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Abstract. Iterative simulations of 5-D finite-orbit Monte-Carlo code ORBIT-RF coupled with 2-D full-wave
code All-ORders Spectral Algorithm AORSA including quasi-linear and collisional orbit diffusion reproduce
qualitatively experimental observations in enhanced neutron reaction rates and outward spatial shifts of fast ions
from the magnetic axis in DIII-D and NSTX moderate to high harmonic ICRF heating experiments. The
outward shift of fast ions comes from large orbit drifts of fast ions across the magnetic surfaces, which cannot
be reproduced when finite drift orbit effect is ignored. Preliminary ORBIT-RF/AORSA simulations for
proposed fundamental minority ICRF heating scenarios in ITER and KSTAR show flat or asymmetric minority
fast ion distributions, which are different from those predicted from conventional zero-orbit simulations. The
results suggest that finite drift orbit effect of fast ions may also be important in modeling ICRF minority heating
experiments in these devices.

1. Introduction

Waves in the ion cyclotron range of frequency (ICRF) are one of the main auxiliary plasma
heating and current drive methods in DIII-D [1], NSTX [2], KSTAR [3] and ITER [4]. On
DIII-D and NSTX, ICRF waves with frequencies equivalent of moderate to high ion
cyclotron harmonic number (3rd to 12th) have been launched into neutral beam (NB)
preheated plasma to heat electrons and drive plasma current non-inductively. However,
partial or strong damping of ICRF waves by NB fast ions with enhanced neutron emission
rate has been observed [5—7]. Theory predicts that this parasitic absorption of ICRF waves by
NB fast ions may occur due to finite Larmor radius (FLR) effect where k; p; =1 (k is the
perpendicular wave number and p; is the fast ion Larmor radius) [8]. The spatial profile of
NB fast ion density measured by fast ion D, (FIDA) [9] spectroscopy during ICRF heating
indicated that the peaks move outwards from the primary resonance layers located near the
magnetic axis [6,7]. Theory suggests that this shift can be due to finite drift orbit width effect
of fast ions across the magnetic flux surfaces [8], which can modify local fast ion distribution
function and consequently may affect the ICRF wave propagation and absorption in the
plasma.

To improve the theoretical understanding of resonant interactions of fast ions with ICRF
waves including finite drift orbit and FLR effects, we investigate the self-consistent
interaction of NB fast ions with ICRF waves using the 5-D finite-orbit Monte-Carlo code
ORBIT-RF [10] coupled with the 2-D full wave code AORSA [11,12]. Preliminary results
from a previous study qualitatively reproduced experimental observations in both enhanced
neutron reaction rates and outward shifts of fast ion density from the magnetic axis in
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moderate harmonic DIII-D and high harmonic NSTX ICRF heating experiments [13]. They
also showed that finite drift orbit effect of fast ions and iterative simulation between fast ion
distribution and ICRF wave absorption/propagation are important in modeling ICRF heating
experiments [13]. A main discrepancy was that ORBIT-RF/AORSA computed stronger
outward shifts than those indicated by the FIDA signals. In these comparisons, to get reliable
count statistics, the FIDA fast ion density data is averaged over a fairly long time window
(500 ms) in the DIII-D discharge [6], whereas in the NSTX discharge it is averaged over
70 ms [7]. To investigate the effects due to data average on the discrepancy, we have
extended the simulations over similar experimental time windows as well as extracted fast
ion data over 20 timeslices to improve statistics.

Proposed ICRF heating scenarios in KSTAR include fundamental minority hydrogen (H)
heating in deuterium (D) plasma at full magnetic field (3.0 T) or second harmonic at half
field with 3 to 6 MW of ICRF power. In ITER, 20 MW of ICRF power is planned to heat the
plasma with minority helium-3 (He’) or D in tritium (T) plasma. In addition, a large
population of fusion-born 3.5 MeV alpha particles exists simultaneously. The existence of
fast ions in the form of minority species heated by ICRF hearting process or alpha particles in
KSTAR and ITER may significantly modify the fast ion distribution due to their large drift
orbit motion and associated loss of fast ions to the wall. To investigate the finite orbit effects
on the minority fast ion distribution, we have concentrated on the fundamental harmonic
minority heating scenarios in ITER and KSTAR at the high ICRF power. Preliminary results
from ORBIT-RF/AORSA indicate that finite drift orbit effects may also be important in these
devices.

