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A numerical study is performed on the coherent beam ion prompt losses driven by Alfv�en

eigenmodes (AEs) in DIII-D plasmas using realistic parameters and beam ion deposition profiles.

The synthetic signal of a fast-ion loss detector (FILD) is calculated for a single AE mode. The first

harmonic of the calculated FILD signal is linearly proportional to the AE amplitude with the same

AE frequency in agreement with the experimental measurement. The calculated second harmonic

is proportional to the square of the first harmonic for typical AE amplitudes. The coefficient of qua-

dratic scaling is found to be sensitive to the AE mode width. The second part of this work considers

the AE drive due to coherent prompt loss. It is shown that the loss-induced mode drive is much

smaller than the previous estimate and can be ignored for mode stability. Published by AIP
Publishing. [http://dx.doi.org/10.1063/1.5000073]

I. INTRODUCTION

Coherent beam ion losses driven by Alfven eigenmodes

(AEs) were recently observed in tokamak and stellarator

plasmas heated by neutral beam injection.1–9 The losses

were measured using a Fast Ion Loss Detector (FILD) with a

high frequency response and were coherent with the Alfv�en

eigenmodes. It was shown that the coherent losses in DIII-D

mainly come from trapped particles whose orbits are close to

the tokamak wall.5,6 These trapped ions are first ionized

close to the edge of the plasma, are “kicked out” radially by

the Alfv�en modes via wave particle interactions, and are

then lost to the wall within one bounce of the banana orbits.

The coherent FILD signals oscillate at the same frequencies

of the corresponding AEs, while the amplitudes of the FILD

signals are proportional to those of the AEs. These experi-

mental results of AE-induced prompt losses have been

explained successfully by an analytic theory as well as

numerical simulation by Zhang et al.10 It was shown that the

AE induces a radial displacement of the banana orbit via the

“local resonance” interaction10 over the inner leg of the

banana orbit which intersects the localized AE mode struc-

ture (see the orbit plotted in Fig. 1). The “local resonance” is

also called “single-pass resonance” for particles which are

lost after interacting with the AE mode in a single bounce

orbit in some papers.5,11 The calculated radial displacement

(about a few centimeters) after one bounce is proportional to

the AE amplitude with the same frequency. The local reso-

nance condition is given by

x ¼ nh _/i � mh _hi; (1)

where x is the AE mode frequency, n and m are the toroidal

and poloidal mode numbers, and h _/i and h _hi are the

averaged toroidal and poloidal angular velocities over the

part of the orbit which intersects with the localized AE

mode. / and h are the straight field line toroidal and poloidal

angle, respectively. The width of this local resonance is

fairly large for the prompt-lost particles, on the order of

several bounce frequencies, because the interaction time is

shorter than one bounce period. These analytic results have

been confirmed by numerical simulations and recent experi-

mental results.9

In this work, a numerical study of AE-induced beam ion

losses is performed using the realistic DIII-D experimental

geometry, parameters, and profiles. First, we simulate the

synthetic FILD signal of AE-induced losses for a single AE

using the realistic neutral beam deposition profile from the

FIG. 1. Poloidal magnetic flux of DIII-D pulse 146 096 at 365 ms, given the

perturbed AE electrostatic field normalized by the amplitude, and the equi-

librium test particle orbit, where k¼lB0/E is the test particle’s pitch angle.

Only the inner leg of the banana orbit can interact with the localized AE

mode.a)Author to whom correspondence should be addressed: gyfu@zju.edu.cn

1070-664X/2017/24(8)/082517/9/$30.00 Published by AIP Publishing.24, 082517-1

PHYSICS OF PLASMAS 24, 082517 (2017)

http://dx.doi.org/10.1063/1.5000073
http://dx.doi.org/10.1063/1.5000073
mailto:gyfu@zju.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5000073&domain=pdf&date_stamp=2017-08-30


