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Abstract. Utilizing an array of new diagnostics and simulation/modeling techniques,
recent DIII-D experiments have elucidated a variety of energetic ion transport
behaviors in the presence of instabilities ranging from large-scale sawteeth to fine
spatial scale microturbulence. Important new insights include: sawteeth, such as
those of the ITER baseline scenario, cause major redistribution of the energetic ion
population; high levels of transport induced by low-amplitude Alfvén eigenmodes can
be caused by the integrated effect of a large number of simultaneous modes; and
microturbulence can contribute to the removal of alpha ash while having little effect
on fusion alphas. This paper provides an overview of recent and upcoming results from
the DIII-D Energetic Particles research program.
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1. Introduction

Understanding and controlling the confinement of energetic ion populations in tokamaks
is increasing in importance as we approach self-heated devices. In ITER, seemingly small
reductions in fusion-a confinement can significantly reduce fusion power, and direct
losses impacting the first-wall have the ability to cause damage [1, 2]. Collaborative
work combining experimental and theoretical research is focused on the creation of
accurate models for describing this resultant transport. Developing validated predictive
models for the nonlinear interaction of energetic particles with plasma instabilities is
vital for extrapolation to ITER and future devices since adequate confinement of the
3.5 MeV fusion born alpha particles is required in order to maintain a burning plasma
state. Further, once these particles have deposited their energy, the challenge is to
remove the resulting alpha ash before it contributes significant fuel dilution limiting the
fusion rate at maximum beta.

DITI-D [3, 4] experiments employing a wide array of diagnostics have studied a
variety of energetic ion transport processes. This paper provides an overview of recent
and upcoming results from the Energetic Particles research program. Section 2 describes
diagnostics that are particularly relevant to energetic ion studies. Section 3 presents
results concerning the large spatial scale of sawtooth crash perturbations, which cause a
redistribution of the energetic ion population that is measurable across the poloidal cross
section [5]. Section 4 reports on the effects of intermediate scale Alfvénic instabilities
[6, 7, 8] such as the toroidal Alfvén eigenmode (TAE) and the reversed shear Alfvén
eigenmode (RSAE), where it is found that high levels of transport are capable of
resulting from the integrated effect of a large number of simultaneous but low-amplitude
modes [9, 10]. Section 5 concerns the fine spatial scale of microturbulence and it is shown
that ion temperature gradient (ITG) and trapped electron mode (TEM) turbulence can
contribute to the removal of alpha ash while having little to no effect on full energy fusion
alpha particles [11, 12]. The conclusion given in Section 6 summarizes the present state

of quantitative understanding with regard to these transport mechanisms.
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2. Diagnostic Capability

The energetic ion population for these studies is generated by neutral beam injection
(fast-wave injection is available but was not used in these cases). These neutral beams
are capable of injection energies between 58 and 91 keV, thereby providing the ability to
vary the energetic ion distribution. Figure 1 is a schematic diagram that indicates the
positions and injection geometries of all eight neutral beams. Standard directions for the
toroidal magnetic field (Br) and plasma current (,,) as shown in figure 1 were used for all
of the experiments described here. In such a setup, the beam lines at toroidal angles of
30°, 150°, and 330° inject co-current (vj/v > 0) and the beams at 210° inject counter-
current (vj/v < 0). The viewing positions of three fast ion D, (FIDA) [13, 14, 15]
systems are also indicated in the figure. The ability of FIDA systems to probe across
the energetic ion distribution makes them a vital addition to confinement experiments.
Radial profiles of energetic ion density are obtained from analysis of FIDA density [16]
measurements. FIDA density is calculated by integrating FIDA signals over a particular
energy range and then dividing out the neutral particle density due to injection from the
viewed neutral beam source. This provides a method by which to compare theoretical
energetic ion profiles with measurements, which would otherwise be difficult given that
FIDA diagnostics measure a subset of the total energetic ion distribution.

