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Neutral beam injection into reversed magnetic shear DIII-D and ASDEX Upgrade plasmas
produces a variety of Alfvénic activity including toroidicity-induced Alfvén eigenmodes and
reversed shear Alfvén eigenmodes (RSAEs). These modes are studied during the discharge current
ramp phase when incomplete current penetration results in a high central safety factor and
increased drive due to multiple higher order resonances. Scans of injected 80 keV neutral beam
power on DIII-D showed a transition from classical to AE dominated fast ion transport and, as
previously found, discharges with strong AE activity exhibit a deficit in neutron emission relative
to classical predictions. By keeping beam power constant and delaying injection during the current
ramp, AE activity was reduced or eliminated and a significant improvement in fast ion confinement
observed. Similarly, experiments in ASDEX Upgrade using early 60 keV neutral beam injection
drove multiple unstable RSAEs. Periods of strong RSAE activity are accompanied by a large (peak
0S,/S, =~ 60%) neutron deficit. Losses of beam ions modulated at AE frequencies were observed
using large bandwidth energy and pitch resolving fast ion loss scintillator detectors and clearly
identify their role in the process. Modeling of DIII-D loss measurements using guiding center
following codes to track particles in the presence of ideal magnetohydrodynamic (MHD)
calculated AE structures (validated by comparison to experiment) is able to reproduce the
dominant energy, pitch, and temporal evolution of these losses. While loss of both co and counter
current fast ions occurs, simulations show that the dominant loss mechanism observed is the mode
induced transition of counter-passing fast ions to lost trapped orbits. Modeling also reproduces a
coherent signature of AE induced losses and it was found that these coherent losses scale
proportionally with the amplitude; an additional incoherent contribution scales quadratically with
the mode amplitude. © 2011 American Institute of Physics. [doi:10.1063/1.3574663]

. INTRODUCTION

Alfvén eigenmodes are routinely observed in present
tokamaks'? and are predicted to be unstable in ITER.®> A
consistent finding among current tokamaks is the ability of
these modes to cause enhanced transport of fast ions,“_7
resulting in reductions in fusion performance as well as pos-

"‘>Paper TI2 1, Bull. Am. Phys. Soc. 55, 288 (2010).
"Invited speaker. Electronic mail: vanzeeland@fusion.gat.com.

1070-664X/2011/18(5)/056114/14/$30.00

18, 056114-1

sible damage to first-wall components.® Because Alfvén
eigenmodes (AEs) may interact with both the alpha particles,
which are required to maintain fusion burn, as well as high
energy beam ions that are critical for heating, momentum
input, and current drive, it is obvious that understanding the
properties of AEs through modeling and experimental obser-
vation is essential in order to have confidence in predictions
for their impact on ITER and future devices.

Neutral beam injection into reversed magnetic shear
plasmas produces a variety of Alfvénic activity including
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toroidicity-induced Alfvén eigenmodes (TAEs),' reversed
shear Alfvén eigenmodes (RSAEs),”'* and linearly coupled
RSAEs and TAEs."' ™ These modes are studied during the
discharge current ramp phase when incomplete current pene-
tration results in a high central safety factor and a strong
drive due to multiple higher order resonances.'® Historically,
much effort has been focused on measurements and model-
ing of eigenmode structure'*!'” as well as understanding the
impact they have on confined fast ions in DIII-D.*'#2! This
paper expands on those results by detailing a similar impact
on confined fast ions in ASDEX Upgrade discharges as well
as presenting measurements of /ost fast ions and modeling of
these measurements. DIII-D lost fast ion measurements are
made using a newly installed large bandwidth pitch angle
and energy resolving fast ion loss detector (FILD)** similar
to the detector currently in operation on ASDEX Upgrade
(AUG). The large bandwidth of these detectors allows re-
solution of typical AE frequencies and an unambiguous iden-
tification of the modes responsible for fast ion loss. The
pitch angle and energy resolution are the keys to identify the
underlying physics and the details of the wave particle
interactions.

This paper is organized as follows. In Sec. II A, DIII-D
neutral beam power scan and injection timing scan experi-
ments are presented to give the reader an idea of the global
impact AEs have on the fast ion population (using neutron
emission and stored energy as a proxy). During periods of
strong AE activity, enhanced fast ion transport can cause up
to a ~50% reduction in neutron emission relative to classical
predictions. In Sec. II B, beam driven Alfvén eigenmode
ASDEX Upgrade experimental results are shown, where a
similar impact on the fast ion population was found. In Sec.
IIT A, measurements of AE induced fast ion loss on DIII-D
are presented where it is shown that losses were peaked near
the injection energy and occupy a relatively narrow range of
pitch angles (width ~ 5°) Modeling of the pitch angle and
energy as well as the primary loss mechanism are given in
Sec. III B, where it is shown that the dominant loss mecha-
nism observed is the mode induced transition of counter-
passing fast ions to lost trapped orbits. Section III C
describes modeling which addresses the details of the coher-
ent loss specifically, including the role of resonances and the
scaling of coherent losses with amplitude.

Il. IMPACT OF ALFVEN EIGENMODES ON CONFINED
FAST IONS

A. DIlI-D measurements

Experiments examining the global impact of AEs on the
fast ion population for a range of amplitudes were carried out
on DIII-D. These experiments utilized two techniques to alter
the AE drive and/or stability. The first was a scan of injected
beam power and the second was a change in the timing of
the initial beam injection during the current ramp. Detailed
stability analysis of the modes will be the subject of a future
publication; the work presented here focuses primarily on the
impact these modes have on the fast ion population.