In this paper, first we present latest comparison results of ORBIT-RF coupled with
AORSA against FIDA signals in DIII-D and NSTX ICRF heating experiments. Then we
present preliminary modeling results from ORBIT-RF/AORSA for the fundamental harmonic
minority heating scenarios in ITER and KSTAR and comparison with simulation results
assuming zero-orbit width.

2. Fast ion distribution in NB heating experiments

In this section, we compute NB fast ion distribution with ORBIT-RF using NB heating
experimental parameters without ICRF heating and validate ORBIT-RF simulation results
against FIDA signals. This validation work is important for quantitative understanding of
resonant interactions of NB fast ions with ICRF waves in NB + ICRF heating experiments in
NSTX and DIII-D discussed in the next section.

In ORBIT-RF simulations, only the full energy component of the injected NB source is
considered. Since fast ion contribution from half and one-third energy components to FIDA
are ignorable due to very little acceleration of low energy ions [6], modeling of NB fast ions
with a single full energy component is not expected to affect significantly the comparison of
ORBIT-RF results against FIDA. The presence of MHD activities such as sawteeth or
compressional Alfvén eigenmodes (CAE) in the plasma can lead to non-classical fast ion
distribution. However, the effect of MHD on the fast ion distribution is ignored in these
simulations. In these first comparisons, only normalized spatial profiles of fast ion computed
by ORBIT-RF are compared with those from FIDA. More detailed comparison using un-
normalized fast ion data is underway.

In these simulations, ORBIT-RF is typically run for a few slowing down times including
the collisional orbit diffusion effects. To improve statistics associated with extracting fast ion
information from ORBIT-RF, we have enhanced ORBIT-RF to record instantaneous fast ion
data 20 times over the last 60 ms of simulation time (from 200 to 260 ms). The results are
shown in Fig. 1, where the spatial profile of FIDA signals computed by the synthetic
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diagnostic code “FIDASIM” [14] using fast ion distribution from ORBIT-RF (red lines) is
compared against those from FIDA measurements (symbols with error bars) for a NSTX
discharge before application of ICRF waves (#128742). In this discharge, the D beam
injection energy is 65 keV, NB power is 1 MW, tangency radius is 0.59 m, the central
electron density is n,(0)= 3.3 x 10" cm™, the central electron temperature is
T.(0)=1.4keV and the central ion temperature is 7; (0)= 1.0 keV. The dotted vertical line
indicates the magnetic axis. As shown in Fig. 1, good agreement is obtained in normalized
spatial profile of FIDA signals against ORBIT-RF results.
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FIG. 1. Comparison of normalized spatial profile of
FIDA signals computed by the synthetic diagnostic code
FIDASIM using ORBIT-RF fast-ion distributions (red
lines) against FIDA measurements (symbols with error
bars) for the NSTX discharge #128742 before ICRF
heating.

3. Resonant interactions of NB or minority fast ions with ICRF waves
3.1. NB + high harmonic ICRF heating: NSTX #128739

In NSTX ICREF discharge (#128739), 1.0 MW of 65 keV deuterium neutral beam is injected
into the plasma from 150 to 400 ms in the direction of the plasma current (0.8 MA) at a
tangency radius of 0.59 m. The major radius at the magnetic axis is Ro = 1.04 m, the minor
radius is a = 0.67 m, and the toroidal magnetic field at the magnetic axis is Bg = 0.55T.
From 210 to 370 ms, 1.0 MW of ICRF power is launched into the plasma with a twelve-strap
antenna. The applied ICRF wave frequency is 30 MHz with a peak in the vacuum spectrum
ky=7m". At this By, the 30 MHz ICRF wave interacts with D ions at several ion cyclotron
resonance layers (3rd to 11th) that are closely located along the major radius, as shown in
Fig. 2. The 8th layer is located near the magnetic axis. The plasma parameters are n, (0)=
32 x 10 cem™, T,(0)=1.4keV and T;(0)=1.0 keV. Measured D-D neutron emission
(mostly from D beam-D plasma reactions) increases continuously up to about a factor of
three during the ICRF heating phase [7].

