken equal to 35 cm. R(z) is then equal to 54.2 cm and the effective location 
of the antenna is 19.2 cm behind the physical location of the antenna. The incident 
power is represented in terms of five radial zones about the central direction of the 
antenna. 

Comparing the results presented in Figs. 1 and 2, one finds that the deposition 
profile of the ECH power sensitively depends on the antenna modeling assumptions. 
Moreover, the choice of launch angles for the incident rays based on Gaussian beam 
theory which properly describes the launch pattern results in a more realistic power 
deposition pattern than when a uniform array of incident rays is used to represent 
the incident ECH power. 

Next we consider different antenna modeling procedures and the resulting 
power deposition profiles for ECH X-mode power launched into a D3 tokamak plasma 
from the high field side. The tokamak major radius is 143 cm and the plasma radius 
is 46 cm. The antenna was located 2 cm from the edge of the plasma. The plasma 
density, temperature and q profiles are given by 

n e { c m - 3 ) = 4.9 x 1 0 1 3 [l - (r/a) 2] °' 6 , (11) 

T e(keV) = 1 . 0 [ l - ( r / a ) 2 ] , (12) 

q = 1.0 + 3.0(r/a) 2 , (13) 

and the cyclotron resonance is located on the plasma axis. 

In Fig. 3, we present results for the antenna pattern that was assumed in 
analyzing data taken during the ECH experiments on D3. Eleven rays are launched 
from the edge of the plasma and the angular range of the rays launched in the 
poloidal plane is taken to be 9.4 degrees in the poloidal plane and 10.8 degrees in 
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the toroidal plane. In Figs. 4 and 5 are results obtained using Gaussian beam theory 
to provide the angular distribution of twenty rays used to model the antenna launch 
pattern. For the results in Fig. 4 the antenna diameter is taken equal to 2.1 cm, the 
actual D3 antenna diameter. This corresponds to a beam waist radius, w 0 equal 
to 0.68 cm. The effective launch point is 2.2 cm from the edge of the plasma and 
the angular range of the launched rays in the poloidal and toroidal planes is 20.5 
degrees. Clearly, when Gaussian beam theory is used to model the power launched 
from the 2.1 cm antenna, power deposition occurs over a much broader radial range 
than when the assumed antenna pattern is used. The plots in Fig. 5, show the ray 
paths and deposition profile that would result if an antenna of the type used on 
PLT were used on D3. Because of the larger antenna size, the effective launch point 
is 29.2 cm from the plasma edge and the angular range of the launched rays is 4.7 
degrees. Comparing Figs. 3 and 5, we find that if this larger size anttnna would 
have been used in the D3 ECH experiment, then the power deposition profila would 
have been closer to the one used in the analysis of the D3 data, i.e., the one shown 
in Fig. 3. 

In our study of ECH deposition profiles, we find that the radial range over 
which deposition takes place is not as localized as might be desired for some of the 
applications envisioned for ECH in toroidal geometry. Typically, in our studies the 
radial range of deposition is 10 to 15% of the plasma radius when the diameter of 
the wave guide that launches the power is 6.3 cm. When the launching wave guide 
diameter is smaller, for example 2.1cm, or when the plasma is dense, the radial 
range over which power deposition takes place may be as la.i"ge as 40%. 

C O N C L U S I O N S 

The ECH energy deposition profiles presented above clearly indicate that care 
must be taken in choosing the ray pattern that represents the launched power. To 
develop confidence that a reasonable representation of the launched power distri
bution is being used, one should determine if the energy deposition profile changes 
when either the number of rays is increased or when some reasonable modification of 
the launched pattern of antenna power is assumed. Clearly, increased refraction of 
the rays, associated with higher plasma density, makes the deposition profile more 
dependent on the antenna modeling. The deposition range depends on the plasma 
density as well as on the antenna size. We find that when deposition is near the 
plasma center, the wave energy per unit volume is dependent on what fraction of 
our chosen antenna pattern happens to pass near the plasma center. 
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FIGURE CAPTIONS 

Figure 1. O-mode launched from the low magnetic field side. The antenna, pattern 
is taken to be uniform. 

Figure 2. O-mode launched from the low magnetic field side. The antenna pattern 
is taken to be Gaussian. 

Figure 3. X-mode launched from the high magnetic field side. The antenna pattern 
is that used in the analysis of ECH data from experiments on D3. 

Figure 4. X-mode launched from the high magnetic field side. The antenna pattern 
is taken to be Gaussian for an antenna 2.1 cm in diameter. 

Figure 5. X-mode launched from the high magnetic field side. The antenna pattern 
is taken to be Gaussian for an antenna 6.35 cm wide. 
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Figure 1. O-mode launched from the low magnetic field side. The antenna pattern 
is taken to be uniform. 
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Figure 2. O-mode launched from the low magnetic field side. The antenna pattern 
is taken to be Gaussian. 
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Figure 3. X-mode launched from the high magnetic field side. The antenna pattern 
is that used in the analysis of ECH data froaJ, experiments on D3. 
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Figure 4. X-mode launched from the high magnetic field side. The antenna pattern 
is taken to be Gaussian for an antenna 2.1cm in diameter. 
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Figure 5. X-mode launched from the high magnetic field side. The antenna pattern 
is taken to be Gaussian for an antenna 6.35 cm wide. 
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