By scanning injected beam power, the drive for the
modes is reduced and at some point becomes lower than the
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FIG. 1. (Color) Crosspower spectrum of vertical and radial CO, interferome-
ter chords in (a) 132701 with Pyg =~ 0.7 MW and (b) 132702 with Pyp ~ 5.1
MW. (c) Measured (solid) and classical TRANSP predicted (dashed) neutron
emission for discharges 132702 (black), 132698 (yellow), 132700 (red), and
132701 (blue) with Py =5.1, 2.8, 1.4, and 0.7 MW, respectively.

combined damping mechanisms. DIII-D’s 80 keV neutral
beam systems each have a dc injected power of approxi-
mately 2.5 MW. To achieve time averaged powers below
this, at full voltage, beam modulation is necessary. Figure 1
shows results from a power scan for approximate injected
powers of Png=0.7, 1.4, 2.8, and 5.1 MW (averaged over
several modulation cycles). For reference, typical DIII-D
Alfvén eigenmode studies are carried out with the equivalent
of =~ 5 MW injected power during the current ramp phase,
and previous Alfvén eigenmode experiments with Pyp as
low as 2.3 MW did not show classical neutron emission,*
prompting the question whether classical behavior is ever
observed this early in the discharge. Crosspower spectra of
vertical and radial viewing CO, interferometer chords'’**
are shown in Figs. 1(a) and 1(b) for the Pyg=0.7 and 5.1
MW cases, respectively. With the exception of broadband
turbulence and a few short occurrences of modes near
f=280-100 kHz, the low beam power case is essentially free
from AE activity, whereas the high beam power case clearly
has a plethora of AE activity that includes RSAEs and TAEs
between 50 and 200 kHz. Detailed modeling of these modes
has been carried out in several publications where the
structure,“*13 stability,16 and impact on fast ions™'® were
investigated.

The impact of these modes on the confined fast ion pop-
ulation is quantified in Fig. 1(c) where comparison of the
measured neutron rate (solid) to classical TRANSP (Ref. 25)
predictions (dashed) is shown for the various injection
powers. For these discharges, the primary neutron production
mechanism is through beam-plasma reactions. A neutron
deficit relative to classical predictions is a sensitive indicator
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of fast ion redistribution or loss. With on-axis beam deposi-
tion, as in these plasmas, the predicted fast ion density is
peaked on axis. Increased fast ion transport moves ions to
larger radii where density and temperature are lower.
Decreased temperature causes the ions to slow down faster
causing an effectively reduced fast ion population for a given
power. Typically reduced density at larger radii offers less
fusion targets, however, in a steady state/relatively constant
transport case, the effect of the reduced density is compen-
sated by a corresponding increase in the slowing down time
due to reduced density.

In these By=2 T discharges, neutral beam injection
begins at # =300 ms and continues while the current is ramp-
ing up at a constant rate of 0.8 MA/s until reaching approxi-
mately 1.2 MA at = 1000 ms. Since the neutron emission is
weighted toward highest energies, the rapid beam modula-
tion (= 20-30 ms) in the two lowest beam power cases
causes the observed sawtooth-like appearance. The occa-
sional modulation of the two higher power cases is due to
the blip of an additional beam every 100 ms for diagnostic
purposes. It is noted that, because of uncertainty in the abso-
lute neutron calibration, the “experimental” neutron rate in
this figure has been adjusted by a constant normalization fac-
tor that gives agreement with the average TRANSP magni-
tudes for the lowest power case over the interval r=300—
1100 ms. Similar low-power beam heated discharges were
carried out when a neutron calibration was available, indeed
show classical neutron emission during AE free periods of
the current ramp.* In Fig. 1(c), the shape of the measured
neutron emission temporal behavior is essentially classical
for the two lowest beam power cases, then diverges signifi-
cantly from classical predictions in both shape and magni-
tude for the two higher beam power cases. Also, the ratio of
the two lowest power cases is essentially the same as that
from classical predictions. Both the Pyg=2.8 and 5.1 MW
cases have qualitatively similar mode activity in that both
RSAEs and TAEs are present as in Fig. 1(b); however, the
average mode amplitude is larger in the Pyg =5.1 MW dis-
charge where up to ~ 40% neutron deficits are observed.

In addition to scanning beam power and reducing the
Alfvén eigenmode drive directly, it was observed that delay-
ing beam injection by 240 ms, while keeping the current
ramp rate constant (= 0.8 MA/s), causes the level of Alfvén
eigenmode activity to be greatly reduced and in some cases
made completely stable for the same injected power. This
result is shown in Fig. 2, where Figs. 2(a) and 2(b) are spec-
trograms of the early (r=300 ms) and later (+=520 ms)
injection, respectively. By delaying beam injection during
the current ramp phase, the plasma remains cooler in the
core and the current is allowed to penetrate faster, causing a
more weakly reversed shear profile and lower ¢, for a
given time. In turn, the lower central g-values reduce the
drive of the modes that are primarily interacting with the fast
ions through higher order resonances.'® A detailed analysis
of the stability of these modes due to delayed beam injection
is underway and will be the subject of a future publication.

Both the measured and classically predicted neutron
emissions are given for the “early” and “late” injection cases
in Figs. 2(c) and 2(d), respectively. As expected, the more
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FIG. 2. (Color online) Crosspower spectrum of vertical and radial CO, in-
terferometer chords in (a) 142111 with Pyg ~ 6.8 MW beginning at =300
ms and (b) 142119 with Pyp ~ 6.8 MW beginning at ¢t =540 ms. Measured
(blue) and classical TRANSP predicted (red) neutron emission for discharge
(c) 142111 and (d) 142119.

typical early injection case, with multiple unstable modes,
has much reduced neutron emission relative to classical pre-
dictions. The discharges in Fig. 2 were not carried out on a
day with low beam power (as in Fig. 1), so the approximate
neutron calibration was obtained by scaling experimental
measurements to TRANSP predictions for the delayed injec-
tion case (142119) over the interval = 1400-1500 ms dur-
ing which no magnetohydrodynamic (MHD) or AEs were
observed.

A quantitative estimate of the level of fast ion diffusion
present in discharge 142111 [Figs. 2(a) and 2(c)] is deter-
mined through a series of TRANSP runs with varying levels
of fast ion diffusivity. The fast ion diffusivities used (Dp =0,
0.5, 1.0, 2.5, and 5.0 mz/s) were independent of position,
pitch, and energy. The expected neutron emission for
Dp=0, 1.0, and 5.0 m? is shown in Fig. 3(a) along with the
measured neutron emission. From this figure, one can see
that the neutron emission is initially consistent with a fast
ion diffusivity of ~5 m?/s. Then, as the discharge evolves,
the neutron emission becomes near classical by = 1900 ms.
The assumption of a uniform pitch/energy independent diffu-
sivity is admittedly crude and only serves to put the meas-
ured transport on some type of quantitative scale. In reality,
as will be addressed in Sec. III C, each individual mode
interacts with the fast ion population along well defined
resonances. However, as more and more modes are consid-
ered that span the plasma with multiple overlapping resonan-
ces, this approximation may become a more accurate
representation of the situation.

