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Enhanced localized energetic ion losses resulting from first-orbit linear
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Two key insights into interactions between Alfvén eigenmodes (AEs) and energetic particles in the
plasma core are gained from measurements and modeling of first-orbit beam-ion loss in DIII-D.
First, the neutral beam-ion first-orbit losses are enhanced by AEs and a single AE can cause large
fast-ion displacement. The coherent losses are from born trapped full energy beam-ions being
non-resonantly scattered by AEs onto loss orbits within their first poloidal transit. The loss
amplitudes scale linearly with the mode amplitude but the slope is different for different
modes. The radial displacement of fast-ions by individual AEs can be directly inferred from the
measurements. Second, oscillations in the beam-ion first-orbit losses are observed at the sum,
difference, and harmonic frequencies of two independent AEs. These oscillations are not plasma
modes and are absent in magnetic, density, and temperature fluctuations. The origin of the
non-linearity as a wave-particle coupling is confirmed through bi-coherence analysis, which is
clearly observed because the coherences are preserved by the first-orbit loss mechanism. An
analytic model and full orbit simulations show that the non-linear features seen in the loss signal
can be explained by a non-linear interaction between the fast ions and the two independent AEs.

© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4891442]

I. INTRODUCTION

Energetic particles (EPs) such as a-particles produced
by fusion reactions, fast ions from neutral beam injection
(NBI), and ion cyclotron heating play an important role in
plasma heating and current drive. Large energetic-particle
populations can also drive plasma instabilities, for example,
Alfvén eigenmodes (AEs). The AEs are capable of redis-
tributing the EP population and expelling energetic par-
ticles before they transfer their energy to the bulk
plasma.'? Multiple Alfvén eigenmodes are often observed
in magnetically confined plasmas®* and coherent fast-ion
transport/losses are also commonly observed.” AEs are
predicted to be unstable in ITER'® and have the potential to
cause significant o-particle transport in burning plasmas.''
The avoidance of damage to plasma facing components due
to concentrated EP loss is an important issue for ITER;
therefore, understanding the interactions between AEs and
fast ions in present devices and developing and validating
theories and numerical models is important for mitigating
the deleterious effects of AEs and even for controlling them
in a favorable way in ITER and future burning plasma
devices.

This paper presents insights into AE-EP interaction gained
from the measurements and modeling of first-(poloidal-)orbit

"‘)Paper NI2 2, Bull. Am. Phys. Soc. 58, 188 (2013).
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beam-ion losses induced by toroidal Alfvén eigenmodes
(TAEs)>™™  and reversed shear Alfvén eigenmodes
(RSAEs)15 =17 on the DIII-D tokamak. These particles are non-
resonantly scattered by AEs and detected by the fast-ion loss
detectors (FILDs)lg’19 located on the machine wall. The edge
loss measurements carry important information about AE-EP
interactions in the plasma core.

The first-orbit loss mechanism allows unique and quan-
titative measurement of radial displacement of fast ions due
to individual modes. Large (~10cm) radial displacement
by a single mode is measured and enables experimental val-
idation of numerical codes. The observation of enhanced
concentrated loss at the detector through this loss channel
suggests its potential harm to the device wall components.
In addition, this observation has inspired a new diagnostic
application—the “light-ion beam probe” (LIBP)—which
can be used to probe core modes and three-dimensional
field effects. Summary of results that were first reported in
Ref. 20 and then detailed in Ref. 21 will be given in Sec. II,
along with new data obtained from specially designed
experiments.

The first-orbit loss mechanism also allows a new
non-linear feature observed in the fast ion loss signals—
oscillations at sum, difference, and harmonic frequencies of
multiple independent AEs. The data are understood with the
aid of an analytical model and numerical simulations. The
non-linearity is not generated by the wave-wave coupling
but by the non-linear coupling of particle orbital responses to

© 2014 AIP Publishing LLC
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multiple waves. Although the loss measurement is of non-
resonant, barely confined ions, it is likely that similar proc-
esses occur for well-confined, resonant fast ions.?? Details
on results beyond those reported in Ref. 23 are presented in
Sec. III.

