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1.  Introduction

In tokamaks, Alfvén eigenmodes can exchange energy 
with fast-ions through resonant mode-particle interactions, 
causing fast-ions to move away from the core of the plasma. 
Redistribution of fast ions can affect the plasma profiles, 
beam deposition, and current drive, and losses induced by AE 

transport can lead to localized heating that can damage the 
vessel walls [1]. Multiple, small-amplitude AEs are expected 
to be destabilized in ITER, where alpha losses must be less 
than 5%( )O  to avoid excess heat load of the first wall [2]. In 
DIII-D, significant fast-ion transport due to AEs has been 
observed in high qmin steady-state reactor scenarios where the 
measured neutron rate approaches 60% of the classical rate 
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Abstract
Experiments in the DIII-D tokamak show that many overlapping small-amplitude Alfvén 
eigenmodes (AEs) cause fast-ion transport to sharply increase above a critical threshold in 
beam power, leading to fast-ion density profile resilience and reduced fusion performance. The 
threshold is above the AE linear stability limit and varies between diagnostics that are sensitive 
to different parts of fast-ion phase-space. Comparison with theoretical analysis using the nova 
and orbit codes shows that, for the neutral particle diagnostic, the threshold corresponds 
to the onset of stochastic particle orbits due to wave-particle resonances with AEs in the 
measured region of phase space. The bulk fast-ion distribution and instability behavior was 
manipulated through variations in beam deposition geometry, and no significant differences 
in the onset threshold outside of measurement uncertainties were found, in agreement with 
the theoretical stochastic threshold analysis. Simulations using the ‘kick model’ produce 
beam ion density gradients consistent with the empirically measured radial critical gradient 
and highlight the importance of including the energy and pitch dependence of the fast-ion 
distribution function in critical gradient models. The addition of electron cyclotron heating 
changes the types of AEs present in the experiment, comparatively increasing the measured 
fast-ion density and radial gradient. These studies provide the basis for understanding how 
to avoid AE transport that can undesirably redistribute current and cause fast-ion losses, and 
the measurements are being used to validate AE-induced transport models that use the critical 
gradient paradigm, giving greater confidence when applied to ITER.
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predicted by the TRANSP NUBEAM code [3] assuming no 
anomalous transport, limiting the achievable βN. Some sce-
narios with qmin closer to one still have AE activity, yet fast 
ions behave classically [4, 5]. Therefore, understanding the 
regimes where AEs lead to losses and reduced fusion per-
formance is important for developing a practical long-pulse 
fusion power plant.

A vast literature exists on the transport of fast ions by AEs. 
In the first comprehensive theoretical study, Sigmar et al [6] 
followed alpha orbits with a Hamiltonian guiding center code 
orbit in the presence of toroidicity induced Alfvén eigen-
modes (TAEs) that were computed by ideal MHD. They con-
cluded that orbit stochasticity becomes important for field 
perturbations δ ∼ −B B 10 3/  and that losses are dominated by 
alphas that transition from passing orbits to unconfined banana 
orbits. A few years later, Berk et al [7] emphasized the poten-
tial importance of intermittent ‘avalanche’ events, where fast 
ions transported radially by one mode steepen the gradient 
elsewhere, destabilizing additional modes. More recently, 
Schneller et al [8] stressed that fast ions with large orbits can 
intersect multiple AEs, dramatically altering their transport. 
In experiment, the first observation of AE-induced damage of 
the walls was caused by convective losses near the midplane 
of DIII-D [9]. A few years later, tail ions that were transported 
by TAEs onto ripple-loss orbits damaged the vacuum vessel 
in TFTR [10]. Darrow et al [11] used a scintillator probe to 
measure the losses of RF-accelerated fast ions by TAEs on 
TFTR, confirming the importance of lost banana orbits. On 
JET, the importance of overlapping resonances was confirmed 
when orbit-following calculations showed that the observed 
TAEs with different toroidal mode numbers could account for 
the reductions in the gamma-ray signal from MeV RF tail ions 
[12]. Shortly thereafter, measurements of the profiles of beam 
ions in DIII-D [13] and JT-60U [14] showed that AEs flatten 
the fast-ion profile. Using AE eigenfunctions based on DIII-D 
experimental measurements, White et al [15] showed that the 
multiple AEs produce stochastic orbits that flatten the fast-ion 
profile, as experimentally observed. Meanwhile, García–Mu 
noz et al [16] observed coherent oscillations in a loss-detector 
signal at AE-mode frequencies in ASDEX-Upgrade. Transport 
and losses of fast ions by TAEs have also been measured on 
LHD [17, 18], CHS [19], NSTX [20, 21], MAST [22], and 
Globus-M [23].