TRANSP code.12 The energetic particle-Alfv�en eigenmode

code (EAC)13 is adapted to simulate the fast ion interaction

with AE, resultant losses, and associated FILD signals. Both

the first and second harmonics of the FILD signal are calcu-

lated and compared with the experimental observation. This

part of our work is mainly motivated by the recent experi-

mental observation9 where it was shown that the second har-

monic has no clear correlation with the first harmonic. Here,

the second harmonic of the FILD signal is calculated in order

to explain this counter-intuitive observation. In the second

part of our work, the AE drive due to AE-induced prompt

loss is simulated. This is motivated by a recent work11 where

an order of magnitude estimate indicating the drive due to

prompt loss can be significant. This work will give a more

accurate evaluation of the drive using realistic parameters

and beam ion deposition profiles. The EAC code is also used

to compute the AE growth rate due to all prompt loss

particles.

In Sec. II, the beam ion interaction with AE is studied

for a model tokamak equilibrium and an analytic AE mode

structure. In Secs. III and IV, the DIII-D FILD signal and

contribution of prompt loss particles to AE mode drive are

calculated at constant neutral beam injection power for real-

istic experimental parameters and profiles. Conclusions and

discussions are given in Sec. V.

II. SIMULATION OF THE AE-INDUCED ENERGY
CHANGE AFTER ONE BOUNCE

In this section, we calculate the energy change of

trapped beam ions after the localized interaction within one

bounce in order to compare with previous work and to under-

stand the simulation results of AE-induced prompt losses

shown in Sec. III. As will be shown later, the energy change

is proportional to the radial displacement of the particle

orbit. Therefore, the prompt loss is directly related to the par-

ticle energy change as a result of wave particle interactions.

The calculation is done using the revised EAC code13 where

the guiding center equations in the EAC code are changed

into the gyro-kinetic equations since the fast ion Larmor

radius is comparable to the spatial scale of the AE mode

structures.

Figure 1, left, shows the poloidal magnetic flux of DIII-

D pulse 146096 at 365 ms and a typical trapped particle orbit

close to the plasma edge at Redge¼ 2.30 m. The wall is

located at Rwall¼ 2.363 m. The major radius of the magnetic

axis is R0¼ 1.80 m, and the toroidal magnetic field on the

axis is B0¼ 1.94 T. Figure 1, right, shows the electrostatic

potential of a prescribed Reversed Shear Alfven Eigenmode

(RSAE) and a typical trapped particle orbit with its inner leg

intersecting the localized AE mode structure. Figure 2 shows

the reversed shear safety factor q profile at the outer mid-

plane with the minimum value of about qmin¼ 3.38 at

R¼ 2.03 m where the RSAE is localized. The equilibrium of

DIII-D pulse 146096 at 365 ms is used throughout this paper

except the cases where the q profile varies. In this work, we

use both analytical RSAE mode structures and more realistic

AE mode structures obtained from the NOVA code14 based

on realistic equilibrium. The analytic RSAE mode structure,

as shown in Fig. 1, is prescribed as

dU¼A�wp exp �
�wp� �wqmin

D

� �2
" #

cos �xt� n/�mhð Þð Þ; (2)

where A is the amplitude in Volts with the corresponding mag-

netic perturbation of dB=B0 ’ 2� 10�7; �wp � ðwp � wp0
Þ=

ðwedge � wp0
Þ is the normalized poloidal magnetic flux, wp, w0,

and wedge are the poloidal magnetic flux at the grid point, the

magnetic axis, and the plasma edge respectively, and �wqmin
is

the normalized poloidal magnetic flux at the minimum q sur-

face; D is the normalized mode width; x is the real frequency

of the mode; / is the toroidal angle, and h is the straight field

line poloidal angle; n¼ 2 and m¼ 7 are toroidal and poloidal

mode numbers. This analytical mode structure is similar to the

one used in the work by Zhang et al.10 with D0 � 0.1 and

x0 ¼ 6:03� 105s�1ðf0 ¼ 96 kHzÞ.
Figure 3 shows the particle energy change after the

banana orbit goes through the localized RSAE mode struc-

ture versus its initial toroidal angle for several mode ampli-

tudes. The energy change is naturally a periodic function of

the toroidal angle with the period being the same as the

mode period (here, 2p/n¼p). The shape of the function is a

distorted sine or cosine. The distortion is due to the nonlinear

effect since the orbit changes as a result of particle interac-

tions with the RSAE, which leads to the second harmonic of

the energy change. The distortion becomes weak as the

amplitude decreases as shown later. These results are similar

to Zhang’s work.