A poloidal cross section displaying the position of relevant diagnostics is shown in
figure 2. This figure contains the magnetic equilibrium from discharge 141195, which is
the focus of sawtooth transport discussion in section 3. The equilibria of other discharges
vary significantly from the one shown here. Diagnostics shown in figure 2 are fixed in
real space and therefore accurately represent the experimental setup of other discharges.
A partially transparent blue rectangle represents the typical vertical extent of neutral
beam injection. This region defines the source for the active FIDA signal and therefore
indicates the practical spatial limits of the FIDA diagnostics. In experiments, however,
this region is extended slightly further vertically by the neutral halo region that results

from charge exchange between thermal ions and the injected beam neutrals. Vertical
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bars within this region are the viewing lines of the vertical FIDA system that is used
to measure energetic ion density profiles for the Alfvén eigenmode (Section 4) and

microturbulence studies (Section 5).
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3. Transport by Sawtooth Crashes

Redistribution of the energetic ion population due to sawtooth crashes was originally
observed in JET [17] and TFTR [18]. Recently, the effect has been quantified by both
collective Thomson scattering [19] and FIDA [5] diagnostics on TEXTOR and DIII-D,
respectively. Energetic ion density in the core is observed to decrease up to 50% in these
cases. The DIII-D work incorporates a FIDA Imaging (FIDAI) system, which is a two-
dimensional imaging diagnostic that provides observations across a wide poloidal cross-
section as indicated by the beam footprint in figure 2. By removing the dependence of
the beam injected neutral density profile, the FIDAT signal from this diagnostic (figure 6
of Ref. [5]) can be presented as a FIDA density that is proportional to the energetic ion
density.

Repeatable sawteeth, in terms of amplitude and time between crashes, provide
great diagnostic benefit by allowing FIDAI measurements to be collected over multiple
crashes. A composite result is then constructed to represent the ensemble behavior.
The central electron temperature from discharge 141195 is shown in figure 3. This
temperature is measured by the electron cyclotron emission diagnostic [20] on a channel
corresponding to the magnetic axis. Panel 3(a) demonstrates the nearly two seconds
(from t ~ 2 — 4s) of highly repeatable sawteeth. A narrow time view is shown in
figure 3(b) along with vertical bars indicating the sampling width of the FIDAI system
before and after a typical sawtooth crash.

Figure 4(a) displays representative electron density profiles for time periods before
(solid black trace) a sawtooth crash and after (dashed blue trace). Plasma density is
the parameter that most directly influences the injected neutral density profiles. These
density profiles are determined by averaging data from the DIII-D Thomson scattering
system [21] over the time regions indicated by vertical bars in figure 3(b). The displayed
radial profiles are the result of a spline fit to these data, and the error bars are calculated
through a Monte Carlo process that iterates individual spline fits based on uncertainty

in the measurements. The relative change in the electron density profile before and
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after the sawtooth crash is known with greater confidence than the absolute profile
shape. Two individual Thomson systems measure positions in the core (typically inside
of p = 0.4) and across the rest of the profile. Each system employs its own calibrations,
and uncertainties in these values have the potential to exaggerate quickly evolving profile
features. Based on this aspect of the measurement it is valid to consider that the electron
density profile flattens due to the sawtooth perturbation, but it is not necessarily the
case that a significant density hole develops. In any event, the modest change in electron
density cannot account for the large change in FIDA density at the sawtooth crash as
shown in figure 4(b). With a sawtooth period of approximately 100 ms, a short time
window of 10ms (the viewed beam pulse length) is chosen for time averaging FIDAI
measurements during periods preceding and following crashes. The two-dimensional
FIDAI data in figure 4(b) is spatially averaged over an approximately 5cm tall region
centered on the peak signal, which is on the midplane.

In order to quantify the redistribution of energetic ions due to the sawtooth crash,
the FIDA density profiles are described by Gaussian fits that are plotted as dashed
or solid red traces in figure 4(b). Properties of these fits are given in table 1. From
the results shown in table 1 it is clear that the sawtooth crash widens the energetic ion
profile without causing a shift. The after-crash profile is 65% wider than the before-crash
profile as quantified by the full width at half-maximum.