The AE-EP experiments presented in this paper are
conducted on the DIII-D tokamak. The DIII-D tokamak
has major radius R~ 170cm and minor radius r~ 63 cm.
Figure 1 shows the elevation of the tokamak overlaid with a
typical inner-wall limited (IWL) plasma equilibrium flux
surfaces reconstructed by EFIT?* and key diagnostics used in
this study. The core mode activity is measured by CO, inter-
ferometer chords (one radial and three vertical)® and forty
electron-cyclotron-emission (ECE) radiometer channels.®
The density profile is monitored with Thomson scattering®’
(not shown) and a high-resolution reflectometer.”® The fast-
ion density profile is measured by fast-ion Do (FIDA) spec-
troscopes.”” (Only the vertical viewing system is shown.)
Poloidal and toroidal magnetic coil arrays (not shown) pro-
vide information about the poloidal (m) and toroidal (n)
mode numbers of the AEs. The fast-ion loss measurements
are obtained from the FILDI1 (below mid-plane) and FILD2

Interferometer

0 50 cm
| |

FIG. 1. Elevation of the DIII-D tokamak. Typical IWL shape plasma equi-
librium flux surfaced (the thicker solid line indicates the last close flux sur-
face) overlaid with three vertical (V1, V2, and V3) and radial (RO) CO,
interferometers, gas valve (its port location is at the same poloidal angle as
V2 interferometer), 40 ECE channels (blue diamonds), reflectometer (green
solid line along midplane), viewing chords of the vertical FIDA system (or-
ange shaded region), and two fast ion loss detectors—FILD1 and FILD2.

Phys. Plasmas 21, 082503 (2014)

(near mid-plane). FILD is a scintillator based magnetic spec-
trometer. Its camera data (up to 160 frames per second)
resolve the energy and pitch angle of energetic ions that
reach its position on the outer wall, while its photomultiplier
(PMT) data resolve frequency information up to 500 kHz.

Il. FAST-ION FIRST-ORBIT LOSS THROUGH LINEAR
INTERACTIONS WITH ALFVEN EIGENMODES

A. Summary of previous results

Prompt neutral beam-ion losses driven by TAEs and
RSAEs have been observed on DIII-D. The detected coher-
ent losses are of full-energy beam ions and emerge quickly
following the beam turn on (<0.1 ms, consistent with a sin-
gle poloidal transit period). Losses coincide with different
beams that are displaced toroidally around the machine as
the g-profile evolves. To better understand the loss process, a
series of simulations are carried out. The ideal MHD mode
solver NOVA* code has been applied to calculate the AEs,
where an eigenmode is identified by comparing the measured
and simulated radial temperature fluctuation profiles and
then scaled to match the measured amplitude.>’ Wave-
particle interactions are calculated with the full-orbit follow-
ing SPIRAL code®* which uses inputs such as the EFIT
reconstructed plasma equilibria that are constrained by
motional Stark effect (MSE) measurements,33 the eigenmo-
des calculated by NOVA, the TRANSP/NUBEAM***3 pre-
dicted beam birth profiles with the addition of scrape-off
layer ionization as calculated by an IDL beam deposition
calculation code,36 and a realistic machine wall model. Both
pitch angle scattering and slowing down effects are included.
Forward and reverse (which has better statistics) tracking are
performed in both Monte-Carlo and single particle computa-
tions. Simulations reproduce many experimental observa-
tions, such as good overlay between reverse-tracked lost
particles and the birth profile of the experimentally identified
neutral-beam source in space and velocity, and the fast rise/
decay of the loss signal relative to the switch on/off of the
relevant beam. It is found that the observed losses are domi-
nated by non-resonant trapped ions born on orbits that
would, in the absence of MHD activity, carry them close to
(but not incident on) the FILD after one poloidal bounce. In
the presence of AEs, they are scattered onto orbits that can
intersect the FILD before completing their first drift-orbit
(referred as perturbed orbit from now on). This differs from
typical coherent-loss measurements, where particles are lost
after many circuits around the torus. The AE-induced loss
occurs on such a short time scale (within one poloidal transit)
that the particles only interact with the mode once; therefore,
a resonance is not required for a particle to gain/lose non-
zero energy or pitch scattering from the wave and be lost.
Unlike the conventional coherent loss that rotates with the
mode, thereby spreading the heat load over a large area, the
AE-induced prompt loss is localized to the wall due to its
first-orbit loss characteristic and affects more particles due to
its non-resonant loss characteristic. Enhanced (nearly
doubled) FILD loss is observed in some discharges and the
AE-induced prompt loss can count for a large fraction of the
total detected loss at FILD. It suggests this loss channel can
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introduce new, unexpected localized heat load on the vessel
wall.