The multiple TRANSP runs can be used to obtain an
effective diffusivity as a function of time by linear interpola-
tion of the measured neutron rates between the simulated
values for the various Dp. The time evolution of the resultant
effective fast ion diffusivity is given in Fig. 3(b). When a
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FIG. 3. (Color) Discharge 142111. (a) Measured (black) and TRANSP pre-
dicted neutron emission with Dz =0 m?%/s (red), 1 m%/s (yellow), 5 m>/s
(purple). (b) Effective time dependent diffusivity obtained through linear
interpolation of several constant diffusivity TRANSP runs (black) and
smoothed (green). (c) Measured (black) and TRANSP calculated (green)
neutron emission, where TRANSP calculation used variable fast ion diffu-
sivity from (b). (d) Stored energy predicted by TRANSP with Dg =0 (red)
and variable Dy (green) compared to measured (black).

separate TRANSP run is carried out using this effective dif-
fusivity, the calculated neutron emission closely matches
experiment [Fig. 3(c)].

Further corroborating this approach and the resultant
large impact on the confined fast ion population, the
TRANSP calculated stored energy for the Dy =0 and vari-
able Dp cases along with experiment are shown in Fig. 3(d).
From this figure, one finds that while both the variable and
zero diffusion cases appear to be within the experimental
noise after t~ 1200 ms, the variable Dy TRANSP run
closely matches the measured stored energy early in the dis-
charge when the diffusion is large. The pronounced differ-
ence at earlier times is due to two reasons, the first is simply
that the diffusivity is larger. The second compounding factor
is that early in the discharge, the beam ion pressure is a
larger fraction of the total pressure.

B. ASDEX Upgrade measurements

Recently, neutral beam driven Alfvén eigenmode
experiments, similar to those described in Sec. II A, were
also carried out on ASDEX Upgrade. These experiments
are described in detail in Refs. 14 and 15, however, two of
the primary goals were verification of significant Alfvén
eigenmode induced transport as well as establishing condi-
tions for future collaborative beam driven Alfvén eigen-
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FIG. 4. (Color online) AUG Discharge 25528. (a) Crosspower spectrogram
of ECEI data with expanded region shown above to accentuate the multitude
of RSAEs present in discharge. (b) Measured neutron emission (blue) and
classical TRANSP predicted neutron emission (red). Sixty kiloelectronvolts
neutral beam injection begins at # =200 ms.

mode studies. As with the DIII-D Alfvén eigenmode
studies, these experiments used early beam injection during
the current ramp phase to create reversed magnetic shear
and keep gmin clevated—key elements for increasing the
drive of AEs at high toroidal field through higher order
resonances.'®

Figure 4(a) shows an electron cyclotron emission imag-
ing (ECEI) spectrogram obtained during a discharge with 60
keV beam injection beginning at =200 ms during the cur-
rent ramp of a By =2.5 T discharge.'*'>? In this discharge,
a multitude of RSAEs were driven unstable, highlighted in
the expanded portion of Fig. 4(a). Figure 4(b) shows the clas-
sical neutron emission calculated by TRANSP as well as that
measured experimentally; clearly, early during the discharge
when RSAE activity is more pronounced, there is a signifi-
cant deficit in the neutron emission. As the RSAE activity
weakens, the neutron deficit is reduced until ~800 ms when
the neutron emission is essentially classical. The same beam
driven Alfvén eigenmode experiments on ASDEX Upgrade
also revealed for the first time pitch angle and energy
resolved coherent losses of beam ions due to Alfvén eigenm-
odes,'*! as well as, using the newly installed AUG fast ion
D, diagnostic,”’ a large central flattening of the fast ion pro-
file concomitant with the excitation of several RSAEs at a
Gmin integer crossing.'*'?
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FIG. 5. (Color online) (a) Cross-section of DIII-D inner wall with FILD
location overlayed. Dashed contours are equally spaced contours of p for
discharge 142111 at =525 ms. (b) Top view of DIII-D showing toroidal
location of FILD as well as beam line trajectories that were used during
times of interest. 150°, 30°, and 330° beamlines are in the direction of
plasma current and those from 210° are counter current. Direction of toroidal
rotation (V,), plasma current (/,,), and toroidal field (B,) is shown.

ll. FAST ION LOSS DUE TO ALFVEN EIGENMODES

Because measurements such as neutron emission, stored
energy, and fast ion d-alpha (FIDA) (Ref. 18) average over a
significant fraction of the distribution function and often lack
mode-frequency timescale response, they are relatively indi-
rect methods for inferring the impact AEs have on fast ion
confinement. Recently, a large bandwidth pitch angle and
energy resolving fast ion loss detector, capable of directly
measuring losses at AE frequencies, was installed and com-
missioned on DII-D.*>?%3% This section describes initial
measurements of Alfvén eigenmode induced fast ion losses
as well as modeling of these losses.

A. Measurements

The primary discharge discussed in relation to FILD
measurements is 142111 [Figs. 2(a), 2(c), and 3], which con-
tains a variety of coherent mode activity including TAEs,
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FIG. 6. (Color online) Discharge 142111. (a) Spectrogram FILD data. (b)
Crosspower spectrum of Mirnov (magnetic fluctuations) and CO, interfer-
ometer data.
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FILD Scintillator

FIG. 7. (Color online) FILD scintillator image, discharge 142111 at =525
ms, with 500 ps exposure. Overlayed red contours represent 25, 50, and
75% peak amplitude contours of viewing optic for large bandwidth
measurements.

RSAEs, energetic particle induced geodesic acoustic mode
(EGAMs),*! and beta induced Alfvén acoustic eigenmode
(BAAEs)*? and has up to 50% neutron deficit relative to
classical TRANSP predictions. The FILD location relative to
the DIII-D vessel and plasma is shown in Fig. 5 as well as
the centerlines of neutral beams that were used during the
times of interest. A spectrogram from the central portion of
the FILD scintillator during the current ramp phase of this
discharge is shown in Fig. 6(a) along with a crosspower
spectrum of magnetic and CO, interferometry data. The
magnetic and CO, crosspower spectrum is given as a global
measure of the mode activity present in the discharge. The
FILD diagnostic clearly sees losses from TAEs, RSAEs, and
the EGAM—the coherent peaks make this unambiguous,
which is truly the largest advantage of large bandwidth fast
ion loss measurements such as these. TAEs are the series of
relatively constant frequency modes above 60 kHz, RSAEs
are the modes which sweep up into the TAE range and the
EGAM (and its harmonics) are below approximately 50 kHz
and strongest early in the discharge (¢t < 400 ms). In compar-
ing the two spectra in Fig. 6, one thing that stands out is the
apparent lack of losses due to AEs after r ~ 800 ms, despite
the fact that many such modes are still present in the plasma
and of comparable amplitude.