Recent DIII-D experiments extend previous studies in 
two ways. First, a modulated neutral-beam source probes 
the incremental fast-ion transport [24]. Second, a systematic 
power scan in conjunction with the modulated source has 
shown that the threshold for appreciable transport coincides 
with the onset of orbit stochasticity [25], as theoretically pre-
dicted [6]. The observed behavior is consistent with the para-
digm of a ‘critical gradient,’ with negligible transport below 
threshold and rapidly increasing transport above threshold 
[25, 26]. The primary purpose of this paper is to provide 
additional details about the critical transport threshold first 
reported in [25]. New power scans are presented to study the 
effects of altering the fast ion distribution function by varying 
the beam deposition geometry and altering the types of AEs 

present through electron cyclotron heating. This work shows 
that while the theoretical stochastic transport threshold is in 
good agreement with the measured threshold, proper quanti-
tative comparisons of transport stiffness above threshold will 
require analysis beyond linear interpretation, because non-
linear AE amplitude modulation causes transport of both the 
modulated and bulk fast-ion distribution. The magnitude of 
critical gradient transport depends on given plasma conditions 
and AE activity; measurements show that the fast ion den-
sity increases in TAE-dominant cases compared to mixed AE 
cases, and simulations of the time-evolved transported fast-
ion distribution function for above-threshold cases with mixed 
AE mode types show that the peak radial critical gradient of 
the beam density changes as the AEs and plasma conditions 
evolve in time. A companion paper [26] focuses further on 
fast-ion transport well above the transport threshold.

These measurements provide insights into the under-
lying physics mechanisms governing fast-ion transport and 
are being used in validation studies to develop a predictive, 
phase-space dependent AE transport model. An outstanding 
problem in energetic particle physics is to efficiently calcu-
late AE-induced transport and the resulting fast-ion profile 
over a wide parameter regime. Critical gradient models may 
bypass the need for expensive nonlinear calculations of AE 
saturated amplitudes, instead utilizing easier calculations of 
linear stability. An early implementation of a critical gradient 
model [27] assumed that if the fast-ion gradient β∂ ∂rEP/  
exceeds the stability threshold of the fastest growing mode, 
then fast-ion transport becomes large, and particles are trans-
ported to flatten the profile and maintain marginal stability. 
Another early model [28, 29] uses a threshold associated with 
microturbulence that exceeds the linear stability threshold. 
The measurements reported here and in [25] show that the 
onset of significant fast-ion transport exceeds the linear AE 
stability threshold and is associated with the presence of mul-
tiple, overlapping AEs that cause particle orbits to become 
stochastic.

Here, we begin with details of the perturbative AE trans-
port experiments in section  2, and the analysis technique 
to quantify fast ion transport is described in section 3. The 
measurements in section  4 show that the stiff transport 
threshold exceeds the linear threshold for AE stability, and 
the threshold varies between fast-ion diagnostics because 
different diagnostics measure different parts of phase space. 
Varied beam geometry is used to change the bulk fast-ion 
distribution and alter the total AE amplitude, and electron 
cyclotron heating is used to change the types of AEs pre-
sent in the experiment, which increases the measured peak 
fast-ion density. In section 5, we present a theoretical anal-
ysis to understand how the measured transport levels are 
affected when the AE activity is varied with different beam 
geometry. It is found that stochastic orbit analysis is useful 
for determining the critical gradient threshold in phase-
space if mode amplitudes are known. However, a simple 
relation between the total number of stochastic orbits and 
the measured stiffness is not straightforward. The paper is 
summarized in section 6.

Nucl. Fusion 57 (2017) 086005
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2.  Critical gradient experiments at DIII-D

Experiments to measure AE-induced fast-ion transport were 
conducted in the current ramp phase of a DIII-D inner wall 
limited, oval-shaped, low-confinement (L-mode) plasma with 
BT  =  2.05 T. A topview of machine geometry and a compar-
ison of discharge parameters for a representative set of shots is 
shown in figure 1. In these discharges, AEs are readily excited 
using early neutral beam injection beginning at t  =  300 ms. 
The total AE activity is varied from shot-to-shot by changing 
the total neutral beam injected power from 2–9 MW using 
70–80 kV neutral beams at �30  and �330  with various duty 
cycles (referred to as source beams in this paper). The primary 
70 kV beam at �210  is on continuously except from t  =  1020–
1030 ms for diagnostic purposes. Gas feedback is used to con-
trol the target density to obtain similar parameters for each 
shot, though the varied heating power results in some varia-
tion in the core electron temperature, ≈T 1.3e –1.7 keV  , and 
line-averaged density, ≈n 2.5e – × −2.9 10 cm13 3      . Electron 
temperature and density profiles are measured by the Thomson 
Scattering diagnostic. The 40-channel electron cyclotron 
emission (ECE) diagnostic [30] is used to measure electron 
temperature and the radial structures of AE induced temper
ature fluctuations at the midplane. Alfvén activity is also 
measured with the CO2 laser interferometer for line-averaged 
density fluctuations, and external Mirnov coils are used to 
measure magnetic fluctuations and characterize toroidal mode 
numbers, typically up to n  =  6. Ion temperature profiles are 
inferred from charge exchange recombination spectroscopy 
(CER), along with plasma toroidal rotation velocity (which 
reaches  ≈ −60 km s 1    , corresponding to 6 kHz rotation fre-
quency) and carbon impurity density (reaching × −1 10 cm12 3   

in the highest beam power discharges). Motional stark effect 
(MSE) measurements of the internal poloidal magnetic field 
are taken at the beam blips at t  =  440 ms and t  =  1020 ms 
in the lowest power discharges and in scans which use only 
perpendicular beam injection but are otherwise available 
and used to constrain the current profile in EFIT equilibrium 
reconstructions.