Combining multiple FIDA diagnostics, each with a unique sampling of the energetic
ion distribution, provides the ability to study sawtooth redistribution as a function
of orbit type. The original FIDA diagnostic employs vertical views of the neutral
beam as shown in figure 2 and features a greater sensitivity to trapped ions than
passing ions. A new, tangentially viewing, FIDA diagnostic exhibits greater sensitivity
to passing ions. It has been theoretically proposed [22] that orbit type determines
sawtooth transport due to the extent to which the orbit is closely tied to a single flux
surface. Comparisons between transport measured by separate FIDA systems in the

same discharge are in qualitative agreement with the theoretical prediction that passing
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particles should experience a larger transport effect than trapped particles in these
discharges. Transport dependencies related to sawtooth type and ion distribution along
with theoretical comparisons are the subject of a separate work following Muscatello,

et al. [23].
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4. Transport by Alfvén Eigenmodes

In reversed shear plasmas with many small amplitude (§B/B =~ 2 x 107%) toroidal
and reversed-shear Alfvén eigenmodes, the central energetic ion profile flattens. These
discharges also display neutron emission levels that fall well below the classically
expected values calculated by TRANSP [24] based on measured plasma profiles. Initial
modeling with ORBIT [25] failed to reproduce the experimental results [26, 27] but new
calculations that utilize hundreds of harmonics and include the inductive electric field
predict diffusive energetic ion transport at the observed level [9, 10].

ORBIT simulations are performed using neutral beam ion deposition profiles from
the NUBEAM [28, 29] module of TRANSP. ORBIT then follows the energetic ions
as they interact with Alfvén eigenmodes. The mode structures and amplitudes are
measured in the experiments and provided as input parameters to ORBIT, which is able
to simulate the resulting energetic ion density profile. In this calculation each followed
energetic ion is treated as a test particle that does not perturb the background fields or
equilibrium. The total number of simulated particles is chosen to achieve appropriate
resolution of the resulting transport. Details of this methodology are found in [10].
Figure 5 displays experimentally measured and theoretically determined energetic ion
density profiles for discharge 122117 (a reversed shear equilibrium that is detailed in
[26, 30, 31]). These profiles are determined from energetic ion pressure profiles and the
approximation of constant energetic ion temperature across the plasma radius. Due
to the non-uniform sampling of the energetic ion distribution by the FIDA diagnostic,
that data is normalized to the equilibrium determined pressure profile as described in
[26]. A classically expected profile as calculated by TRANSP is shown as the solid black
trace and it exhibits a centrally peaked shape as may be expected in a case of good
energetic ion confinement. Two independent measurements are shown and these exhibit
a broadened profile compared to the classical expectation. The experimental profile
determined from equilibrium (calculated as the difference between the total pressure

from EFIT [32] equilibria constrained by motional Stark effect measurements [33] and
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the measured thermal pressure) is plotted as the dotted red trace. Data points from the
FIDA measurement are plotted as the solid red triangles. Both of these experimental
profiles agree with the theoretical result obtained from ORBIT, which is plotted as the
dashed blue trace. It is important to note that this theoretical result is a first-principles
calculation using experimentally determined Alfvén eigenmode amplitudes and spatial
structures. No mode adjustment, such as increasing the amplitude as attempted in [26],
is performed in order to produce the broadened profile.

Modeling and simulations such as those leading to figure 5 serve to improve our
understanding of Alfvén eigenmode-induced transport in the core, but it remains to link
these effects with losses observed at the vessel walls [34, 35]. A newly commissioned fast
ion loss detector (FILD) [36] at DIII-D observes fluctuations in ion flux that are coherent
at frequencies in the TAE/RSAE range (60 — 100kHz) [37]. The FILD consists of a
scintillator surface that emits light due to energetic ion impacts. The detector is installed
at a position approximately 45° below the outer midplane as shown in figure 2. This
light is imaged by a camera for a two-dimensional signal that represents the energy and
pitch angle of the ions. A photomultiplier tube (PMT) is also focused on the scintillator
surface in order to measure fast (1 MHz) signals. Figure 6(a) shows an autopower
spectrum from the FILD PMT signal averaged over a time period of Alfvén eigenmode
activity (510 — 540 ms) and also at a later time during which most of this activity has
subsided (710 — 740ms). Peaks in the spectrum corresponding to Alfvén eigenmode
activity are observed during the earlier time within the frequency range 60 — 90 kHz.
The relevant loss activity has disappeared by the later time window. The FILD camera
data indicates that these losses are ions with an energy of E, ~ 75keV and pitch of
vy/v = 0.71. It is conceptually consistent that this energy, being the full injection of
the neutral beams, is capable of interacting with Alfvén eigenmodes and being lost to
the wall since this is the ion energy that drives the modes initially [38]. Using this data
and the known position of the FILD aperture, the orbit representing a typical lost ion is