The prompt coherent loss process is also studied using
an orbital topology map.’” By placing the start and end of
one perturbed single particle orbit [Fig. 13 in Ref. 21], it is
readily apparent that the particle is born as a trapped con-
fined particle, but then is pushed across the loss boundary by
the AE and lost to the FILD.

The AE-induced prompt beam-ion loss has been
observed on both FILDs for a range of plasma parameters. In
general, direct interactions of the particle with the mode are
required for a measurable loss as shown by examining more
than thirty different cases in Fig. 2. Whether the particle
directly interacts with the mode is estimated from the separa-
tion between the peak location of ECE measured mode am-
plitude and the location of the guiding center (GC) of the
unperturbed orbit at the mid-plane. The data points lying on
the negative x side represent cases when the mode is peaking
at a radial location further inside than the deepest region the
GC orbit reaches at the mid-plane as illustrated by the car-
toon on the far left; in this case, the mode is well core-
localized. The particles following the typical banana orbit
relevant to this AE-induced prompt loss mechanism do not
intersect with the mode. Therefore, no coherent prompt loss
from this mode is detected at the FILD (AF =0), where AF
is the coherent loss amplitude at the FILD. On the far right
of Fig. 2, the opposite situation is illustrated. The mode is
located at a larger radial location and the particle orbit inter-
sects with the mode, leading to loss. RSAEs are generally
more core-localized than TAEs, so TAE-induced prompt
coherent losses are more often observed than RSAEs. But, if
an RSAE has a large amplitude and broad spatial structure
which is often the case for low-n modes,z'8 it can extend out
to intersect with the fast ion orbit and cause prompt loss.
This effect explains some of the points with negative
x-values but nonzero AF in Fig. 2. Other situations in this
region (x =0, AF #0) can be explained by the finite gyro
radius (4 ~ 5 cm). In low plasma current equilibria, however,
the banana width of the probing ions can become large
enough to probe also the highly core-localized modes as was
shown in Fig. 4 of Ref. 20.

The particles are detected only when the phase between
the AE and the particle orbit causes an outward displacement
(also referred as “kick™) that deflects the particles into the
FILD, which is why the FILD loss signal is modulated at the

1.0
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mode frequency. The lost particles traverse the plasma much
faster than the mode amplitude evolves. When the mode is
stronger in amplitude, it gives the particles a larger kick.
Since the FILD is at a fixed location and the ion ionization
profile is proportional to the electron density near the plasma
edge, the loss rate as measured with the FILD correlates with
the mode amplitude. Therefore, there are more particles lost
to the FILD at stronger mode amplitude. A linear depend-
ence of the coherent fast-ion flux on the mode amplitude is
observed in the experiments, but the slope is different for dif-
ferent modes. The absolute value of the radial displacement
(0) of the fast ion imparted by each mode can be experimen-
tally inferred using the model given in Eq. (1) of Ref. 21

{~ (AF/F)L;, (1)

where F is the unperturbed-loss amplitude at the FILD and
L; is the ionization scale length. It has been found that an
n=2 RSAE at mode amplitude (67,/T,) of 1% can cause a
kick as large as 10cm (for comparison, the typical gyrora-
dius of full-energy beam-ions in these plasmas is 4 ~ 5 cm).
The results enable a novel and quantitative validation of
numerical codes. Simulated radial displacements using the
full-orbit SPIRAL code with eigenmodes from NOVA agree
with the experiments both qualitatively and quantitatively.

