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ORBIT-RF has been applied to simulate and validate fast Alfvén wave (FW) heating over
a range of cyclotron harmonics. ORBIT-RF with TORIC4 qualitatively reproduces the strong
FW-beam interaction at 60 MHz (4Qp) and lack of interaction at 116 MHz (8C2p) in DIII-D,
consistent with observed neutron reaction rate. The result at 8Qp differs from linear theory
suggesting the importance of finite orbit and Coulomb collisions for resonant fast ions. Fast
ion energy spectrum calculated from ORBIT-RF is also in agreement with measurement from

fundamental ion cyclotron radio frequency (ICRF) heating experiment on Alcator C-Mod.

I. Introduction

A Monte Carlo code ORBIT-RF [1] is coupled with a 2D full wave code TORIC4 [2] to
study the resonant interaction of FW with fast ions at arbitrary ion cyclotron harmonics.
ORBIT-RF [1] provides a comprehensive physics package to investigate the interaction
between fast ions with finite orbits and FW. It solves the Hamiltonian guiding center drift
equations in magnetic coordinates in a 2D axisymmetric numerical magnetic equilibrium.
Monte-Carlo operators for pitch-angle scattering of fast ions and drag by electron and
background ions calculate changes of test ions in velocity and pitch angle due to Coulomb
collisions. An rf-induced random walk model describing fast ion stochastic interactions with
FW is used to reproduce quasi-linear (QL) diffusion in velocity space. A generalized arbitrary
harmonic rf diffusion coefficient is related to the perpendicular rf-kicks at resonances
including Doppler shifts. Steady-state slowing-down distribution of beam ion species is
modeled using a re-injection method of thermalized beam ions. TORIC4 [2] provides FW
electric fields for the QL diffusion operator in ORBIT-RF. This work did not attempt to self-
consistently iterate the wave fields from TORIC4 with the ion distribution from ORBIT-RF,
which will be left for future study.

I1. Stochastic Interaction of Resonant Ion with FW

Assuming that resonant ions lose their phase information with FW through successive
collisions and wave stochasticity before they re-enter the resonance region, ion stochastic
interaction with FW is expressed by Eqgs. (1-3), as sum of mean change (A_Mrf) and

fluctuating change (A=u,f) in magnetic moment (M)l
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wherew, =w,, - nQ, -kyv,, p,=v, [Q, = m/gl and R is a random number satisfying
Gaussian probability and J;, the nth order Bessel function of the first kind. K is introduced to
include the case when successive interactions between a particle orbit and cyclotron
resonances are close to each other and the phase information needs to be retained. In Egs. (2)
and (3), E, and E_are the left-hand and right-hand polarized components of FW fields and 9
is defined as the direction of wave in x-y plane. TORIC4 provides radial profiles of |E_|,
eZiﬁk(E_I/E D, k, and k, in Egs. (2) and (3) as a function of (R,Z) for each Fourier poloidal
mode number. Presently, we represent the FW fields by a single dominant toroidal and
poloidal Fourier component. Since TORIC4 calculates unit current wave fields, we rescale
the antenna current using actual experimental input power (Pgxp) and loading resistance (R)
predicted from TORIC4 to obtain FW amplitudes corresponding to complete power
(MW)/R(MMW/KA®). Rescaled FW

fields are passed to ORBIT-RF to calculate changes in magnetic moment when ions pass

absorption according to linear theory as I(A) =\/PExp

through ion cyclotron resonance layer. Magnitudes of FW fields are fixed during simulation

time.

II1. Simulation Results on DIII-D and Alcator C-Mod Experiments

In deuterium beam injected plasma in DIII-D tokamak, beam ion absorption of FW has
been observed during fast wave current drive experiments in frequency range of 60 MHz to
117 MHz [3]. Strong damping of 60 MHz FW on beam species at 4€2p has been observed in
L-mode experiments. However, beam ion absorption of 116 MHz FW at 8Qp appears to be
relatively weak in similar L-mode discharges. Figure 1 shows experimental results for
discharge 122087 (dotted line for NB heating only) and 122080 (solid for NB+ICRF heating)
where PNg = 3.7 MW, Ep = 80 keV with Ps= 1.6 MW at 116 MHz, P;y= 0.8 MW at
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Fig. 1. DIII-D experimental results for 122080 and

numbers. With experimental plasma kinetic 123087 (dotted),

profiles [ne(0) ~ 7.0x10"%/em™> | T¢(0) ~
1.5 keV, Tj(0) ~ 2.0 keV], TORIC4 predicts R ~ 1.2x1072 (MW/kAz) and I ~ 7 (kA) for
116 MHz with Pry= 1.6 MW while R ~ 2.6x 107! (MW/kAZ) and / ~ 1 (kA) for 60 MHz with
Pyt = 0.8 MW in a wide range of beam ion densities (n,/n.,=0.05~0.12). ORBIT-RF coupled
with wave fields rescaled by I reproduces qualitatively experimental observations for both
60 MHz and 116 MHz. In Fig. 2, radial profile of beam ion pressure calculated from ORBIT-
RF is compared between 122080 (60 MHz and 116 MHz ICRF heating) and 122087 (without
ICRF). For 60 MHz case, ORBIT-RF calculates energetic tails extending up to a few
hundreds keV above beam injection energy (80 keV) during FW heating. These tails are
prominent in 0<yp<0.2 encompassing the Doppler shifted 4th harmonic resonance, which
results in a significant increase of fast ion pressure near the magnetic-axis. However, ORBIT-
RF shows no significant increase in fast ion pressure during 116 MHz FW heating, which is
consistent with minimal increase of neutron rate at 116 MHz in experiment, as shown in
Fig. 1(b) but at variant with linear theory. The prediction of observable absorption at
116 MHz from linear theory is based on large k p, near the cyclotron resonance. Due to
finite orbits and Coulomb collisions that scatter particles away from resonances, the range of
k, p, experience by resonant test ions in ORBIT-RF has maximum values of ~5 for
116 MHz and ~3 for 60 MHz. Corresponding
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a recent C-Mod experiment for hydrogen Fig. 2. ORBIT-RF results for radial (solid)

minority fundamental harmonic heating. In profile of beam ion pressure for 122080 and
122087.
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[4] has been measured with increase of Energy (keV)

Te(0). In Fig. 3, measured fast ion energy Fig. 3. Fast ion distribution from ORBIT-RF and
spectrum from CNPA is compared with experiment on C-Mod./
ORBIT-RF, showing good agreement. In summary, ORBIT-RF has been applied to simulate
and validate FW heating over a range of cyclotron harmonics. ORBIT-RF with TORIC4
qualitatively reproduces the strong FW-beam interaction at 60 MHz (4Q2p) and lack of inter-
action at 116 MHz (8Qp) in the DIII-D, consistent with observed neutron reaction rate. The
result at 8Qp differs from linear theory suggesting the importance of finite orbit and
Coulomb collisions for resonant fast ions. Fast ion energy spectrum calculated from ORBIT-
RF is also in agreement with that measured from fundamental ICRF heating experiment on
C-Mod.
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