shown in figure 6(b). As expected, this orbit is capable of originating from well within
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the last closed flux surface in a region where Alfvén eigenmodes are observed to exist
[39]. The confined ion that is placed onto the loss orbit through interactions with Alfvén
eigenmodes is also shown. The identification of the confined orbit is treated thoroughly
in [40], where the evolution from confined orbit to lost orbit is largely due to a decrease

of toroidal canonical momentum.
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5. Transport by Microturbulence

Energetic ions are better confined than thermal particles, in part, because the large
orbits of energetic ions allow them to average over microturbulence such as the ITG
and TEM modes [41]. Experiments at ASDEX-U [42] and DIII-D [11, 12] featuring off-
axis neutral beam injection and MHD quiescent plasmas, however, indicate differences
between the measured energetic ion confinement and the predictions of neoclassical
theory. Figure 7 shows a comparison between the neoclassical and experimentally
observed radial profiles of the FIDA density. A synthetic diagnostic that includes
neoclassical processes to simulate the expected FIDA signal based on measured and
calculated plasma parameters, FIDASIM [43], is used to generate the theoretical results
for these observations.

Figure 7(a) is taken from a discharge featuring an injected neutral beam power of
P;,; = 3.1 MW in which the ratio of thermal ion temperature to energetic ion energy,
T;/E, is everywhere below 0.11. Due to the thermalization process and the physics of
neutral beam injection, there are ions of many energies simultaneously present in the
plasma. Ranges for the ratio of T;/FE are provided using the peak ion temperature
and a range of injected energies as a standardization representing the largest possibly
encountered value in the experiment. In figure7(a), the theoretical profile (solid red
trace) is the same in magnitude although more peaked than the experimentally measured
profile (black trace). This similarity contrasts with the situation present in panel
figure 7(b), where P,,; = 7.2MW and 7;/E increases to a maximum value of 0.38.
Figure 7(b) indicates that the experimentally measured profiles are considerably smaller
and flatter than the expected profile. The vertical range is the same for each panel,
illustrating that the energetic ion densities have increased with increasing neutral beam
injection power.

Recent theoretical and simulation work [44, 45, 46] shows that energetic ions of
neutral beam injection energy in DIII-D are susceptible to microturbulence-induced

transport. The transport enhancement due to microturbulence for beam ions is
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theoretically expected to scale with T;/E. Based on this collection of theory and
simulation results, an experiment was designed to maximize the value of T;/E by
reducing the injection energy of the DIII-D neutral beams.

Figure 8 displays FIDA spectra for a beam injection energy of 81 keV (left
column) and for 58 keV (right column). Spectral radiance, as shown in this context,
is a proxy for the energetic ion density. Values of spectral radiance that fall below
theoretical expectations indicate that the energetic ion density is less than expected from
neoclassical theory. The discharge of reduced beam energy (right panels) features lower
than expected energetic ion densities for the lowest measured vertical ion energies, E)
[47]. This result contrasts with the full energy discharge (left panels) for which profiles
at both positions largely agree with theory to within experimental uncertainty. In both
discharges, data is analyzed after the plasma current flattop but before the onset of
sawteeth. The spectral radiance is plotted as a function of vertical ion energy and the
actual observed photon wavelength. Error bars for the experimental results are set by
the standard deviation of the data ensemble collected over the 240 ms time period of
interest. An additional systematic uncertainty is present due to calibration issues and
may contribute a variation of up to 25% in spectral radiance amplitude. Calibration
factors are an input to the simulation (FIDASIM), however, so this uncertainty does
not affect conclusions concerning comparisons such as those shown in figure 8. The
region of largest difference between theory and experiment occurs for £, = 20 —40keV,
indicating that the effect is more pronounced for ions of lower perpendicular energy,
which also feature smaller gyroradii.