In all of the discharges, the plasma current ramps to 
=I 800p  kA at 600 ms, and the magnetic safety factor (q) pro-

file is reversed-shear in the time region of interest between 
t  =  500–900 ms. Cascades of reverse shear Alfvén eigenmodes 
(RSAEs) appear when the minimum in the safety factor, qmin, 
crosses an integer value. The RSAEs are spatially localized 
around qmin and almost always sweep up in frequency. In 
figure 1(e), the evolution of qmin was determined by using the 
ad hoc model described in [31] to fit the frequency evolution 
of the RSAEs measured by the ECE spectrograms. The posi-
tion of qmin is inferred from the maximum of RSAE magnitude 
in the cross-power spectrum between adjacent ECE channels. 
The minimum occurs at normalized minor radius ρ ≈ 0.2qmin

–0.45, and ρqmin generally shifts inward in time and compara-
tively inward for lower total beam powers.

Several techniques were used to alter the amplitude, total 
number, and particular types of AEs. Power scans were 
conducted using source beams with more tangentially-
directed injection (red shaded beams in figure 1(a)) or with 
more perpendicular-directed injection (blue shaded beams 
in figure  1(a)), while combinations of beams were used to 
achieve highest total beam powers. Altering the beam injec-
tion geometry changes the fast ion distribution function, and 
therefore changes the AE drive and resulting mode spectra. 
Figures 2(a) and (b) compares two discharges with the same 

Figure 1.  (a) Topview of DIII-D neutral beams and fast-ion diagnostics, and a comparison of discharges for different total beam powers 
with time histories of (b) density, (c) core electron temperature, (d) injected neutral beam power, and (e) plasma current and qmin. Here, qmin 
is based on an analytic model.
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total source beam power but different injection geometry. 
Tangential beam injection was found to increase the total AE 
amplitude and the total number of AEs compared to perpend
icular beam injection for a given beam power. Lowering the 
total beam power decreases the mode activity, with very little 
mode activity appearing at the lowest total beam powers  
(figures 2(c) and (d)). Figure  2(e) shows that AE power 
decreases in time as parameters evolve in the discharge. 
The discharge generally evolves from a mix of both fre-
quency sweeping RSAEs and near-constant frequency toroi-
dicity induced Alfvén eigenmodes (TAEs), with fewer TAEs 
appearing later in time. Finally, the tangential beam power 
scan was repeated with the addition of injecting 3.2 MW of 
radially launched, 110 GHz electron cyclotron heating (ECH) 
power deposited near qmin. Higher central electron temper
ature causes a delay in the current penetration to the axis, 
increasing the central safety factor profile inward from ρqmin. 
The local increase in electron temperature and safety factor 
alters the AE continuum, resulting in a TAE-dominant spec-
trum, as described in [31]. A comparison of the time-averaged 
AE amplitude versus beam power for all of the beam power 
scans discussed in this paper is shown in figure 2( f ).

A variety of fast-ion diagnostics are used to quantify the fast 
ion population in different parts of fast-ion phase space, which 

has a complicated multi-dimensional dependence on variables 
such as energy, pitch (v v/∥ ), and position. One way of visual-
izing diagnostic sensitivities is to plot the diagnostic ‘weight 
functions’ in orbit topology space, where different types of 
fast-ion orbits are classified in the magnetic moment versus 
toroidal canonical angular momentum plane (see figure 3(a)). 
The solid state neutral particle analyzer (NPA) [32] measures 
escaping fast neutrals resulting from charge exchange and 
is sensitive to trapped fast ions that have a narrow range in 
pitch and broad range in energy. The fast-ion deuterium alpha 
(FIDA) [33] diagnostic records a spectrum of line-integrated, 
Doppler-shifted light emissions resulting from fast-ion charge 
exchange collisions with a neutral beam and is sensitive to a 
broad range of co-passing fast ions (figure 3(b)). In this paper, 
the FIDA brightness is found by integrating the spectra over a 
wavelength range which corresponds to a line-of-sight energy 
range of 21.0–61.3 keV. The diagnostic beam is turned off 
from t  =  1020  −  1030 ms to enable a background-subtracted 
equilibrium ‘FIDA density’ profile for comparison to the 
FIDASIM code [34]. The neutron diagnostics [35] measure 
the neutron emission rate primarily from beam-plasma deu-
terium-deuterium fusion reactions, and signals represent the 
total number of high energy fast ions over a large volume, 
with increased sensitivity to counter-passing orbits. Finally, 
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Figure 2.  Examples of ECE data used to determine total AE activity. Total composite spectrograms using all ECE channels are shown 
in (a) thru (d). The white lines illustrate the AE frequency window based on the geodesic acoustic and TAE frequencies (typically 
60–150 kHz). In (a), 6.4 MW tangential beam injection produces frequency-sweeping RSAEs and near constant frequency TAEs. In (b), 
perpendicular beam injection with similar power as (a) produces similar but weaker amplitude modes. In example (c), lower beam power 
produces less mode activity, where TAEs generally only exist earlier in the discharge, while the lowest beam power setting in (d) produces 
very little mode activity. In (e), the time history of the ECE AE amplitude is found by summing the total composite ECE spectrogram over 
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the fast-ion loss detector [36] (FILD) records fast ions on 
loss orbits near the machine wall with high time resolution 
(figure 3(a)). Separate detectors are located at the midplane 
and 45 degrees below the midplane.