B. New experiment setup

New AE-induced prompt loss experiments were con-
ducted, in which the plasma condition, especially plasma
current, shape, and gap between last close flux surface
(LCFS) and wall are tuned such that the unperturbed (or
equilibrium) first orbit of the fast ions from a particular neu-
tral beam will closely approach one of the FILDs. The beam
has finite size and centrally (¢-z plane) peaked deposition
profile. Previous study shows that the sensitivity to perturba-
tions is maximized by selecting the unperturbed orbit to pass
through the center of the neutral beam footprint. In these
new experiments, the plasma current is ramped up and held
at the value for maximum sensitivity. The neutral beam
injection is started from # =300 ms during the plasma current
ramping; this results in a relatively high fast ion pressure in a
reversed magnetic shear plasma,39 which reproducibly gen-
erates Alfvén eigenmodes. As seen in the new experiments,
the resultant mode spectra are very similar throughout a
series of discharges. Similar to previous measurements,*° the

FIG. 2. Energetic particle flux to the
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FILD for an ensemble of more than
thirty cases. Whether there is direct
interaction between the particle and
the mode is estimated by the separation
between the peaking location of the
mode amplitude measured by ECE and
the guiding center orbit at the mid-
plane. Situations with/without coherent
loss detection resulting from the orbit
with/without direct interaction with the
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mode are illustrated by the cartoon on
the right/left.
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FIG. 3. Fast-ion population profile from vertical FIDA view integrated over
650.5-652.7 nm (Data—asterisks with error bar and fit to data—dashed line)
compared to classical prediction (solid line) from FIDAsim calculation.

fast-ion profile is flatter than classically expected [Fig. 3]
from FIDAsim*' calculation and the neutron rate is less than
the classical prediction. The beam of interest (for FILD loss
detection) is either modulated at 40 Hz or constantly injected
with a few beam-off notches. The beam on/off window size
of 25ms (40 Hz) allows loss data from longer time duration
and/or from a wider range of mode spectra than in earlier
experiments. The beam-off notch for the continuous injec-
tion is used as a monitor of the first-orbit loss feature, e.g.,
rapid rise and decay time of the loss signal in sync with the
beam switch on/off. At the same time, the beam-off notch
provides data for the F measurement. In some discharges, in
order to keep the mode spectra unaffected, the reduction of
mode drive due to the beam-off notch is compensated with a
beam pulse from another neutral beam that does not intro-
duce loss at the FILD.

As Eq. (1) shows, the model predicts that the loss is
directly related to the edge ionization rate at the birth loca-
tion. This has been further verified in the new experiments
where gas puff and pellet injection have been utilized to per-
turb the edge ionization, while minimizing the effects on the
equilibrium and the instabilities. Deuterium gas with pulse

Phys. Plasmas 21, 082503 (2014)

durations of Sms and 10ms are puffed into the vessel
from the valve located on the top of the machine [Fig. 1].
The ionization rate is proportional to the electron density.*'
As depicted in Fig. 4(a), near the plasma edge
(R €[2.03,2.28]) where the majority of the relevant lost
ions are born, the density (and therefore the ionization rate)
increases with a 5 ms gas puff in discharge 154 334. The sud-
den drop in the loss signal at r=595-600ms in discharge
154334 [Fig. 4(b)] is caused by a 5ms beam-off notch for
the beam that supplies the lost particles. The power was
compensated by a S5ms beam pulse from another neutral
beam with the same injection geometry at a different toroidal
location is utilized to avoid changes in the mode spectra.
Since the AE mode activities are similar for plasmas with
and without gas puff, fast ions lost to the FILD are originated
from the same birth locations. However, the ionization rate
at this location is higher in the plasma with gas puff; there-
fore, the loss at FILD is expected to increase according to
the model. As shown in Fig. 4(b), the measured loss with gas
puff increases compared to that before the gas puff or from a
repeat discharge (154336) without gas puff, qualitatively
consistent with the model. Though the pellet injection intro-
duces a faster and more localized perturbation, the deuterium
pellets available for these experiments were too small to
make measurable changes to the density.

A wide variety of methods have been used to modulate
the amplitudes and structures of the modes, including injec-
tion on- and off-axis, perpendicular and parallel injection,
co- and counter-injection, changes in neutral beam power,
voltage, and timing, and adding electron cyclotron heating
(ECH) with different deposition locations.*> In discharge
154 438, the plasma is heated only by three co-injected neu-
tral beams (30L, 330L, and 330R, named according to their
toroidal location and position in the beam housing). The
three NBIs are switched on/off simultaneously at 40 Hz [Fig.
5(a)]. The all-beam on/off injection pattern is designed to
capture a wider amplitude range of the energetic particle
driven modes. As shown in the crosspower spectrum of verti-
cal and radial interferometer [Fig. 5(b)], several TAEs and
RSAEs (with frequency up-sweeping) are excited by the
sub-Alfvénic beam ions during each 25 ms beam-on window,

25
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FIG. 4. In discharge 154334, (a) the
edge density profile before and after a
5Sms small gas puff [blue solid line in
(b)] near 610 ms and (b) the loss signal
at FILD in red with the loss signal
from comparison discharge 154336
without gas puff shown in black.