Data from the FILD scintillator are shown in Fig. 7 for
t=525 ms. The white regions indicate the gyroradius and
pitch [y = v /v, and x;, = cos™ () in deg] of lost ions strik-
ing the detector. The overlayed red contours indicate the ap-
proximate region sampled by the fast photodetector used to
create the power spectrum in Fig. 6(a). The losses at approxi-
mately y, = 70° correspond primarily to prompt losses of
full, half, and third energy beam components as described in
Ref. 28. The full 80 keV injection energy gyroradius at FILD
is approximately R; = 3.7 cm. The losses near yp, ~ 45° and
R; =~ 3.5 cm do not correspond to prompt losses (as they are
not modulated with any beam) and are associated with mode
induced loss which can include contributions from both AEs
and the lower frequency MHD also observed at this time.

Modeling of these losses, described in the next two sec-
tions, will focus on two distinct time ranges in discharge
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142111: t =~ 525 ms and ¢ ~ 725 ms. The time ranges were
chosen with several modeling goals in mind: (1) identifying
the origin of the losses, (2) identifying expected pitch and
energy of the losses at the FILD location, (3) explaining
reduction in loss levels as current increases (later time), and
(4) reproducing signature of coherent losses in simulation.

B. Modeling—Iloss to FILD

The primary theoretical tool used to model fast ion loss
in these experiments is the Hamiltonian guiding center code
ORBIT.** ORBIT calculates particle trajectories in a toka-
mak in the presence of input wavefields superimposed on an
equilibrium field. In this application, the input eigenmodes
are taken from the ideal MHD solver NOVA.***> ORBIT
combined with NOVA calculated Alfvén eigenmodes was
recently used to successfully model the impact of AEs on
confined fast ions in DIII-D plasmas®>*' and has also been
used for similar studies in national spherical torus experi-
ment (NSTX).*® A similar methodology is employed here
except further analysis is required to follow particles to the
FILD.

First, equilibrium profiles of density, temperature, impu-
rity density, etc., are fit and used as inputs to calculate the
linear eigenmodes of the plasma with NOVA and the
expected beam ion deposition using TRANSP. Next, a subset
of these eigenmodes is identified from experimental meas-
urements including electron cyclotron emission (ECE),’
ECEI*"" beam emission spectroscopy (BES),** magnetics,
and interferometry. By fitting the eigenmode structures to
ECE data, a mode amplitude is determined.'>'” ORBIT is
then used to calculate the transport of the TRANSP calcu-
lated beam ion distribution in the presence of the NOVA cal-
culated wavefields. Particles that reach the last closed flux
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FIG. 8. (Color) Contour of orbit classifications calculated with COM based
code for particles initiated at R=2 m and z=0 m with £ = 10-85 keV and
7= —0.92to +0.92 in discharge 142111 at t =525 ms. Trajectories of rep-
resentative orbits at £ =75 keV are indicated in red and LCFS in blue. Lost
trajectory intersects FILD.
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surface (LCFS) in the simulation are identified as lost and a
second constants of motion (COM) based code (described in
the appendix) follows those particles further to determine
which reach the FILD detector. Note, this approach is
required with the version of ORBIT being employed and
restricts mode amplitudes to zero outside of the LCFES.

A survey of typical orbits in discharge 142111 at =525
ms calculated using the COM based code is shown in Fig. 8.
The contour shows regions of different orbit classes for a range
of energies and pitch angles launched at (R, z) = (2, 0) m. The
light-yellow region is perhaps the most important in that it
shows the energies and pitch angles which are lost, with an
example orbit given that actually hits the FILD diagnostic.
The presence of loss boundaries within the plasma, which
have orbits intersecting the FILD, is necessary if one expects
to be able to model fast ion losses measured at the detector
using the approach outlined here. Without such loss regions,
particles could be “lost” (in the ORBIT sense of being pushed
past the LCFES), however there would be no possibility of
them intersecting the FILD detector. Put another way, since
the mode amplitude is assumed zero outside of the LCFS and
particles are not allowed to re-enter the plasma and interact
further with the modes; if the particle is not on a trajectory
intersecting FILD when it first reaches the LCFS, there is no
possibility for it to reach FILD.

The primary eigenmodes relevant for fast ion loss are
identified using multiple diagnostics. Figure 9(a) shows an
average crosspower spectrum of adjacent ECE channels for
the early modeling time window in which multiple TAEs
and RSAEs are clear. Figure 9(b) is the same spectrum
except points representing frequencies at which a coherence
above the 95% confidence level between several adjacent

Frequency (kHz)

Frequency (kHz)

40 e & T SR S S
500 520 540 560 580 600

Time (ms)

FIG. 9. (Color online) (a) Discharge 142111, average crosspower spectrum
of 20 adjacent ECE channel pairs. (b) Same spectrum as panel (a) with over-
layed points corresponding to frequencies at which coherence between sev-
eral adjacent ECE channels and FILD detector is greater than 95%
significance level—these global coherent modes are causing fast ion loss to
FILD.
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FIG. 10. (Color online) Input radial magnetic field perturbation along out-
board midplane used in ORBIT calculations for modeling of (a) early and
(b) late time cases. Color coded poloidal mode number in Boozer coordi-
nates of every other harmonic is shown to right of each panel. (a) 109 poloi-
dal harmonics, representing eight individual modes with toroidal mode
numbers n=35, 4, 3, 1, 4, 3, 3, 2 and frequencies f=75.5370, 72.8880,
69.7870, 62.3920, 80.4420, 73.8470, 68.7460, 71.6060 kHz. (b) 126 poloidal
harmonics, representing nine individual modes with toroidal mode numbers
n=2,3,4,5,6,7,5,6,7 and frequencies f=71.8170, 70.0590, 70.8810,
77.8010, 78.3290, 80.8200, 72.0890, 75.6880, 76.8200 kHz.