3. Transport analysis

In order to measure incremental transport, the fast-ion pres
sure profile is modulated with a period of either 50 ms or 
54 ms using a 1.4 MW, 70 kV, off-axis neutral beam at �150 . 
This was found to produce an adequate population of ‘test’ 
particles across phase space and is less likely to (undesirably) 
drive AE activity compared to on-axis beam injection. The 
modulated population of particles appears on the FIDA sig-
nals as a triangle-shaped waveform that becomes distorted at 
high total beam power. Signal response and quantification of 
incremental fast-ion transport using a novel analysis method 
is described in detail in [24]. First, the data is detrended by 
subtracting the signal smoothed using a boxcar average 
window equal to the modulation period in order to isolate the 
modulated response from the slowly evolving background 
signal. Single waveforms can be analyzed for diagnostics 
with good signal-to-noise ratio and shots with steady source 
beams. To improve the signal-to-noise ratio, the detrended 
signal is conditionally averaged over several periods, begin-
ning at t  =  500 ms or t  =  516 ms. It is important to note that 
the source beams used to drive AEs in the experiment are not 
necessarily steady: they are modulated at 1/4, 1/3, 1/2, or 2/3 
duty cycles to achieve the desired total beam power. Thus, the 
number of periods used for the conditional averaging varies 
from shot to shot to average out the source power, so that the 
detrended, conditionally averaged beam power is a constant 
amplitude, modulated beam square wave (which is positive in 
the first half cycle and negative in the second half). Figure 4 
shows a comparison of detrended, conditionally averaged sig-
nals for two different beam power shots; a low power, 2.4 MW 

shot with very little AE activity, and a high power 8.0 MW 
shot with prevalent AE activity.
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The analysis assumes the linearized continuity equation to 
solve for divergence of modulated fast-ion flux,

τ
∇ ⋅ Γ = −

∂
∂
+ −

n

t
S

n
.˜ ˜ ˜ ˜

� (1)

The quantities in equation (1) depend on the multi-dimensional 
weight function inherent to each diagnostic, as described in 
section 2. The measured ñ is the modulated population of fast 
ions that appears in the volume of phase-space measured by 
the diagnostic. The diagnostic sensitive region is populated 
by the modulated neutral beam, S̃, while particles thermalize 
through a sink term that depends on the diagnostic-weighted 
slowing down time, τ. The inferred ∇ ⋅ Γ̃ represents transport 
of fast ions with a wide range energies; the NPA diagnostic 
detects deuterium particles with energy greater than 25 keV 
and is mainly sensitive to energies ranging from 40–80 keV, 
the neutron signal results from fusion reactions from fast ions 
with energies in the general range of 50–80 keV and is most 
sensitive to energies greater than 70 keV, and the FIDA signal 
is found by integrating over the line-of-sight energy range of 
21–61.3 keV. In the absence of AE-induced transport, the left 
hand side of this equation is assumed to be zero.

The quantities S̃ and τ are found from fits of the expected 
signals for the single modulated neutral beam source calcu-
lated by the NUBEAM module of TRANSP assuming clas-
sical transport (no anomalous diffusion). The evolution of the 
perturbed response depends on plasma parameters, so S̃ and τ 
must be calculated for each shot and each time range used for 
conditional averaging. The expected neutron signals are cal-
culated directly by TRANSP. Further processing of TRANSP 
results is done by the forward modeling code FIDASIM to 
apply the weight function and produce the expected signals 
for the NPA and FIDA diagnostics. The expected signals are 
then analyzed over the same energy range and conditionally 
averaged in the same manner as the data. Figure 4(b) shows 
the expected neutron signal, and the dashed line is the fit of 
the expected signal using equation (1) with ∇ ⋅ Γ = 0˜  using 
the marked values of τ and S̃.

The data signals are absolutely calibrated by matching the 
raw signals to the expected TRANSP/FIDASIM signals for 
the lowest power shot on the day of the experiment. Using 
the measured ñ, the quantity ∇ ⋅ Γ̃ is determined by equa-
tion (1) and plotted in figure 4(c). In the high power case, ñ 
differs substantially from the expected signal (orange line in 
figure 4(b)), which corresponds to a larger value of ∇ ⋅ Γ̃. The 
∇ ⋅ Γ̃ evolves in time as fast-ions diffuse in space and energy 
through the diagnostic-sensitive region, so transport is quanti-
fied by taking a time-average in the first (upward triangles) or 
second (downward triangles) half-period. The time-average is 
taken over the latter 14 ms of each half period for the neutron 
and FIDA diagnostics, and the latter 16 ms of each half period 
for the NPA diagnostic. Note that in this formulation, a posi-
tive (negative) value of ∇ ⋅ Γ̃ in the first (second) half period 
means that transport causes a net flow of particles out of the 
part of phase space measured by the diagnostic.

4. Threshold behavior of AE transport

The threshold behavior of ∇ ⋅ Γ̃ can be seen by analyzing the 
time dependence of fast-ion diagnostic density during the cur
rent ramp. In figure  5(a), frequency sweeping RSAEs and 
near-constant frequency TAEs are observed in cross-power 
density fluctuation spectra from CO2 interferometer chords 
in a relatively low power, ‘near-threshold’ shot. Figure 5(b) 
shows that the amplitude of modulation in the measured neu-
tron signal is smaller than expected early in the discharge. In 
figure 5(c), the calculated transport is large early in the dis-
charge and drops to immeasurable levels, even though AE 
modes are still present later in the discharge.