This transport effect is modeled using TGYRO/TGLF [48, 49] to investigate the
theoretically expected trend of increased energetic ion transport for larger values of
T;/E. Measured plasma profiles from the reduced neutral beam injection energy
discharge, 138392, are provided as inputs to TGYRO/TGLF. The trace level energetic
ion population is described by a Maxwellian with effective temperature, Fgp, varied

in proportion to the fixed electron temperature (T, ~ T;). A series of calculations
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are performed for different values of Fg; and the resulting profiles of the energetic ion
diffusivity due to ITG and TEM turbulence, D}ET]G/ TEM, are shown in figure 9. It is
evident that as the energy of ions decreases, the turbulent particle diffusivity increases.
Furthermore, the effect is more pronounced near the core, which supports the previous
observations of reduced energetic ion density in the DIII-D studies. Future work will
incorporate a slowing down distribution that better represents ions from neutral beam
injection. Existing work comparing these different distributions finds that trends as a

function of ion energy are consistent in both descriptions [50].
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6. Conclusion

A wide array of energetic ion transport studies are performed at DIII-D. These
experiments observe transport effects due to sawtooth crashes, Alfvén eigenmodes,
and microturbulence. During sawtooth crashes, a significant reduction in the core
energetic ion density is observed. A two-dimensional FIDAI system measures energetic
ion redistribution after the crash and indicates that profiles widen by up to 65%.
In ITER, such a large redistribution of fusion alphas in the core implies a dramatic
performance reduction. Present work in this area involves quantifying the difference in
sawtooth response between the passing and trapped energetic ion populations. Given
the potentially complex phase space dependency of this interaction it remains a challenge
to develop an accurate model that can predict the effect of sawtooth crashes on reactor
performance.

Alfvén eigenmodes such as TAEs contribute to energetic ion transport even in
cases where the mode amplitude is very small, §B/B ~ 2 x 107*. Ton losses due to
Alfvén eigenmodes are observed reaching detectors along the walls of multiple tokamaks
(34, 35, 51]. A new procedure for modeling these coherent losses is being developed
using the results of ORBIT, which simulates interactions between Alfvén waves and
ions. ORBIT follows ions to the separatrix, and then an orbit calculation code tracks
these particles to determine whether they strike the wall. Time dependence is taken
into account and allows for modeling of losses due directly to a given mode [40].

There is growing evidence that the long wavelength components of ITG and TEM
microturbulence significantly contribute to the transport of energetic ions. Recent
experiments [11, 12, 42] observe enhanced levels of energetic ion transport in MHD
quiescent plasmas. This turbulent transport is predicted to increase with plasma
temperature and also as the energetic ion population thermalizes. The consequence
for ITER operation is that fusion alphas (7;/E << 1) should experience little to no
transport enhancement and that alpha ash (7;/E & 1) will be affected and therefore

more easily lost from the plasma. Improvements to diagnostic techniques will allow for
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experimental feedback to the growing collection of theory work concerning fusion alpha
and alpha ash transport in the ITER regime [44, 50, 52, 53].

Continuing investigation of this turbulent transport will require improvements in
both the ability to measure the effect in experiments and the ability to model it in
simulations. In large-scale simulations the Gyrokinetic Toroidal Code (GTC) [54] is
being used to simulate both the microturbulence and the energetic ion response taking
experimentally measured plasma profiles as input parameters. This aspect of the project
uses measured plasma profiles from DIII-D discharges. Values for the energetic ion
diffusivity obtained from GTC simulations will be provided to TRANSP, which will
then calculate the resulting energetic ion profiles for comparison with experimental
measurements.

A steadily improving ability to measure and model energetic ion transport is
emerging as ITER approaches. Transport due to sawtooth crashes is routinely measured
and qualitatively compared to theory [23]. Quantitative simulations of this phenomena
are underway and it should be expected that additional theoretical treatments will
be proposed as more data becomes available. Alfvén eigenmode induced transport is
quantitatively understood in cases where the mode amplitudes and spatial profiles are
measured and provided to simulations. A more complete theoretical comprehension
of this process must involve both the wall losses generated by the modes and the
energetic ion drive of the modes themselves. Finally, a depth of theoretical results are
in qualitative agreement with measurements that suggest microturbulence contributes
to the transport of energetic ions and may be responsible for anomalous neutral beam
current drive behavior. Improved measurements and advanced gyrokinetic simulations

will improve the rigor of quantitative comparisons.
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Table 1. Properties of Gaussian shapes describing the FIDA density profiles before
and after a sawtooth crash.