ECE channels and the FILD diagnostic are overlayed—these
are the global modes causing fast ion loss to FILD. An array
of unequally spaced Mirnov coils is then used to identify the
toroidal mode number of these modes and the approximate
poloidal mode number is extracted from ECEI and BES
measurements combined with analytic modeling of RSAE
frequency evolution. With this information, the experimental
modes are then matched up to NOVA calculated eigenmodes
as in Refs. 13, 17 and the full mode structure with experi-
mentally determined amplitudes is obtained for input to
ORBIT. In general, NOVA finds several eigenmodes for
each toroidal mode number® and identification of mode type
is aided by carrying out calculations for a range of ¢pup.
When NOVA solutions are found for several values of ¢min,
the distinction between RSAEs and TAEs becomes obvious
due to the obtained eigenmode frequency variation lending
more confidence that the modes being used are representa-
tive of those measured in experiment. The radial structure of
the magnetic field perturbation along the outboard midplane
for more than 100 poloidal harmonics at each time interval is
given in Fig. 10.

The use of NOVA calculated linear eigenmodes
assumes that the calculated linear eigenmode structures are
an adequate representation of the experimental nonlinearly
saturated eigenmodes as well as the fact that these structures
do not interact and modify each other significantly (beyond
any linear mode coupling already present in the input
eigenmodes'?). Several studies have shown that the linear
eigenmodes in these type of DIII-D plasmas do in fact repro-

roidal distributions.

duce, remarkably well, many of the features of the experi-
mentally measured structures.'*'”* Fast ion diamagnetic
flows appear to modify the relative phase of the various
poloidal harmonics slightly, yet still retain the overall eigen-
mode radial amplitude envelope.* Essentially, by selecting
these eigenmodes, we are simply asking the question, can a
set of fixed linear eigenmodes with many features of those
measured experimentally reproduce the measured fast ion
loss.

The initial fast ion distribution function for the transport
calculations is obtained from TRANSP calculations and is
shown (averaged over the plasma) in Fig. 11(a). The initial
positions, pitch, and energy of a subset of the launched
particles are shown in Figs. 11(b)-11(d). As can be seen,
the particle distribution is centrally peaked and distributed
uniformly in the toroidal direction. Additionally, particle
energies below 23 keV were not considered (23 keV perpen-
dicular energy corresponds to~?2 cm Larmor radius at the
FILD, below which no losses due to modes were observed).
It can also be seen that a significant number of both co
(x > 0) and counter (y < 0) current going particles was
included.

When the eigenmodes from Fig. 10 were allowed to op-
erate on the launched fast ions, losses were observed. Simu-
lations were carried out for 0, 0.5, 1, 2.5, and 5 x the
experimental amplitudes as well as with and without pitch
angle scattering.”’ The fraction of lost particles (crossing the
LCES) for the various runs as a function of time is shown in
Figs. 12(a) and 12(b). In all cases (even without modes),
some particles are promptly lost. These particles correspond
to orbits that are nominally confined but spend a portion of
their trajectory outside the LCFS. In all cases with modes,
more losses occur than without modes and with scattering
included, an additional level of loss occurs due to particles
being scattered onto loss orbits. The asymptotic loss rates
with and without scattering are given in Fig. 12(c) where it
appears that the collisions simply shift the level of losses by
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FIG. 12. (Color) Fraction of launched particles lost in early time case
ORBIT simulations using modes with 0, 0.5, 1, 2.5, and 5 x experimental
amplitudes and (a) NO pitch angle scattering (b) pitch angle scattering
included. (c) Asymptotic loss rate vs mode amplitude scaling factor with
(red) and without (black) pitch angle scattering included.

some relatively constant amount. In these simulations, ~ 8%
of the confined beam ion population is lost through the
LCEFS in a full energy slowing down (50 ms at mid-radius)
period when using experimental amplitudes.

Figure 13 gives details about the pitch and energy of
lost particles for the case without pitch angle scattering
included. A sample of the launched particles is shown in Fig.
13(a), along with all particles crossing the LCFS (lost) in

SAMPLE OF LAUNCHED
RS NI
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FIG. 13. Pitch and energy distribution of (a) subset of launched particles,
(b) all lost particles, (c) all particles intersecting wall, and (d) all particles
that intersect FILD R, z. Results are for early time run at ~ 2.5 experimen-
tal amplitude without pitch angle scattering.
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FIG. 14. (Color) (a) Gyroradius and pitch angle of particles hitting FILD
shown in Fig. 13(d). (b) Data from panel (a) replotted vs energy and v /v.
(c) Green=unperturbed poloidal trajectory of particle with same initial
position, energy, and pitch as lost particle shown as red diamond in panels
(a) and (b). Red = unperturbed poloidal trajectory of particle with energy,
pitch, and position, where red diamond particle in panels (a) and (b) inter-
sects LCFS in ORBIT simulations. LCFS is shown in orange.

Fig. 13(b), hitting the wall in Fig. 13(c), and those which
intersect FILD in Fig. 13(d). The results shown are for the
2.5 x experimental amplitude case as better statistics were
obtained for the analysis/figures to follow with negligible
changes to the conclusions. In these simulations, both co and
counter going fast ions were lost with the majority clearly
being initialized on counter going orbits. The particles that
hit the wall and FILD [Figs. 13(c) and 13(d)] were initialized
solely on counter going orbits. As mentioned, this restriction
to counter going orbits is in part a consequence of the tech-
nique employed which requires a loss boundary present in
the plasma with a trajectory reaching FILD. Coherent losses
of particles to FILD have been observed in discharges with-
out counter beam injection, and it is possible that some of
the particles initialized on cocurrent orbits, which were lost,
could reach FILD if they were allowed to re-enter the plasma
and interact with the modes further. Preferential losses of
counter current fast ions such as those found here were
observed in previous simulations, where in fact, a more self-
consistent treatment of the problem was carried out.*'*?