This threshold observation is shown in terms of the con-
ventional critical gradient paradigm in figure 6. In figure 6(a), 
the classical beam density profile was calculated by TRANSP 
using the neutral beams, plasma profiles, and MSE constrained 
EFITS from the experiment, and the peak in the radial beam 
density gradient (which occurs near the normalized minor 
radius ρ ∼ 0.37N  in this case) is plotted versus time. The pro-
file flattens in time, and the modulated beam acts to incre-
mentally increase the radial gradient. In figure 6(b), for each 
modulation period, the average measured incremental trans-
port (i.e. the average of the ‘up’ and ‘down’ triangles at each 
period in figure 5(c)) is plotted versus the average classical 
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expected signal from TRANSP, and (c) shows the inferred fast-ion 
transport decreases in time as the signals become classical.
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peak beam density gradient (red diamonds in figure 6(a)) for 
two duplicate shots. When the gradient exceeds ×8 1018 m−4, 
AE’s cause a sudden increase in fast-ion transport. According 
to critical gradient theory, the particles are consequently redis-
tributed (radially in most models, although redistribution can 
occur in both position and velocity space) so that the driving 
gradient relaxes to the critical value and AEs maintain mar-
ginal stability.

The phase-space dependence of AE transport can be seen 
in figure 7. Each data point is the average of ∇ ⋅ Γ⟨ ˜ ⟩ from the 
first and second half periods after conditionally averaging 
several periods in each shot. Beam power scans using purely 
tangential sources, purely perpendicular sources, and mixed 
sources are compared. The measured transport threshold 
varies between fast-ion diagnostics that are sensitive to dif-
ferent regions in phase space. In figure 7, the R  =  1.8 m NPA 
chord and the R  =  2.1 m FIDA chord measure a rise in trans-
port above  ∼4 MW beam power, while the neutron diagnostic 
measures the onset of transport at a much lower beam power. 
Figure 7(d ) shows the amplitude of modulated fast ion losses 
begin to grow above 3 MW. Note that the mixed beam, tan-
gential, and perpendicular beam power scans took place on 
different days. The NPA, neutron, and FIDA diagnostics have 

been absolutely calibrated for comparison, but the FILD diag
nostic is not calibrated. However, the FILD settings for the 
tangential and perpendicular scans were similar. Interestingly, 
the lower FILD detector detects more losses of modulated 
beam particles in the perpendicular beam power scan com-
pared to the tangential beam power scan.

A convenient quantity often used in evaluating fast-ion 
performance is the ratio of total measured neutron rate to the 
predicted rate calculated by the TRANSP NUBEAM code [3] 
assuming no anomalous transport. In the presence of AEs, the 
ratio of the measured neutron rate to the predicted rate is often 
below one. Figure  8 shows transport versus the signal-to- 
classical ratio for each shot in the power scan, where transport 
is time-averaged over several periods for the first (upward tri-
angles) or second (downward triangles) half-period. For the 
neutron diagnostic, which is broadly sensitive to the higher 
energy ions, the incremental transport increases when the 
signal-to-classical ratio drops below 0.9. On the other hand, 
the neutral particle analyzer, which has narrow sensitivity to 
the trapped portion of 40–80 keV ions, measures a jump in 
incremental transport below a ratio of approximately 0.7.

The stiffness of the inferred transport changes as beam 
deposition shifts AE induced transport to different regions of 
phase space. As shown in figure 2, for a given beam power, 
tangential beam injection results in stronger total AE ampl
itude compared to perpendicular beam injection. However, 
figure 7(a) shows that the measured transport is more or less 
the same at each beam power. When the measured transport 
is plotted versus AE amplitude (figure 9), the apparent con-
clusion is that perpendicular beam injection is more efficient 
at generating wave-particle resonances for trapped particles, 
so greater transport is measured by the NPA. However, fur-
ther theoretical analysis presented in section 5 shows that the 
fundamental linearity assumption of equation (1) is violated 
because the modulated beam modulates the AE amplitude. 
It will be shown that a more careful transport analysis tech-
nique that includes a time-varying source is required to fully 
quantify stiffness.

4.1.  Effects of ECH on fast-ion transport

Transport properties were also observed to change when the 
types of AEs were altered using ECH. Recent studies have 
shown that RSAEs can be suppressed by using ECH to locally 
increase the electron temperature near qmin, which modi-
fies the AE continuum to the point that typical frequency-
sweeping RSAEs are no longer eigenmodes of the system 
[31]. Figure 10(a) shows an example spectrogram of density 
fluctuations from the tangential beam power scan, where a 
mix of RSAEs and TAEs were excited. When the same shot 
was repeated with ECH near qmin, the rapidly chirping RSAEs 
were absent, and the spectrum featured more slowly evolving, 
TAE-like modes (figure 10(b)). In figures 10(c) and (d ), the 
background-subtracted FIDA density profiles, measured later 
in the current ramp at t  =  1030 ms, are plotted for various NBI 
powers. We find that higher fast-ion densities were reached 
with ECH. This is likely due to a combination of effects. First, 
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Figure 6.  Measurements of incremental transport are used to 
empirically find the critical beam density gradient for specific 
experiment conditions. In (a), the classical peak beam density 
gradient predicted by TRANSP is plotted versus time, where red 
diamonds indicate the average over the beam period. In (b), the 
measured transport inferred from the neutron diagnostic versus 
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period. The critical gradient threshold is near ×8 1018 m−4.
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ECH reduces fast ion transport by reducing the total mode 
activity (reduction of mode activity with ECH is also evi-
dent in figure  2( f )). Second, the electron heating increases 

the fast-ion slowing down time (figures 10(e) and ( f )), which 
decreases collision frequency and builds the confined fast ion 
density. Thus, we see that there is an empirical critical gra-
dient for a given condition (figure 6) which was altered when 
ECH suppressed RSAE activity (figures 10(c) and (d )).