Figure 4 shows the test particles’ energy change after

one bounce versus the frequency of the given AE. Particles

are initially distributed uniformly in / 2 [0, p]. Like

Zhang’s work,10 the resonance frequency width is quite large

(�0.8x0), which is several bounce frequencies. There is a

small second peak near 1.6x0, which may be a higher order

local resonance. The envelop of the main peak is similar to

Zhang’s work.

FIG. 2. Safety factor q profile in the outer midplane for the equilibrium of

DIII-D pulse 146 096 at 365 ms.
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To examine the nonlinear dependence of the energy

change on the wave amplitude, we carry out a Fourier analy-

sis for curves shown in Fig. 3. Figure 5 plots the amplitudes

and ratio of second and first harmonic of test particles’

energy change versus wave amplitude. We observe that the

ratio is almost linearly proportional to the wave amplitude in

the low amplitude region.

Figure 6 shows the amplitudes and their ratio of dE sec-

ond and first harmonics as a function of the mode width for

particles initially located at R¼ 2.26 m and Z¼ 0 with

k¼ 1.02. This indicates that the size of the second harmonic

is sensitive to the mode width.

The above results of test particle energy change due to

one-bounce wave particle interactions can be used to under-

stand the results in Sec. III for the simulated FILD signal

because the energy change is directly related to the radial

displacement of the test particles. According to the canonical

Hamiltonian equations, the formula

x _P/ ¼ n _E; (3)

always holds, provided that the given perturbation is a func-

tion of (n/ – xt) for a single mode in a tokamak,15,16 where

P/ is the canonical toroidal momentum and E is the particle

energy. Note that P/ can be regarded as a radial variable.

Thus, the energy change is proportional to the radial shift of

the orbit, which indicates that the particles move in and out

as a result of wave particle interaction. Since the radial shift

is directly related to the FILD signal, the first and second

harmonics of the energy change correspond to the first and

second harmonics of the FILD signal.

III. FILD SIGNAL FROM NEUTRAL BEAM INJECTION

In this section, we simulate the FILD signal using realis-

tic neutral beam deposition obtained from the TRANSP

code12 for the DIII-D discharge.

Figure 7 plots the DIII-D neutral beam deposition distri-

bution for the 30L beamline in R-Z (on left) and X-Y (on

right). Figure 8 plots the same deposition in the k–P/ phase

space, where black, green, and blue lines correspond to

prompt loss boundary of guiding centers, effective loss

boundary due to the finite gyroradius, and trapped-passing

boundary, respectively. The red points are the selected par-

ticles for our simulations. These are all trapped particles

close to the plasma edge, whose orbits will intersect AE per-

turbation before they can be lost to the wall. The particles

colored green in the loss and trapped region in Fig. 8 will be

lost to the wall before they can interact with the AE and are

thus not included in our simulations for saving computation

time. The FILD’s location (RFILD, ZFILD, /FILD) is placed at

the same point as it is in DIII-D shot 146096, where

FIG. 4. Test particles’ energy change after one bounce VS the frequency of

given AEs. Particles are initially distributed uniformly in / 2 [0, p]. Here,

when x/x0¼ 1, dBmax¼ 0.0045 T, i.e., dBmax/B0� 0.002. dBmax will be pro-

portional to x0/x to keep Ek ¼ 0.

FIG. 5. Amplitudes of second and first

harmonics (a) and their ratio (b) of test

particles’ energy change VS wave

amplitude. The harmonics are the

Fourier components of curves shown

in Fig. 3 in one wave period.

FIG. 3. Test particles’ energy change after one bounce versus their initial

toroidal angle for different amplitudes of AE modes, where A¼ 10 800 V

corresponds to dBmax/B0¼ 0.002.
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RFILD¼ 2.36 m, ZFILD¼ 0, and /FILD¼ 4.974 rad. To get a

sufficiently large signal in numerical calculations, the

FILD’s window size is enlarged to 65 cm in Z and 60.1 rad

around /¼/FILD.