All particles that hit the LCFS are followed with the
COM based code and when a particle comes within 7.5 cm
of the FILD poloidal position, its pitch and gyroradius are
recorded. The collection radius of 7.5 cm used is larger than
the actual collection volume and was chosen to improve the
loss statistics. Figure 14(a) gives the gyroradius and pitch of
all particles found to strike FILD. For comparison, the
energy and pitch as v /v are given in Fig. 14(b). The peak of
the losses which strike FILD is near the injection energy (80
keV) and some particles are observed down to the lower
energy limit of 23 keV. All particles striking FILD are found
to be confined to a narrow region in pitch 43°-49°
) /v = 065 — 073). An example of the initial (final) unper-
turbed orbit for a particle near the peak of those hitting FILD
is shown in green (red) in Fig. 14(c). The initial orbit is the
poloidal trajectory the particle would have taken with no
mode present and the final trajectory is the equivalent for a
particle with the position and velocity at the point where the
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FIG. 15. (Color) (a) ORBIT calculated trajectory of lost particle intersecting
FILD (blue). Unperturbed initial (green) and final (red) trajectories from
Fig. 14(c) are also shown. LCFS is shown in orange. (b) Energy (0E/E) and
toroidal canonical angular momentum (6P /P ) evolution of lost particle.

lost particle hits the LCFES. This particle, like almost every
other particle hitting FILD in the simulations, was initialized
on a counter passing orbit (green) which eventually, through
interaction with the modes, was transferred to a lost trapped
orbit intersecting FILD on its cogoing leg.

The actual path of this lost particle in Fig. 14(c) takes
while interacting with the modes is shown in Fig. 15(a). As
can be seen from this figure, the particle loses energy and to-
roidal canonical angular momentum [Fig. 15(b)] as it is
pushed to larger minor radius where it finally gets set on a
loss orbit. Once on the loss orbit, it very closely follows the
unperturbed trajectory shown in red. This type of loss trajec-
tory is the so-called “big last step” and is typical for the par-
ticles observed to hit FILD. Losses of alpha particles born on
prompt loss orbits such as this were observed using scintilla-

Simulated Scintillator
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FIG. 16. (Color online) (a) Synthetic scintillator diagnostic constructed by
binning particles [shown in Fig 14(a)] in energy and pitch that strike FILD.
White represents more particles strikes and black represents zero. (b) FILD
scintillator image showing prompt losses at y, ~ 70°. and MHD induced
losses centered near yp ~45° and R; ~ 3.5 cm. Note, prompt losses are
intentionally excluded from ORBIT results.

is made of the 2.5 x experimental amplitude case.

tor detectors on tokamak fusion test reactor (TFTR)**** and
were also found to be the dominant loss mechanism in histor-
ical ORBIT simulations of alpha loss induced by TAE
modes.*>**° In fact, in the alpha loss study presented in Ref.
46 it was remarked “The statistically most likely loss process
is the fluctuation-driven conversion of resonant counter-
going circulating alphas near the passing/trapped boundary
to large trapped orbits. The conversion occurs because of the
large resonant change of energy (E,) and thus the pitch angle
parameter uB/E,.”

Taking the collection of particles which strike FILD,
one can construct a simple synthetic loss scintillator diagnos-
tic by histogramming the particles in energy and pitch. The
results from application of this technique to the simulation
results in Fig. 14(a) are shown in Fig. 16(a) and for compari-
son, the actual scintillator is shown in Fig. 16(b). The results
are that the synthetic scintillator diagnostic reproduces the
approximate energy and pitch of the measured loss spot that
does not come from prompt beam ion loss.

All discussion of modeling results until now has
focused on the early time region near ¢t~ 525 ms in
142111. Another focus of the modeling was to see if simu-
lations could reproduce the decrease in losses observed at
later times ¢ ~ 725 ms. The temporal evolution of the frac-
tion of lost particles for the early time and later time simula-
tions is shown in Fig. 17, where the decrease in total losses
for the r ~ 725 ms case relative to the  ~ 525 ms case is
made clear. While this result is interesting, it may have
been expected when one considers the eigenmodes used as
inputs (Fig. 10). The decrease in fotal losses can be easily
understood in that the eigenmodes used for the later time
case did not extend to the outer flux surfaces as they do for
the earlier time simulations, i.e., zero amplitude outside of
W 2~ 0.8. Having modes which extend to larger radii is a
key contributor to global loss since that is where loss boun-
daries occupy the largest region of phase space in the
plasma. As far as decreased losses to FILD, the higher cur-
rent at the later time serves to move the loss boundaries out
to larger radii and away from the localized core modes. The
combination of these two effects causes reduced losses at
the later time despite having more modes with comparable
(actually somewhat larger) mode amplitudes. Both of these
effects are shown in Fig. 18.
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FIG. 18. (Color) Comparison of the loss boundaries at 80 kV along the out-
board midplane for the (a) early time case (r &~ 525 ms) and (b) late time
case (1 =~ 725 ms). Yellow and white represent regions from which particles
would be lost if launched with energy 80 kV at the corresponding energy
and pitch along the outboard midplane. The corresponding eigenmodes
along the outboard midplane are shown in (c) and (d), respectively. The
dashed vertical line shows the innermost extent of the loss boundaries in
each case.

C. Modeling—coherent loss

Having seen that the energy, pitch, and long time scale
dependence of the measured loss signals can be reproduced
with ORBIT modeling, the question remains whether a
coherent signature can be extracted from the simulations.
The multimode modeling, presented in Sec. III B, was car-
ried out with approximately one million particles spread
over a range of energies, pitch angle, and space and as a
result lacks sufficient loss statistics to reveal such a feature.

05
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o
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FIG. 19. (Color) Contour shows orbit classifications for 75 keV deuterium
ions launched along outboard midplane as a function of major radius and
pitch. Blue =passing, gold =trapped, purple = stagnation, yellow and
white = intersect vessel wall. Red points indicate random sampling of the 6
million launched particles which were initiated on orbits nominally remain-
ing completely inside of the LCFS.
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FIG. 20. (Color online) Input radial magnetic field perturbation along out-
board midplane. Mode corresponds to an 80 kHz, n =4 global TAE. Color
coded poloidal mode number in Boozer coordinates of each harmonic is
shown to right.