5.  Fast ion transport modeling

Theoretical analysis previously presented in [25] shows that 
the measured onset threshold for fast-ion transport corre-
sponds to the threshold in the number of fast-ion orbits that 
become stochastic after interaction with AEs. In this section, 
we present details of the theoretical ‘stochasticity analysis’ 
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Figure 8.  Transport inferred from the (a) neutron diagnostic and 
(b) NPA diagnostic versus the ratio of the measured to expected 
neutron rates. The difference in the onset of transport between the two 
diagnostics indicates that transport is a phase-space dependent quantity.
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used in reference [25] and apply the analysis to a second case. 
We confirm that the threshold found with the stochasticity 
analysis is again in good agreement with the data. In section 4, 
similar levels of above-threshold transport were measured 
with either tangential or perpendicular beam injection for a 
given total beam power. In this section, we find that the sto-
chasticity analysis does not reproduce the relative measured 
levels of transport, or stiffness. Further investigation using a 
time dependent transport model shows that the interpretation 
of the measured transport is significantly complicated by the 
nonlinear effect of modulated AE amplitude. Quantification 
of stiffness using measurements from critical gradient experi-
ments with beam modulation will require careful treatment 
and is reserved for future publications.

5.1.  Stochasticity analysis using orbit

To begin, we examine the interaction of AEs in fast-ion phase 
space using nova and the guiding center code orbit. Using 
a well-established method [37], the AE mode structures are 
first calculated with the ideal MHD eigenvalue solver nova 
[38] with the fitted plasma profiles and kinetic equilibrium 
reconstruction as input. Nova finds all possible eigenmodes 
(including radial harmonics) for a given toroidal mode number 
in a given frequency range. In order to discriminate which solu-
tions are experimentally observed, nova eigenmode solutions 
are compared to experimental data using magnetics to deter-
mine toroidal mode number and ECE temperature fluctuation 
to compare radial mode structures. The matching radial mode 
structures are then scaled in amplitude to match the coherent 
AE-induced ECE temperature fluctuation measurements. An 
example of a scaled n  =  4 RSAE is shown in figure 11. Often, 
the radial mode structures calculated by nova must be shifted 
radially, sometimes up to 7 cm, in order to match the ECE Tẽ. 

The nova radial mode structures are also often more narrow 
in radius compared to the ECE measurements, and the nova 
mode frequencies can differ by up to 15% from the measured 
frequencies, especially for rapidly chirping RSAE modes. 
Differences between the calculated nova modes and the mea-
surements are attributed to uncertainty in the kinetic equilib-
rium reconstructions. Nonetheless, the results presented in 
this paper show that the analysis is relatively insensitive to 
these differences, so the radial mode structures calculated by 
nova appear adequate.

Next, the set of scaled AE eigenfunctions from nova, 
along with the background equilibrium field, are used as input 
to orbit. Following the procedure similar to the one in refer-
ence [39], orbit tracks the fast ion trajectories to determine 
which orbits have good Kolmogorov–Arnold–Moser (KAM) 
surfaces and which orbits become stochastic [40] due to AEs. 
Particles are typically followed for 15–20 toroidal transit 
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times, or 60–80 μs, and the simulations do not include col
lisions. The results of the stochasticity analysis are presented 
in figure 12.

The stochasticity analysis indicates that, for a given total 
NBI power, tangential NBI results in greater stochasticity of 
trapped particle orbits compared to perpendicular NBI. This is 
in contrast with the measurements in figure 7, where similar 
levels of above-threshold transport were measured with either 
tangential or perpendicular NBI. In figure 12(a), we plot the 
orbits for E  =  70 keV particles that become stochastic in orbit 
topology space near the NPA diagnostic region of phase space 
and compare two shots with different beam injection geom-
etries. Both shots had similar total beam power and are ana-
lyzed at a similar timeslices near t  =  790 ms, when ∼q 3min . A 
list of the modes and amplitude scaling factors used by orbit 
for each shot can be found in the appendix. The tangential 
NBI shot #159243 used the scaled nova eigenmode frequen-
cies and structures for 8 RSAEs and 3 TAEs, resulting in many 
stochastic orbits in the NPA diagnostic region of phase space 
(red dots inside of green box). The perpendicular NBI case 
#162753 had comparatively fewer modes with 5 RSAEs and 
3 TAEs, which resulted in a fewer number of stochastic orbits 
(blue dots inside of black box) compared to the tangential NBI 
case #159243.

The stochasticity analysis shows that the onset threshold for 
stochastic orbits occurs near 3.7 MW beam power regardless 
of beam injection geometry, consistent with the experimental 
threshold measurements in figure 7. In figure 12(b), the sum of 
the stochastic orbits in the NPA region for particles with E  =  50, 
57, 63, 70 keV is plotted versus beam power. Rather than 
repeating the time-intensive full analysis for each shot in the 
power scan, the nova eigenmodes from #159243 (#162753) 
were rescaled to match the measured ECE radial mode struc-
tures observed in shots at different beam powers from the tan-
gential (perpendicular) NBI power scan. In general, the mode 
structures are similar between shots, and both the total number 
of modes and the mode amplitudes decrease with beam power.