2.0 . . . 580 590

600 610 620 630
Time (ms)



082503-5 Chen et al.
S W
o 0L L1 1 [ ]
3
- 7
3 100 R
9
1.0
- 15
3 100 20
25

450 500 550 600
Time (ms)

FIG. 5. Time evolution of (a) total neutral beam injected power, (b) spectro-
gram of cross power between vertical and radial CO, interferometers, and
(c) spectrogram of FILD2 data in a reversed magnetic shear plasma 154 438.

while the modes almost vanish once the beams (drive) are
turned off. A few RSAEs at low frequencies remain unstable
even during the beam-off windows, possibly because they
are driven by lower-energy ions in the slowing-down tail.
FILD2 detects coherent prompt losses from both TAEs and
RSAEs but the TAEs dominate [Fig. 5(c)], as normally
found in previous experiments. The loss signal rapidly disap-
pears following the beam-switch-off and reappears with the
growing mode amplitudes after the beam-switch-back-on.
The FILD2 camera data reveal the loss [Fig. 6(a)] is domi-
nantly from full energy beam ions from 30L beam and no
loss is observed during the beam-off windows [Fig. 6(b)].
The relationship of loss amplitude with the mode ampli-
tude for five TAEs co-existing during the 445—470 ms beam
pulse [Fig. 5] is shown in Fig. 7. The frequencies of TAEs

vary gradually wrap ~ ‘2/—;\‘, (m =] /2) + nV,p, V4 is the Alfvén

speed, V,,, is the plasma rotation speed, and R is the major
radius, n and m are the toroidal and poloidal mode number,
respectively. In Fig. 7, the TAEs are labeled using the aver-
age frequency (in the lab frame) during the time interval.
Though the TAE radial location moves with the peak of the
EP density gradient,* the peak electron temperature fluctua-
tions of the four TAEs (75kHz, 88kHz, 95kHz, and
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FIG. 7. Fluctuating FILD loss amplitude AF verse the mode amplitudes
(ECE measured o6Te) for five co-existing TAEs: 75kHz (red asterisks),
88kHz (orange diamonds), 95kHz (blue triangles), and 105kHz (green
squares) between 445—470 ms in discharge 154 438.

105kHz) measured by ECE stay in the range of
R =210-215 cm in this time interval, while the 80 kHz TAE
stays between R =205 and 210 cm. The unperturbed guiding
center orbit crosses the mid-plane near R=205cm and
directly intersects with all five TAEs. ECE measurements
show that the 88 kHz TAE has the narrowest radial extent.
The approximately linear dependence (average exponential
fitting of ~0.8) is consistent with previous measurements.
Given the complex situation of multiple simultaneous
modes, it is not surprising that the correlations are not per-
fect. Considerations include the temporal variation in trans-
port as other modes impart kicks to fast ions, using the ECE
measured 0Te as a proxy for the mode amplitude, etc.

A heavy-ion beam probe (HIBP) uses injected ions to
probe internal fields in the plasma.** Forces on the injected
ions due to the modes are manifested as modulated signals at
edge detectors. The measurements reported here are concep-
tually similar to HIBP measurements but have the important
advantage that the ion source—the neutral beam injector—is
already installed on the tokamak. The second component of
the diagnostic technique is one or more (relatively inexpen-
sive) FILDs placed at locations where beam ions born in the
edge region on large banana orbits pass close to it after a sin-
gle poloidal transit through the plasma core. In analogy to
the HIBP, we call this new diagnostic technique a LIBP.

FIG. 6. Camera frame of the FILD2
scintillator at (a) t =549 ms when 30L
is on, the gyroradius for full energy
(81.5keV) beam ion is ~2.82cm, (b)
t=541ms when 30 L is off with calcu-
lated mapping grid overlaid in dis-
charge 154 438.
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Besides Alfvén eigenmodes, LIBP has also been utilized to
probe the plasma response to n = 1 external magnetic pertur-
bation (MP) in recent experiments and analysis is underway.

lll. FAST-ION FIRST-ORBIT LOSS THROUGH NON-
LINEAR INTERACTIONS WITH MULTIPLE ALFVEN
EIGENMODES

Fast-ion loss measurements in DIII-D show oscillations
at the sum, difference, and second harmonic frequencies of
two independent Alfvén eigenmodes (first reported in Ref.
24), thereby demonstrating a new non-linear feature of
wave-particle interactions.

