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Abstract. A full-wave spectral code (TORIC) has been used to simulate mode con-
verted ion Bernstein wave (IBW) propagation and absorption for the first time at high
poloidal mode number (−80 <∼ m <∼ + 80). Converged wave solutions for the mode
converted wave are obtained in this limit and the predicted electron damping of the
IBW is found to be consistent with experimental measurements from the Alcator C-
Mod tokamak. The TORIC code has also been coupled to a bounce-averaged Fokker
Planck module FPPRF and the combined codes are now run within the transport anal-
ysis tool TRANSP. This model was used to analyze off-axis hydrogen minority heating
experiments in C-Mod where an internal transport barrier was obtained.

1. Introduction.

Alcator C-Mod is a compact (R0 = 0.67 m, a = 0.22 m), high density, high
magnetic field tokamak [1] operating with ion cyclotron resonance heating (ICRH) as
its sole source of auxiliary heating. The wide range in operating density and magnetic
field (ne ' 0.5 − 5.0 × 1020 m−3 and B0 ' 2.5 − 8.0 T) combined with the available
rf source power, allow a variety of ICRF heating and mode conversion schemes to
be tested on C-Mod. The present ICRF system consists of 4 MW of tunable (40-
80 MHz) source power coupled through a phaseable, four strap antenna array and
4 MW of fixed frequency (80 MHz) source power coupled through two separate dipole
antennas. At 80 MHz, minority ion heating regimes can be accessed in D(H) plasmas
at B0 ' 4.4 − 6.0 T and 3He minority heating can be explored at 7.0 - 7.9 T. Off
-axis (r/a >∼ 0.5) mode conversion electron heating (MCEH) can also be performed at
B0 ' 7.9T and for n3He/ne

>∼ 0.10. Mode conversion current drive (MCCD) experiments
are also planned for C-Mod using the four strap antenna driven at 60 MHz in D(3He)
plasmas at B0 ' 5.5 − 6.0 T.

In order to understand better the underlying rf physics of these experiments and
prepare for future experiments, we have implemented two sophisticated simulation mod-
els for ICRF heating. The first is a full-wave ICRF code (TORIC) [2,3] which employs
a poloidal mode representation for the wave electric field of the form:

~E =
∑

m,nφ

~̂
Em,nφ

(r) exp(imθ + inφφ), (1)

where m and nφ are respectively the poloidal and toroidal mode numbers. Typically 240
-480 elements are retained in the radial direction. A limited number of poloidal modes



(Nm ' 32) is used to simulate minority heating and up to 161 poloidal modes have been
retained to simulate properly mode conversion electron heating and current drive. These
computations are described in more detail in Sec. 2. To carry out meaningful transport
analysis of ICRF-heated plasmas in C-Mod it is necessary to compute the electron and
ion heating profiles of the incident fast wave ICRF power. This was accomplished by
coupling the TORIC code to a bounce-averaged Fokker Planck module FPPRF [4]. The
combined codes are run within the transport analysis tool TRANSP [5]. Detailed results
from this model will be presented in Sec. 3 for an internal transport barrier (ITB) mode
that was obtained in C-Mod with off-axis hydrogen minority heating at 4.5 T.

2. Mode Conversion Electron Heating: Simulation and Experiment

Recently, simulations of mode converted IBW were performed with TORIC retain-
ing up to 161 modes (−80 ≤ m ≤ +80) in the spectral expansion given in Eq. (1).
These computations are seminal in nature because for the first time a spectral code
has been used to resolve adequately IBW in toroidal geometry near k⊥ρi ' 1. Nu-
merical resolution of the IBW is crucial for obtaining accurate estimates of electron
Landau damping in mode conversion electron heating regimes. Analytic estimates of
the required m-number for convergence of the spectral expansion can be obtained from
k⊥ρi ' 1 with k⊥ ' (m/rmc), where rmc is the radial location of the mode conversion
layer [6]. An example of a large m−mode computation (Nm = 161) is shown in Fig. 1
for a D(3He) discharge in Alcator C-Mod. The plasma parameters in the simulation
were B0 = 7.88 T, Ip = 1170 kA, ne(0) = 2.4 × 1020 m−3, n3He/ne = 0.30, nH/ne =
0.05, nD/ne = 0.35, f0 = 80 MHz, nφ = 10, Te(0) = 2.9 keV, TD(0) = 1.7 keV, and
T3He(0) = 1.7 keV. For these parameters it is estimated that 240 poloidal modes or
−120 ≤ m ≤ +120 would be required for absolute convergence of IBW at k⊥ρi = 1.

FIG. 1(a): Power deposition profiles for
MCEH in C-Mod predicted by TORIC.

FIG. 1(b): Contours of Re(E+) for
MCEH in C-Mod predicted by TORIC.