It is important to note that the stochasticity analysis presented 
here applies to a single timeslice, while the experimental trans-
port measurements are generally analyzed over several hundred 
millisecond time periods, during which the AE mode activity 
evolves. In particular, RSAEs sweep in frequency and shift 
radially with ρqmin. Therefore, a sensitivity study was conducted 
in order to gauge how much the stochasticity analysis for the 
NPA diagnostic is affected by particle energy, mode amplitude, 
frequency, and radial position. Figure  12(c) shows the total 
number of stochastic orbits in the NPA region versus energy for 
shots #159243 and #162753. We find that for this diagnostic, 
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stochastic orbits have a weak dependence on particle energy, 
but strong scaling with mode amplitude. In figure 12(d), orbit 
was re-run for the tangential beam power scan using the meas-
ured ECE frequencies listed in table A1. Since the position of 
qmin changes with total beam power, orbit was also re-run with 
all modes shifted radially by ρ∆ = − − +.097, .044, 0, .056[ ] 
for =P 3.7, 4.1, 6.4, 7.6NBI [ ] MW. In all cases, the onset of sto-
chastic orbits near 4 MW is consistent with the measured NPA 
transport threshold in figure 7(a).

5.2.  Kick model analysis

Results show that the single-timeslice stochastic analysis is 
fairly robust for determining the onset of transport, but under-
standing the absolute scaling of transport requires further 
investigation. As a next step, we calculate the time-evolved 
transported fast-ion distribution function using the kick model 
[41]. This reduced model is implemented within the NUBEAM 
module of TRANSP and uses the orbit code to calculate the 
probability matrix for particle steps in phase space resulting 
from resonant wave-particle interactions with AEs. In this 
study, multi-timeslice, monotonically evolving kinetic equi-
librium fits were generated using OMFIT [42] and an analytic 
fit of the measured AE mode spectrum to determine the evo
lution of qmin (as described in section  2). The experimental 
plasma profiles and kinetic EFITs were used as input to a clas-
sical TRANSP run to define the initial conditions for the kick 
model, and the same TRANSP run was used as input to the 
nova code to generate AE mode structures. Figures 13(a) and 
(b) show the time evolution of the fitted AE modes overlayed 
with the ECE spectrogram for shots #159243 and #162753. 
The kick model analysis grouped RSAEs with the same 
toroidal mode numbers together, and all TAEs were grouped 
together. The AE mode amplitudes were scaled to match the 
ECE data at timeslices near the RSAE cascade when ∼q 3min . 
The model then scales the amplitudes of the modes in time 
(figures 13(c) and (d )) to match the measured neutron rates.

The initial analysis of shot #159243 was recently reported 
in [26] and reveals a significant complication: the modulated 
beam also modulates the AE amplitude, which increases trans-
port of the background source beam particles and strongly 
influences the shape of the distortion in the waveforms meas-
ured by the fast-ion diagnostics. Figure  14 compares con-
ditionally averaged signals from t  =  678–894 ms for shots 
#159243 and #162753. In figure 14(a), the total AE ampl
itude measured by ECE grows in the first half period when 
the beam is on and decays in the second half period when the 
beam is turned off. In figure 14(b), the total simulated mode 
amplitude evolution from figures  13(c–d) is conditionally 
averaged and shows modulation of mode amplitude similar 
to figure 14(a). In both shots, the timing of the beam modula-
tion is identical, however, the modulated AE amplitude grows 
earlier in #162753 because the current profile evolves slightly 
faster, e.g. =q 3min  at roughly t  =  764 ms for #162753 and 
t  =  778 ms for #159243. Using the simulated amplitude, the 
kick model very closely replicates the distorted waveforms of 
both the neutron and NPA diagnostics (figures 14(c) and (e)).

The nonlinear effect of AE amplitude modulation is impor-
tant in understanding transport scaling. In figures 14(d ) and 
( f ), the kick model is re-run with the same mode amplitudes, 
but with the modulated beam only, showing that in fact the 
modulated beam particles undergo minimal transport and 
result in a near-classical signal. When the model is re-run with 
the background source beams only (no modulated beam), it 
is found that most of the deviation from the classical diag
nostic signal is due to transport of the background beam par-
ticles. In figures 14(d), the AE amplitude grows earlier in the 
perpendicular beam case, causing the neutron signal to decay 
earlier. This phase difference can result in an amplified level 
of inferred transport relative to the tangential beam injection, 
since the time-average of the divergence of flux is taken over 
the same latter portions of the half period. Therefore, it is not 
straightforward to do a quantitative comparison of the trans-
port stiffness of tangential versus perpendicular NBI because 
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the linear assumption that the source of modulated particles 
is constant in time (as plotted in figure 4(c)) no longer holds.

Even though perpendicular injection generates a smaller 
number of generally weaker AEs compared to tangential beam 
injection, the modulated AE amplitude is similar in magnitude. 
This can be seen in figure 14(a), as well as figure 15, where the 

variation in AE amplitude is plotted versus total beam power 
for all shots presented in this paper. This is likely because the 
AE modes overlap with the modulated beam particles in phase 
space, as shown in figure  16 where the birth population of 
70 keV modulated beam particles is overlayed with a colormap 
of the root-mean-square energy of the kicks from the AEs.

