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1. Introduction 
A complete understanding of the RF physics from the launcher to the plasma core is re- 

quired to fully analyze RF experiments and to evaluate the performance of RF antenna designs 
in ITER. This understanding requires a consistent model for the RF power launching system, 
propagation and absorption through the edge region, and the response of the core plasma to the 
RF power. As a first step toward such a model, the three-dimensional (3D) antenna modeling 
code, RANT3D [l], has been coupled with the reduced order full wave code, PICES [2] .  Pre- 
liminary results from this model are presented in this paper for parameters similar to those 
found in the DIII-D [3] experiment. 

The RANT3D code solves Maxwell’s equations in vacuum for a collection of connected 
rectangular waveguide sections. The geometry of the antenna box, the septa between straps, 
and other features of the tokamak first wall are modeled by these waveguide sections. The 
antenna is driven by a set of prescribed currents [4] on the main current straps. Return currents 
in the sidewalls and septa are determined by conducting boundary conditions and are calculated 
self-consistently. The plasma boundary is determined by a generalized impedance matrix [IS]. 
Fig. 1 shows the RANT3D model typically used for the DIII-D antenna. 

The PICES code uses a reduced order approximation and a poloidal mode expansion to 
generate a set of coupled differential equa- 
tions that are solved by finite differences. 
The code calculates the current driven by 
fast waves using the absorbed power in a 
current drive model by Ehst [6] .  

- 

Both RANT3D and PICES have been 
separately benchmarked with experimen- 
tal data [ 1,2]. For ICRF current drive 
experiments, the combined model can be 
used to generate the launched current 
drive spectrum in 3D and follow the pow- 
er into the plasma core. Results from the 
combined codes are presented for heating 
and current drive scenarios in the next 
section. 
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Fig. I Typical RANT3D antenna model for DIII-D. 
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"The interface between the two codes is done in two steps. The first step is to perform a 
RANT3D calculation using a slab code such as PLASMAIMP [7] (cold) or GLOSI [SI (warm) 
for the plasma response. The second step is to take the tangential electric fields from the 
RANT3D calculation and use these fields as the outer boundary condition for the PICES code. 

In the first step, the PLASMAIMP and GLOSI codes p s ~ l z t l y  assume an outgoing bound- 
ary condition near the center of the plasma. This approximation is reasonable if the power 
reflected directly back to the antenna by the inside wall of the tokamak is small. The coupling 
of poloidal modes by toroidal effects in the plasma is ignored in the impedance matrix at this 
point; however, the 3D geometry of the antenna ultimately couples all of the poloidal and 
toroidal modes in the FL4NT3D calculation. Both slab codes retain both field polarizations and 
are periodic in both the toroidal and poloidal directions. The first step produces electric field 
components tangent to the tokamak first wall that are zero everywhere except in the neighbor- 
hood of the antenna opening as shown in Fig. 2.  
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Fig. 2 Image of tangential electric$eld componentsfrom RANT3D model used as boundary condition for 

PICES code. 'DIIID-like ' parameters were used for this calculation n/2 phase difference between straps. 
The values marked on the palette correspond to 1 Amp of current driven in each current strap. 

In the second step, the electric field components tangent to the first wall from the W T 3 D  
solution are mapped onto a surface having the same shape as the last closed flux surface given 
by the VMEC [9] code. The tangential fields on this surface then provide the outer boundary 
condition for the PICES code. 
2. Results 

For the model shown in Fig. 1, each of the current strap segments are in phase poloidally 
and have a phase difference of 7c/2 toroidally for the current drive modeling. Fig. 2 shows 
typical values of the modulus of E l  and Ell generated by RANT3D for the PICES boundary 



' using a warm plasma impedance matrix from GLOSI. The tangential electric fields are zero 
outside the opening of the antenna because of the conducting wall. Thus, only the localized 
fields in front of the antenna port contribute to the PICES boundary condition. Note the strong 
localization of the parallel electric field component near the edge and corners of the port. 

Fig. 3 shows a poloidal cross-section of the electric fields and absorbed power calcdate.1 by 
PICES using the electric field boundary condition obtained from RANT3D. The localized na- 
ture of the electric field boundary condition provided by RANT3D is preserved in PICES. 
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Fig. 3 Electric field and absorbed power for the 60 MHz current drive scenario using 'DIII-D-like ' 
parameters. 

A study of the parasitic absorption by the second harmonic hydrogen resonance was made 
because it is difficult to remove all traces of a hydrogen impurity in the experiment. For the 60 
MHz case shown in Fig. 3, the power absorbed by the second harmonic hydrogen resonance is 
-50% with 4% hydrogen, but drops to -30% with 1% hydrogen. Increasing the frequency to 
90 MHz reduces the hydrogen absorption to <lo% for a 1% hydrogen concentration. 

Fig. 4 shows the driven current caused by fast wave absorption by electrons. 

- 

A driven 
current of 60 kA is predicted from the model for 0.8 M W  of coupled power at 60 MHz. An 
additional current of 68 kA is predicted when 0.6 M W  of power is added at 90 MHz. The 
increase in efficiency from w.02 A/(Wm2) for 60 MHz to ~0.03 A/(Wm2) for the 90 MHz 
scenario is largely due to the reduced cyclotron absorption by the hydrogen impurity. Experi- 
mental efforts are underway to determine the accuracy of these modeling results [3]. 

he first pass absorption for the waves in these scenarios was 14% and 10% for the 60 MHz 
and 90 MHz cases respectively. The low first pass absorption causes interference patterns that 
may be responsible for the the depression of the driven current density near the axis in Fig. 4. 
The reduced current density on axis is caused by a reduced value of Ell near the axis. 
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Fig. 4 Deposited current for the 60 MHz and 90 Mhz scenariosfrom PICES using a boundary condition 
provided by the W T 3 D  code. 

3. Summary 
The coupling of the RANT3D and PICES codes represents a first step toward the complete 

modeling of RF power delivery systems from the antenna to the core plasma. The RANT3D 
code uses a 3D antenna model with detailed information in the edge plasma region to provide a 
realistic ‘footprint’ for the antenna for input to the full-wave PICES code. The codes have been 
used to model fast wave current drive for plasma parameters similar to those found in the 
DIII-D experiment. The results show that both 60 MHz and 90 MHz scenarios should be able 
to drive current in the 60 to 70 kA range with less that 1 M W  of input ICRF power. The 
efficiency of the 90 MHz current drive scenario is - 50% higher than the 60 MHz scenario 
because of reduced absorption at the second harmonic resonance of the residual hydrogen 
species. 
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