The additional oscillations are not caused by plasma
modes. They are only seen in the particle loss signals not in
other fluctuation measurements. An example is shown in
Fig. 8., CO, interferometer [Fig. 8(a)] and ECE [Fig. 8(b)]
measurements show that there are several unstable TAEs and
RSAEs in the frequency range of 70-150 kHz in discharge
146 096. The edge magnetic sensor also detects several AEs
in the same frequency band [Fig. 8(c)], primarily TAEs and
an n =1 RSAE; the undetected AEs are more core localized
with relatively small amplitudes (6B,eq/B <1 % 1073).
During the time window (340-350ms) when the neutral
beam which generates fast ions that reach FILD2 is switched
on, FILD2 detects coherent prompt loss from almost all the
AEs detected by interferometers. Interestingly, FILD2 also
detects loss at difference and sum frequencies of the n=4
TAE (128 kHz) and the n=2 RSAE (103 kHz) (frequencies
quoted at t =345 ms) [Fig. 8(d)].

The non-linearity is also studied through the bi-coher-
ence*>*® analysis as shown in Fig. 9 for discharge 146 095.
The non-linear coupling is evident in the bi-coherence spec-
trum of the FILD loss signal [Fig. 9(a)], where a high nor-
malized bi-coherence of 0.6 to 0.75 is found at the sum and
difference frequencies and at the harmonics of an RSAE
(100kHz) and a TAE (117kHz). The high bi-coherence

(a) Interforemter

f (kHz)

f (kHz)

335 340 345 350 355 335 340
Time (ms)

345
Time (ms)
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unambiguously confirms the non-linearity. It also strongly
supports that these lost particles have interacted with both
modes on the short path they took en route to the FILD and
the fixed phase relationship (or phase coherence) has
not been washed out. At the same time, the absence of
bi-coherence in core electron temperature and density fluctu-
ations [Figs. 9(b) and 9(c)] confirms that the two modes are
independent from each other and that the non-linear losses
are not generated from wave-wave coupling.

These observations reveal a previously unconsidered
mechanism by which fusion products may be lost in a reac-
tor. The basic idea is illustrated by the cartoon in Fig. 10,
where a particle bounces from one gear to another through a
series of kicks by different gears, ultimately making its way
to the outside wall. The rate at which particles are kicked out
and the location where they hit the wall is a complex combi-
nation of each gear’s position when the particle reaches it, as
well as the initial particle position. In the real experiments,
the situations are similar but more complicated. An analyti-
cal model is developed to help understand the underlying
physics involved. The details of the model can be found in
Ref. 23. In the coordinate system of the unperturbed orbit,
the particle is deflected by the phase (k-r) dependent com-
bined force of two independent AEs. (For simplicity, only
the electric field components of the modes are considered).
When the displacement is small, the orbital displacement r
due to the modes can be approximated in an iterative way

Ey . E; . Eiky .
r X —= sin(wi1) + —= sin(wat) + ——+sin(2w; ¢
w? (@) 3 (21) 8w} (2e1r)

Elk; . 1 A A
+ 2—42 sin(2wyt) +—— (12 + i)
8w; (01 — )" \w7 ;3

L1 <A3 . A4>
(01 +op)* \0] @3

x sin((wy + wy)t) + As, 2

X sin((wp — my)f)

FIG. 8. Spectrograms of crosspower of
(a) line integrated density signal from
CO, interferometer RO and V2 chords,
(b) core electron density signal from
multiple ECE channels, (c) edge mag-
netic field signal from magnetic sen-
sors, and (d) spectrogram of fast ion
loss signal from FILD2 in discharge
146 096.
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where o, E, and k are the frequency, amplitude, and wave
number, respectively, for mode #1 and #2; the A;—As factors
depend on w, E, k, etc. The model captures many important
features of the experiments, such as the additional non-
linearly generated difference, sum, and harmonic frequen-
cies, and predicts that the difference term is larger than the
sum term, as seen experimentally. To better compare with
the experiments, the ionization rate needs to be folded in and
factors such as the magnetic perturbations of the modes and
the toroidal geometry need to be included. Monte Carlo sim-
ulations using the SPIRAL code with NOVA calculated
eigenmodes with all these factors included show qualitative
agreement with the experiments.>