The kick model shows that AE transport leads to signifi-
cant changes in the neutral beam density and current profiles 
depending on injection geometry. Figures 17(a) and (b) show 
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comparisons of the beam density and current profiles predicted 
by the kick model for both tangential (red) and perpendicular 
(blue) injection. In both cases, the fast ion density profile 
flattens, the core density drops by 50% or more, and density 
exceeds the classical expected values at large radii. In the 
tangential beam case, transport by AEs leads to hollow beam 
density and current profiles. In [26], the kick model fast ion dis-
tribution function for #159243 was further processed with the 
FIDASIM code to produce FIDA signals. Excellent agreement 
was found, and the hollow beam density profile was confirmed 
by the fast ion profiles measured by the FIDA diagnostic. While 
RSAEs are destabilized near ρqmin, the observed modes have 
relatively broad structure (see for example, figure  11). Since 
typical 75 keV fast-ion orbits are large and pass through both 
the magnetic axis and ρqmin (as illustrated in figure 8 of [26]), 
RSAEs in particular could drive substantial outward transport at 
small ρ, creating hollow beam density profiles. In the perpend
icular beam injection case, there are fewer RSAEs, and the kick 
model shows that the AE transport results in relaxed, but not 
hollow fast-ion density profiles (blue line in figure 17(a)). In 
both cases, it is found that the AE transport results in mainly 
redistribution, not loss, of non-inductive current drive. These 
results show that treatment of the AEs in phase space is impor-
tant in accurately predicting fast ion density and current pro-
files, highlighting the importance of including the velocity 
dependence of the fast-ion distribution function in critical gra-
dient models which are currently commencing [43].

The critical peak beam density gradient calculated from 
the kick model is in good agreement with the empirical value. 

Classically, the peak in the density gradient occurs around 
ρ = 0.36 for these cases. Figure 17(c) shows the time history 
of the peak beam density gradient between ρ∼ 0.25–0.75 of 
the transported profiles for above threshold, tangential beam 
(red) and perpendicular beam (blue) cases. The kick model 
peak gradient values near t  =  700 ms are around ×8 1018 m−4, 
in good agreement with the measurement in figure 6. The kick 

model critical (radial) gradient increases with a q1 min
2/  depend

ence as the discharge evolves, roughly doubling between 
∼q 3.4min  at t  =  650 ms and ∼q 2.5min  at t  =  900 ms.

6.  Summary

Experiments in the DIII-D tokamak show that many overlap-
ping, small-amplitude Alfvén eigenmodes cause stiff fast-ion 
transport above a critical threshold. AE transport is inherently 
a phase-space dependent quantity, and the measured threshold 
varies between fast-ion diagnostics because each diagnostic 
measures a different part of phase space. Both experimental 
measurements (figure 5) and theoretical analysis using the 
orbit code (figure 12) clearly indicate that the stiff transport 
threshold exceeds the linear threshold for AE stability. In other 
words, some AEs can be tolerated before significant fast-ion 
transport occurs. The sudden rise in measured transport cor-
responds with the onset of orbit stochasticity that occurs when 
multiple AEs create wave-particle resonances that overlap in 
phase space.

The effects of altering the fast ion distribution function 
with different beam injection geometry was studied in detail. 
No significant differences in the onset threshold outside of 
measurement uncertainties were found, in good agreement 
with the theoretical stochastic threshold analysis for the NPA 
diagnostic. However, a direct relation between the number 
of stochastic orbits in the diagnostic part of phase space 
and the measured fast-ion flux has not been validated. In 
the experiment, perpendicular beam injection results in less 
total AE mode activity compared to tangential beam injection 
for a given beam power. While the total theoretical stochas-
ticity is reduced in the perpendicular NBI case, the meas-
ured transport was unchanged. Further investigation with the 
kick model shows that, above threshold, the majority of the 
response in the data signals is due to modulation of the AE 
amplitude. Therefore, proper quantification of net fast-ion 
flux will require inclusion of this nonlinearity. The kick model 
has emerged as a powerful tool for accurately calculating the 
time evolution of AE induced transport and understanding the 
measured signals. While the model evolves the AE amplitude 
based on previously measured magnetics or neutron rate, it 
could be generalized to do predictive studies by implementing 
a critical gradient model to calculate a physics-based, phase-
space dependent diffusion coefficient.

Finally, electron cyclotron heating was used to change 
the mode activity from mixed RSAE and TAEs to a TAE-
dominant spectrum. This resulted in higher peak fast-ion 
densities, suggesting that active control to manipulate AE 
mode activity can be used, for example, to alter the radial 
fast-ion critical gradient. The results of this work are being 
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applied to guide the development of the Advanced Tokamak 
scenario to high βN in DIII-D through the use of tools such 
as upgraded off-axis neutral beam current drive, electron 
cyclotron heating [31], and variable beam voltage to alter 
AE behavior [44] to develop profiles and parameters that are 
more robust to fast ion redistribution. A key next step for 
reduced models is implementation for routine analysis and 
validation of present day discharges in order to better under-
stand how to design optimal scenarios that avoid driving the 
worst-offending AEs and to give confidence as these models 
are applied to ITER.
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