For this comparison, ORBIT-RF/AORSA is run for 150 ms including quasi-linear and
collisional orbit diffusion using ORBIT-RF computed NB fast ion distribution as an initial
condition. Fast-ion distribution and ICRF wave fields are updated every 50 ms. The results
are shown in Fig. 2, where the computed spatial profile of FIDA signals after application of
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the ICRF waves are compared against the FIDA signals measured from the tangential
viewing chords. For this comparison, FIDA signals with ICRF is normalized by that without
ICRF. Good agreement is obtained, although the simulation computes a slightly enhanced
outward shift than that from measurement. ORBIT-RF/AORSA indicates that about 30% of
ICRF power is absorbed by NB fast ions.
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FIG. 2. Comparison of spatial profile of FIDA signals
computed by the synthetic diagnostic code FIDASIM
using ORBIT-RF fast-ion distributions (red line with A)
against FIDA signals (X with error bars) for NSTX ICRF
heating discharge #128739.

3.2. NB + moderate harmonic ICRF heating: DIII-D #122993

In DIII-D ICRF discharge (#122993), neutral beam injects 1.2 MW of 80 keV D ions into the
plasma from 1200 to 4000 ms in the direction of the plasma current (1.0 MA) at a tangency
radius of 1.15m. Rp=1.75m, a=0.6 m and Bp=1.54 T. After neutral beam preheats the
plasma, 1.0 MW of ICRF power is coupled to the plasma for a 1500 ms pulse (from 2000 to
3500 ms). Four-element phased array is used to launch the 60 MHz ICRF wave into the
plasma at k; =5 m™. At this By, the 60 MHz ICRF wave interacts with D ions at three
cyclotron resonance layers along the major radius, the 4th harmonic at R = 1.36 m, the 5th at
R = 1.74 m, and the 6th at R = 2.06 m. As shown in Fig. 3, the resonant layers are well
separated and resonant interaction occurs mostly at the 5th harmonic near the magnetic axis.
The plasma parameters are n, (0) =3.3 x 10”° cm™, T, (0) =2.0keV and T; (0) = 2.1 keV.
Measured D-D neutron emission rate increases about a factor of two during the first 200 ms
and then becomes stationary [6].

In this DIII-D comparison, the FIDA signals are averaged over 500 ms to get reliable
count statistics [6]. ORBIT-RF is run for 560 ms with the ICRF wave fields computed from
AORSA. Both fast ion distribution and ICRF wave fields are updated every 70 ms. The
computed enhanced neutron rate is 2.2, which is in good agreement with the measured value
of 2.4. The results are shown in Fig. 3, where the spatial profile of FIDA signals measured
from the vertical viewing chords during the ICRF heating phase are compared against
ORBIT-RF/AORSA results. Again FIDA signals with ICRF is normalized by that without
ICRF. As shown in Fig. 3, ORBIT-RF/AORSA simulations produce qualitatively off-axis
radial profile similar to that from the FIDA measurement. However, in the central region,
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FIDA measurements indicate a much larger enhancement factor than that from ORBIT-
RF/AORSA, although the uncertainty in this experimental measurement is large. As indicated
in the previous study [13], comparison with zero-orbit simulations suggests that this radial
shift is due to finite orbit width effects of fast ions across the magnetic surfaces. ORBIT-RF/
AORSA indicates that about 70% of ICRF power is absorbed by NB fast ions.
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3.3. Fundamental harmonic ICRF heating: ITER

To understand the quasi-linear interaction of minority fast ions with ICRF waves at high
power in ITER, the proposed fundamental harmonic heating scenario of D minority ions in
majority tritium (7) plasma at full field Bo = 5.3 T is simulated using the magnetic
geometry of ICRF heating scenario 4 [11]. The concentration of minority ions is assumed to
be 10%. Plasma parameters are n,(0)=7.3 x 10° cm”, T.(0)= 24keV and
Tt (0)=25 keV. The ICRF wave frequency is set to be 40 MHz to position the D fundamen-
tal resonance near the magnetic axis. The ICRF power is Pgr = 20 MW. Minority ions are
assumed initially to have a Maxwellian distribution, as shown in Fig. 4(a). Existence of
possible fusion alpha species is ignored in this simulation. A single toroidal mode number
ng = =35 is used. ORBIT-RF is run for 120 ms with fast ion distribution and ICRF waves

updated every 30 ms.
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FIG. 4. Contour plots of ICRF heated D minority ion particle distribution computed by ORBIT-
RF/AORSA at (a) =0, (b) at + = 120 ms near p = 0.1 and (c) at = 120 ms near p = 0.4 for an
ITER ICRF scenario.