Property Before  After

Center position (m) 1.65 1.64
Full width at half-maximum (m)  0.37 0.61
Reduced x? 2.20 0.60
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Figure 1. Schematic top view of DIII-D displaying the neutral beam layout. The
injection geometries of all eight neutral beams (which originate from the low-field side)
are shown with respect to the standard toroidal magnetic field, B, and plasma current,
I, directions. The angles listed for each beam indicate their toroidal position. Beams
depicted by solid (dashed) lines are commonly referred to as tangential (perpendicular)
sources. Three FIDA systems are highlighted according to which neutral beam is
viewed.

Figure 2. Magnetic equilibrium in shot 141195 at ¢ = 2289 ms indicating the positions
of multiple diagnostics in the poloidal plane. The approximate neutral beam injection
footprint is shown as the partially transparent blue rectangle. Vertical FIDA views are
displayed as the yellow lines within the footprint. The fast ion loss detector (FILD)
appears as the small green rectangle at approximately [R, z] = [2.2, —0.7] m.

Figure 3. Central electron temperature in shot 141195. (a) Full shot length (b)
narrow time region. Both traces have been smoothed for display.

Figure 4. Discharge 141195: (a) Radial electron density profiles (p = normalized
square root of the toroidal magnetic flux) representative of a time period before (solid
black trace) and after (dashed blue trace) a sawtooth crash. (b) FIDA density, ngr,
corresponding to the time periods before and after a sawtooth crash. Gaussian fits to
these profiles are shown as the dashed (After) and solid (Before) red traces.

Figure 5. Energetic ion density as a function of the normalized square-root of the
poloidal flux \/1117,, for DIII-D discharge 122117. Experimental results are shown for
both the FIDA density (red triangles), and from a determination of the energetic ion
pressure based on magnetic equilibrium results (dotted red trace). Theoretical results
from ORBIT (dashed blue trace) include transport induced by Alfvén eigenmodes. The
reference profile (solid black trace) is obtained from a classical model in TRANSP that
does not include transport due to Alfvén eigenmodes. This data is compiled between
[10] and [26].
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Figure 6. Energetic ion loss results from DIII-D discharge 142111. (a) Autopower
spectrum from the FILD PMT signal averaged over 510 < ¢ < 540 ms (solid black) and
710 < ¢t < 740ms (dotted red). (b) Trajectory of a confined ion orbit (blue trace) that
leads to the observed loss orbit (red trace). The loss orbit is reconstructed based on
FILD camera data at ¢ = 570 ms and a region corresponding to the FILD position is
indicated by the labeled square. Ion orbit properties are: FE, = 75keV, v /v = 0.707
(45° pitch angle).

Figure 7. Radial profile of proportional energetic ion density (FIDA density) as
calculated based on neoclassical, collision-dominated theory (solid red trace) and from
experimental measurements (black data points). The FIDA data is integrated over
the vertical energy range of 20 — 60 keV. (a) Discharge 133981 with P;,; = 3.1MW
and FIDA data averaged over 2000 < ¢ < 3000 ms encompassing the range 0.02 <
T;/E < 0.11. (b) Discharge 134426 with P;,,; = 7.2 MW and FIDA data averaged over
2000 < ¢ < 3000 ms encompassing the range 0.13 < T;/E < 0.38.

Figure 8. Comparison between measured FIDA spectra (solid black traces) and
simulated spectra (dashed red traces, using FIDASIM v2). (Left) Shot 138385,
Einj = 81keV, Py,; = 48MW. (Right) Shot 138392, Ei,; = 58keV, P;,; = 4.9MW.
(a) p=0.13, (b) p=0.15, (c) p=0.36, (d) p = 0.38.

Figure 9. Radial profile of the energetic ion diffusivity due to ITG and TEM

turbulence, Dg[(;/ TEM, normalized to the thermal ion energy diffusivity, x;, as

calculated using TGYRO/TGLF for shot 138392.
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