To specifically target the coherent signature, simulations
were carried out using six million particles with an initial
energy of 75 keV (near the peak of the predicted losses) that
were all initially launched along the outboard midplane.
These particles were distributed uniformly in major radius
and pitch such that nominally all particles were initially on
confined orbits with a nominal maximum minor radius of
W < 1. Figure 19 shows the orbit classifications as well as a
sampling of the initial major radius and pitch of the launched
particles. To further simplify the interpretation, a single
f=80 kHz, n=4 TAE from the previous set of modes at
t ~ 525 (which were observed to cause coherent loss to
FILD) was selected and its amplitude fixed to peak
0B, /B ~ 1 x 10~*. The outboard midplane structure of the
radial magnetic field perturbation for each poloidal harmonic
(m=17-30) of this mode is shown in Fig. 20.

The fraction of particles lost versus time with and with-
out the n =4 TAE is shown in Fig. 21(a) and the loss rate is
shown in Fig. 21(b). Losses in the first ~ 0.06 ms are
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FIG. 21. (Color online) (a) Fraction of lost (hitting LCFS) particles in
ORBIT simulation using single n =4 TAE as well as pitch angle scattering
(black) and with only pitch angle scattering (red). (b) Total loss rate in num-
ber of simulation particles/ms hitting LCFS. For loss rate, histogramming in
time with bin size of ét = 0.0025 ms was used.
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FIG. 22. (Color online) (a) Loss rate of all particles passing through LCFS
(black) and 10 x loss rate of particles passing through ¢ = 0=15° (red). For
loss rate, histogramming in time with bin size of o7 = 0.0025 ms was used.
(b) Enlarged region of panel (a) showing only losses through LCFS at
¢ =0=£15° (c) Power spectrum of data in panel (b), clearly showing 80
kHz peak due to n =4 TAE.

dominated by promptly lost particles, then in the “NO TAE”
case, losses continue due to pitch angle scattering. Note,
even though nominally only confined particles were
launched, some prompt losses still exist due to the finite
energy and pitch grid used in the COM calculations of the
loss boundaries for loading. For the “TAE” case, losses are
larger and the difference is directly due to the mode. Figure
22(a) again shows the loss rate versus time with the mode
present (black) and overlayed is the losses through a single
toroidal slice at ¢ = £15° (red). For analysis of the time se-
ries and extracting a coherent signature, restricting the
losses to those occurring at a single toroidal location is nec-
essary and simulates the toroidal localization of the FILD.
The losses near ¢p = 0 exhibit a periodic behavior as can be
seen more clearly in the shortened time window of Fig.
22(b). The power spectrum of this time series is shown in
panel 22¢ and a peak at the mode frequency (f= 80 kHz) is
observed. This indicates a net coherent loss of fast ions
through the LCFS due to the n=4 TAE.

Similar to the restriction of the losses in toroidal angle,
the loss rate versus toroidal angle at a single time can also
yield information about the coherent nature of the losses.
Figure 23(a) shows the loss rate versus toroidal angle at
t=0.2 ms. The toroidal loss pattern has a clear n =4 struc-
ture superimposed on a relatively constant dc level. The time
evolution of the n =4 pattern is shown in Fig. 23(b), where
the phase fronts can be seen to propagate around the torus
with the mode.

The dc (incoherent) and the coherent n =4 structure in
Fig. 23(a) are indicative of two distinct types of transport
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FIG. 23. (Color online) (a) Toroidal distribution of losses through LCFS at
simulation time of #=0.2 ms. (b) Temporal evolution of the toroidal distri-
bution of losses. Overlapping d¢p = 30° windows was used to construct the
toroidal distribution in each 6 = 0.0025 ms temporal window.

processes.” To further investigate this, the mode amplitude
was varied and the level of the incoherent and coherent n =4
losses, averaged over several mode cycles near t=0.2 ms,
was recorded. The results of this amplitude scan are shown
in Fig. 24. The incoherent losses [Fig. 24(a)] exhibit an am-
plitude dependence that is quadratic, as one would expect for
diffusive type losses.*® The initial offset is due to collisions
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FIG. 24. Dependence of incoherent (a) and coherent n =4 (b) loss rates on
amplitude scaling factor. Loss rates calculated at simulation time ¢ ~ 0.2 ms
and averaged over several 80 kHz mode cycles. Dashed lines indicate stand-
ard deviation of results from time windows used.
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FIG. 25. (Color) Color contours indicate orbit classification of unperturbed
orbits: Blue = passing, gold =trapped, purple = stagnation, yellow and
white = intersect vessel wall. (a) Initial major radius and pitch of 75 keV
ions which had fractional energy increase (green) and decrease (red) greater
than 1.25%. Gray contours indicate resonances corresponding to Eq. (1).
Dashed black line indicates boundary for particles crossing LCFS. (b) Red
points indicate initial major radius and pitch of all nonprompt losses. (c)
Zoomed in region of (b) showing losses extending along resonance contours
that intersect loss boundary. To clearly show resonance regions, pitch angle
scattering was not included in the ORBIT simulation that generated the
results shown in this figure.

causing a background of incoherent loss. The coherent loss
rate versus amplitude appears to be linear at lower ampli-
tudes then actually decreases at large amplitude. The initial
linear dependence on amplitude is indicative of convective
losses and is analogous to that observed in Ref. 5. The
decreasing at large amplitudes is likely an artifact of the sim-
ulation and understood in that at such large mode ampli-
tudes, the resonant particles were expelled so quickly from
the system that collisions were not fast enough to replenish
the region of phase space available to interact with the mode
in the vicinity of the loss boundary.

The losses can be understood better by looking at the
details of which particles interact with the mode. Figure
25(a) shows the particle classification diagram as well as the
initial pitch and major radius of all particles which gained/
lost (green/red) more than 1.25% of their initial energy
(75 keV). Overlayed on this curve are gray contours corre-
sponding to particles resonances with the n=4 TAE. The
resonance curves were calculated according to**!

Phys. Plasmas 18, 056114 (2011)
W = nwy — lwy, (D

where wg (wy) is the toroidal (poloidal) transit frequency for
passing particles and the toroidal precession (bounce) fre-
quency for trapped particles. The particle frequencies were
calculated using an extended version of the COM based
guiding center code which takes into account particle drifts
and integrates motion in (R, z, ¢») along constant u contours.
Immediately, obvious from Fig. 25(a) is that the particles
which gain or lose energy occur on opposite sides of a reso-
nance—this is standard Landau trapping where particles
slightly below or above resonance gain or lose energy. In the
simulation which generated this figure, pitch angle scattering
was turned off to make these resonances more clear. This fig-
ure accentuates the fact that many resonances play a funda-
mental role in these discharges, and as a result, much of the
fast ion distribution function can interact and exchange
energy with the mode,'*16:20:2!