In Fig. 4(b) and (c), contour plots of ICRF heated minority ion particle distributions in
velocity space are shown near p = 0.1 [Fig. 4(b)] and p = 0.4 [Fig. 4(c)] at ¢+ = 120 ms. For
comparison, the results predicted from AORSA/CQL3D [15] assuming zero-orbit are shown
at similar radii in Fig. 5. As shown in Figs. 4(b) and 5(a), near the magnetic axis
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ORBIT-RF/AORSA and AORSA/CQL3D show similar asymmetric rabbit ear distributions
toward the left side (negative ng). However, ORBIT-RF/AORSA produces relatively flat
distribution near p = 0.4 [Fig. 4(c)] while as AORSA/CQL3D computes typical symmetric
rabbit ear distribution [Fig. 5(b)]. This difference may be due to finite drift orbit width effect
of minority tails in this particular ICRF heating scenario. To assess finite orbit effect on this
difference, we run ORBIT-RF/AORSA by turning the drift orbit terms off. The result is
shown in Fig. 6. As expected, without the drift terms ORBIT-RF/AORSA also computes
typical symmetric rabbit ear distribution consistent with AORSA/CQL3D [Fig. 5(b)].
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FIG. 5. Contour plots of ICRF heated D minority ion distribution computed by
AORSA/CQL3D at (a) p =0.1 and (b) p = 0.4 for an ITER ICRF scenario.
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FIG. 6. Contour plot of ICRF heated D
minority ion particle distribution computed by
ORBIT-RF/AORSA near p = 0.4 for an ITER
ICRF scenario when drift orbit terms are
ignored.

3.4. Fundamental harmonic ICRF heating: KSTAR

Preliminary simulations have also been performed for a proposed ICRF heating scenario in
KSTAR, fundamental H minority heating in D plasma at full magnetic field By = 3.0 T with
6 MW of ICRF power. Concentration of minority ions is assumed to be 10%. Plasma
parameters are n, (0)=6.7 x 10" cm™, T, (0)=~2keV and Tp (0)=~2 keV. H minority ions
are assumed to have a Maxwellian distribution initially. The ICRF wave frequency is set at
45 MHz and toroidal mode number is ng = 19. ORBIT-RF is run only for ~ 10 ms (~a half of
slowing down time) with the fast ion distribution and ICRF waves updated every 2 ms. The
results are given in Fig. 7, where a contour plot of the ICRF heated minority H particle
distribution at #=10 ms near p = 0.4 is shown. The fast ions show a strongly asymmetric
rabbit ear distribution toward the right hand side (positive ng). As discussed in the previous
section, this asymmetry comes from the drift orbit effects of the minority tails in this
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particular ICRF heating scenario. Simulations without the drift orbit terms produces
symmetric rabbit ear distribution, as expected.
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FIG. 7. Contour plot of ICRF heated H
minority ion particle distribution computed by
ORBIT-RF/AORSA near p=0.4 for a KSTAR
ICRF scenario.

4. Summary

Iterative simulations of ORBIT-RF/AORSA with quasi-linear and collisional orbit diffusion
reproduce qualitatively experimental observations in enhanced neutron reaction rates and
outward shifts of fast ions from the magnetic axis in both moderate harmonic DIII-D and
high harmonic NSTX ICRF heating experiments. The outward radial shift of fast ions comes
from large orbit drifts across the magnetic surfaces, which cannot be reproduced when the
finite drift orbit effect is ignored. A noted discrepancy is that ORBIT-RF/AORSA computes
slightly stronger outward shift than the FIDA signals in the NSTX case and less fast-ion
enhancement near the plasma center region in the DIII-D case.

This discrepancy may be due to several missing physics elements in the ORBIT-RF
model. First, parallel acceleration is not included in this work that may affect pitch-angle and
energy distribution. As a result, the fast ion radial excursion may be affected. Secondly, the
perpendicular wavenumber and the phase difference between E+ and E -, which are
required in computing the Bessel function that accounts for the FLR effects, are computed
using the cold plasma dispersion relation in ORBIT-RF. Thirdly, the incoming ICRF wave
fields are represented using only one peak ng. Lastly, the up-shift in k; due to the poloidal
magnetic field is also not included.

Preliminary ORBIT-RF/AORSA simulations for the proposed ICRF heating scenarios in
ITER and KSTAR show flat or strongly asymmetric minority fast ion distributions, which are
different from those predicted from conventional zero-orbit simulations that show symmetric
rabbit ear structures. The results suggest that finite drift orbit effect of minority fast ions may
also be important in modeling ICRF minority heating in these devices.
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