The analytic model and SPIRAL numerical simulations
qualitatively explain the FILD frequency spectrum by the
non-linear coupling of the fast-ion orbital responses to the
two independent AEs. A complete description of the condi-
tions under which the non-linear loss should be detected
does not exist yet. Empirically, non-linear features are
observed when the AEs are strongly driven, but strong
modes do not always generate non-linear loss, as shown in
Fig. 11. In discharge 146096, coherent losses due to a
91kHz RSAE and a 130kHz TAEs are detected on the FILD
along with losses at the non-linearly generated difference
(39kHz) and sum (221 kHz) frequencies [Fig. 11(c)]. In dis-
charge 146 082, with two TAEs (73 and 90kHz) [Fig. 11(b)]
which have ~2 times higher amplitudes compared to those
[Fig. 11(a)] in discharge 146096, only coherent losses at
the fundamental frequencies are detected by the FILD
[Fig. 11(d)]. This observation, along with the fact that loss
at the difference frequency is higher than loss at the sum
frequency, also rules out the possibility of a spurious

Central Region

FIG. 10. Cartoon showing the influence of one gear on the particle detection
at the wall caused by another.

non-linearity introduced by the detector system. The non-
linear loss has been observed more often when an RSAE is
involved, which is thought to be due to the smaller spatial
structure of an RSAE.

IV. SUMMARY AND DISCUSSION

New experiments on AE-induced prompt loss give us
new insights into non-resonant prompt losses. The linear de-
pendence of loss amplitude on the mode amplitude is gener-
ally observed, for example, the linear scaling is observed for
five different co-existing TAEs. The data will contribute to
understand how the slope of the linear dependence relates to
the mode property such as mode structure, location, and fre-
quency. The method for inferring the radial kick is partially
tested in experiments, where small gas puffing is used to per-
turb the edge density (ionization) profile and the observed
coherent increase in FILD loss signal is consistent with the
model.

Fast ion losses have been observed at the non-linearly
generated sum and difference frequencies of two Alfvén
eigenmodes, which are not present on other fluctuation diag-
nostics. The non-linearity is confirmed by bi-coherence anal-
ysis, and it is explained with an analytic model and full orbit
simulations by a non-linear interaction between the fast ion
and the two AEs. The non-linear process of a single particle
being kicked from one wave to the next and ultimately being
lost from the plasma, as measured conclusively here, is likely
occurring in the simulations presented by White er al.*’ for
non-resonant and resonant particles alike. His work, how-
ever, focused on the larger consequences of multiple modes
interacting with the EP population and showed the dominant
factor contributing to profile flattening observed in DIII-D
experiments is the presence of multiple resonances and over-
lapping of these resonances.

Further study with the aid of data mining on the non-
linear loss from these and other previous experiments will be
carried out. In the experiments presented in this paper, the
AEs have limited spatial overlap with relatively small ampli-
tudes (barely detected on edge magnetic sensors). There is
no wave-wave coupling observed, and therefore, the waves
are thought to be independent. Since FILD should be able to
measure losses at the beat frequency of two waves which are
non-linearly coupled, it will be interesting to see under what
conditions wave-wave coupling occurs in the plasma,
whether the mode amplitude or the mode spatial overlap
plays a more important role, and how FILD loss spectrum
differs between wave-wave and wave-particle coupling.
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FIG. 11. Spectra of (a) ECE and (c)
FILD measurements at t=342ms in

discharge 146096 and spectra of (b)
ECE and (d) FILD measurements at
t=372 ms in discharge 146 082.
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As demonstrated in Ref. 21, using the full-orbit follow-
ing SPIRAL and the ideal MHD NOVA codes, the data pro-
vide a novel and unique opportunity for quantitative code
validation. It will be interesting to apply the data to other
orbit and mode calculation codes, for example, using a guid-
ing center orbit code instead of full orbit code, and/or using a
mode calculation code which includes self-consistent calcu-
lations of mode amplitudes.
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