Figure 25(b) shows all particles which were lost
between 0.1 and 0.6 ms due to the n =4 TAE in the simula-
tion (dashed black curve represents bound of particles strik-
ing LCFS). Particles are lost from regions along most of the
loss boundary, however in regions where resonances inter-
sect or come close to the boundary, more particles appear to
be lost. As found in Sec. III B, the largest concentration of
lost particles is in the counter passing region. Through the
overplotted resonances, it can now be seen that several
resonances are very close together in this region and reso-
nance overlap likely occurs, facilitating transport to the loss
boundary. Figure 25(c) shows an enlarged region of Fig.
25(b) from the copassing region. Here, the “fingers” of lost
particles are clearly seen to extend along the particle
resonances and by comparison with Fig. 25(a), it can be seen
that these are on the sides of each resonance corresponding
to particles that have lost energy to the wave (pitch below
for passing and pitch above for trapped).

IV. SUMMARY AND FUTURE WORK

Measurements of beam driven Alfvén eigenmodes and
their impact on both the confined fast ion population as well
as ability to cause fast ion loss were presented. Beam power
scan experiments on DIII-D showed a transition from classi-
cal to AE dominated fast ion transport at Pyg ~ 2 MW, and
as previously found, discharges with strong AE activity ex-
hibit a significant deficit in neutron emission relative to clas-
sical TRANSP predictions. By keeping beam power constant
and delaying injection by ~ 200-240 ms, during the current
ramp, and modifying the current profile, AE activity was
reduced or eliminated (a detailed analysis of which will be
the subject of future publications) and a significant improve-
ment in neutron emission relative to classical levels was
observed. Similarly, experiments in ASDEX Upgrade using
early 60 keV neutral beam injection drove multiple unstable
RSAEs. Periods of strong RSAE activity were also accompa-
nied by a large (peak S, /S ~ 60 %) neutron deficit.

Losses of beam ions modulated at AE frequencies were
observed on DIII-D (Refs. 29, 30) and ASDEX Upgrade'*!
using large bandwidth energy and pitch resolving fast ion
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loss scintillator detectors. Modeling of DIII-D loss measure-
ments using the ORBIT guiding center following code to
track particles in the presence of NOVA calculated AE struc-
tures (validated by comparison to experiment) is able to
reproduce the dominant energy, pitch, and temporal evolu-
tion of these losses. While loss of both co and counter going
fast ions occurs, ORBIT simulations show the dominant loss
mechanism observed is the mode induced transition of coun-
ter-passing fast ions to lost trapped orbits. In these simula-
tions, approximately 8% of the confined beam ion
population is lost through the LCFS in a full energy slowing
down period when using experimental amplitudes.

Modeling also reproduces a coherent signature of AE
induced losses and it was found that these coherent losses
scale proportionally with the amplitude (as expected for con-
vective processes); an additional incoherent contribution
scales quadratically with the mode amplitude (as expected
for losses of a diffusive nature). Interestingly, simplification
of the coherent loss problem, such as discussed in Sec. III C,
was first carried out using a full-orbit code SPIRAL (Ref.
47) and will be the subject of future publications in which
phase of the losses with respect to the mode will be investi-
gated as well as detailed analysis of the full orbit trajectory
to FILD.*® Future modeling with the SPIRAL code will also
benefit from the fact that the equilibrium field is defined to
the wall of the vessel, as a result, modeling of losses to FILD
can include orbit trajectories which leave and re-enter the
plasma continuing to interact with the modes before reaching
the FILD.

Extrapolation of loss simulations to ITER and other
burning plasma simulations will be carried out in a similar
manner to that presented for analysis of DIII-D measure-
ments. For ITER projections, NOVA will be used to calcu-
late eigenmodes of the various predicted scenarios and
NOVA-K (Refs. 34, 35) will calculate the unstable eigenmo-
des. As a validation of the NOVA-K stability calculations
and a check on their ability to accurately predict unstable
eigenmodes, the same work will include stability calcula-
tions for all NOVA eigenmodes in discharge 142111 and a
comparison will be made with modes observed to be unsta-
ble. Once the unstable eigenmodes are calculated for ITER,
both alpha particles and 1 MeV beam ions will then be fol-
lowed in the presence of the eigenmodes for a large range of
amplitudes. To this end, preliminary simulation results for a
“Steady State Scenario” plasma indicate that the reduced ba-
nana widths in ITER place it in a situation similar to the late
time case simulations presented here and very little or no
loss occurs even for mode amplitudes as large as
0B/B =1 x 1073, An additional interesting question that
can be addressed in future work is whether or not core-local-
ized AEs (such as expected) in ITER are able to transport
fast ions to large enough radii that they can be subject to
additional transport mechanisms created by ripple and TBM
induced fields.
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APPENDIX: CALCULATION OF ORBITS OUTSIDE LCFS

A second code is required to follow particles outside the
LCES since the equilibrium field as implemented in ORBIT
is not defined past the LCFS. Fortunately, since the eigen-
mode amplitudes can be assumed small in this region, sim-
plifications can be made. Outside of the LCFS, a COM based
guiding center calculation is performed to follow particles.
This calculation assumes conservation of energy, magnetic
moment (u,), and toroidal canonical angular momentum
(Pg), where

E
ﬂonivi/szﬁm—xz) (A1)
and
FVH Fy 12
Py =y — =y ———(2M,E A2
¢ ' O v ZeB( i ) (A2)

F(F = B,,,R), ¥ (Poloidal Flux), and B are computed by
equilibrium fit (EFIT) on a grid and are independent of the
orbit details. Thus, for a given equilibrium, initial position
and velocity vector, conservation of energy and toroidal ca-
nonical angular momentum determine a pitch everywhere on
the R, z grid (some are nonphysical, i.e., |x| > 1). The y(R, z)
grid determines the magnetic moment p(R,z) and the
U(R,z) = uy contour passing through the initial position
determines uniquely the unperturbed particle orbit in the R, z
plane. The (R, z) = u, contour path is determined using a
simple contour procedure and as such, no integration of the
equations of motion is necessary. This approach has been
implemented elsewhere®” and has also been verified through
comparison with full orbit calculations as well as ORBIT
calculations inside of the LCFS.
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