The integrated absorbed rf power due to fast wave and mode conversion electron heating
in Fig. 1 is 70%, with most of the electron heating coming from the mode converted IBW.
The fast wave power absorbed via fundamental 3He cyclotron damping is 21%. The
remaining 9% of the power is absorbed via fundamental deuterium cyclotron damping
on the tokamak high field side. The importance of retaining enough poloidal modes in



these computations can be seen in Fig. 2, where the predictions of TORIC are compared
with experimental measurements of MCEH from C-Mod. Clearly, using only 15 modes
in the expansion (open diamond symbols in Fig. 2) results in a large underestimate of
the electron heating at n3He/ne

>∼ 0.2. However, as the number of modes is increased
to 161 in the 24% and 30% (3He) cases, the TORIC predictions (solid diamonds) agree
quite closely with the data. With too few poloidal modes, a Fourier reconstruction
[using Eq. (1)] of the left circularly polarized electric field excited by the IBW will
be grossly inaccurate on any flux surface passing through both the mode conversion
layer and the 3He cyclotron resonance [6], which in this case is a vertical chord through
the plasma center in Fig. 1(b). This inaccuracy results in IBW absorption via 3He
cyclotron damping which is clearly not physical. Thus a sufficient number of poloidal
modes insures that the IBW is well-localized near the mode conversion layer where it
can only be absorbed via electron Landau damping [6].

FIG. 2: Comparison of IBW Electron absorption from the C-Mod experiment with
predictions of TORIC for Nm = 15 (open diamond symbols) and for Nm = 161 (solid
diamond symbols).

2. TORIC-TRANSP Modelling of Internal Transport Barrier Mode

Recently an internal transport barrier mode was discovered in Alcator C-Mod using
off-axis minority (H) cyclotron heating at 4.5 T [7]. A discharge exhibiting this barrier
mode is shown in Figs. 3-4. In these plasmas the minority cyclotron resonance layer was
located 9.6 cm to the high field side of the tokamak and approximately 2.5 MW of ICRF
power at 80 MHz was injected through two separate dipole antennas. The RF power
was injected at 0.7 s and the density profile started to peak at about 0.95 s. The plasma
enters an H-mode phase after the rf is turned on and remains in H-mode throughout
the density peaking. Interestingly, the central toroidal plasma rotation (Fig. 3)



FIG. 3: ICRF-induced ITB mode in
C-Mod at 4.5 T.

FIG. 4: Formation of barrier in density
profile for discharge in Fig. 3.

slows down as the density profile peaks and eventually reverses direction from co-current
to counter-current [8]. The toroidal rotation velocities in Fig. 3 were determined from
the Doppler shifts of the Ar17+ Lyman α doublet [8]. The electron density profiles were
determined from visible bremsstrahlung measurements and the central ion temperature
was inferred from the measured neutron flux. The stored energy inferred from an EFIT
reconstruction of the MHD equilibrium based on magnetic loop measurements is also
shown in Fig. 3 and remains relatively constant. The electron temperature profile is
measured by a six channel Thomson scattering system and the temporal evolution of
Te(0) was found to be very close to Ti(0).

This discharge was analyzed using the transport analysis tool TRANSP which was
recently coupled [9] to the TORIC ICRF module through the Fokker Planck package FP-
PRF. Ti profile data from the high resolution X-ray spectroscopy diagnostic (HIREX) [8]
were limited to only a few points within r/a <∼ 0.5 in these plasmas. Thus the TRANSP
analysis was performed assuming an ion diffusivity of the form χi = Miχ

CH
i , where χCH

i

is the ion conductivity of Chang-Hinton. The multiplier (Mi) was adjusted to predict
a Ti that would yield a computed neutron flux to match the experimentally measured
value. The ICRF power deposition profiles at 1.0 s predicted by TORIC and FPPRF
are plotted in Fig. 5. About 2.4 MW of incident fast wave power was absorbed via mi-
nority (H) cyclotron damping at r/a ' 0.4. A small fraction of the incident wave power
was absorbed via direct electron Landau damping of the fast wave near the plasma
center. As the fast ion tail slows down collisionally at this time, about 1 MW of the
tail power equilibrates on background deuterons and 1.4 MW slows down via electron
drag. The density barrier in Fig. 4 is not seen in ICRF heated plasmas until B0 is
reduced to 4.5 T or lower. This moves the ICRF minority resonance at least 9.6 cm to
the high field side at a mapped major radius of R ' 0.76 m. This major radius also
corresponds to the approximate location where the density barrier forms in Fig. 4. A
direct causal link between the presence of ICRF heating power and the formation of the



density barrier cannot be concluded, however since this type of barrier is also observed
in ohmic H-mode plasmas in C-Mod [8].

The effective diffusivity (χeff ) computed by TRANSP for this discharge is plotted
versus time in Fig. 6 for one radial location well within the density barrier (r/a = 0.05)
and for one location outside the barrier (r/a = 0.6). The temporal behaviour of χeff

suggests the formation of an ITB as χeff drops by a factor of 2-3 within the barrier
region and remains relatively unchanged outside. Future experiments are planned at
low field (B0 ' 4.1− 4.5 T) to investigate the potential of this barrier mode as a target
plasma in advanced tokamak studies in Alcator C-Mod. In these experiments ICRF
power at 80 MHz will be injected again to induce the density barrier and tunable ICRF
power at 70 MHz will be used to raise simultaneously the plasma temperature on-axis.

FIG. 5: ICRF deposition profiles from
TORIC - TRANSP analysis of the
C-Mod discharge in Fig. 3

FIG. 6: χeff versus time from TRANSP
analysis of C-Mod discharge in Fig. 3.
Trace with square symbols corresponds to
r/a = 0.6 and trace with circles
corresponds to r/a = 0.05
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