We first calculate the FILD signal for a prescribed ana-

lytical AE structure of the n¼ 2 mode. In a wave period

Tp¼ 10�5 s, the FILD signal is calculated with continuous

injection of the selected particles every two time steps,

where the time step in our calculation is dt ¼ T0=400 ¼ 1=
ð400f0Þ ¼ 2:604� 10�8 s. The injection lasts 5� 10�5 s,

which is about one bounce period of the selected particles.

The results are shown in Fig. 9(a) for several mode ampli-

tudes. As expected, the signal oscillates with the mode fre-

quency after the initial transient phase. The signal tends to

be constant when the wave amplitude is small (green curve),

which corresponds to the intrinsic prompt loss signal from

the 30L injected beam. The corresponding spectrum is plot-

ted in Fig. 9(b) for several mode amplitudes. It should be

noted that the FILD signal is exactly periodic since the AE

perturbation has a single frequency. Therefore, the spectrum

shown is discrete. Figure 10 plots the first and second har-

monics of the FILD signal versus mode amplitude. It is clear

that the size of the first harmonic is linearly proportional to

the mode amplitude when the mode amplitude is not too

large, i.e., when dBmax/B0< 0.001.

Figure 11 plots the amplitude and ratio of the second

harmonic and the first harmonic of the FILD signal versus

the normalized mode width. We observe that the ratio is

quite sensitive to the mode width and can vary about a factor

of two from 0.1 to 0.2. Single particles’ results shown in

Fig. 6 lead to the complex behavior of the FILD signals’ har-

monics and their ratio. The sensitivity of the second har-

monic to the mode width is presumably due to the complex

nonlinearity of the local wave particle interaction. The

results in Fig. 11 are consistent with the experimental obser-

vation9 where the ratio is measured to be on the order of 0.1

and varies a lot.

We now simulate the FILD signal using the AE mode

structure obtained from the NOVA code14 in order to be

more realistic in comparing the numerical FILD signals with

experimental results. Fig. 12 shows the n¼ 2 AE frequencies

and mode structures obtained using the NOVA code, where

we vary the q profile by multiplying qoriginal (the original q
profile shown in Fig. 2) with a constant factor c so that

q¼ cqoriginal. This factor is used to scan the value of qmin in a

FIG. 6. (a) Amplitude of second and

first harmonics and (b) their ratio of

test particles’ energy change VS wave

width. Particles are initially located at

R¼ 2.26 m and Z¼ 0 with k¼ 1.02,

uniformly distributed in / 2 [0, p].

FIG. 7. DIII-D 30L neutral beam injection particle deposition (guiding cen-

ter) distribution in (a) R-Z plane and (b) X-Y plane. The green points are the

deposited particles. The red points are the particles used in our work to cal-

culate the FILD signal and the loss particles’ energy change.

FIG. 8. DIII-D 30L neutral beam injection particle deposition (guiding cen-

ter) distribution in the k-P/ plane, where E0¼ 80.67 keV. The effective

boundary is the physical boundary minus the particle’s Larmor radius.
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small range. As expected, when qmin becomes smaller, the

sideband (n¼ 2 and m¼ 6 mode) of the n¼ 2 RSAE17,18

increases and the mode frequency also increases. The RSAE

eventually becomes a Toroidal Alfven Eigenmode (TAE)19

at qmin¼ 3.25. NOVA results for n¼ 3 AE modes are similar

as shown in Fig. 13.

The FILD signal is calculated for several mode ampli-

tudes of n¼ 2 RSAE at q¼ q0 [the corresponding n¼ 2

mode is shown in Fig. 12(a)]. Figure 14 plots the first and

second harmonic amplitudes of the FILD signal and the ratio

of second harmonic over first harmonic versus mode ampli-

tude, respectively. In the low amplitude region in Figs. 10,

14 and 15, the amplitude of the first harmonic is almost line-

arly proportional to the mode amplitude, while the second

harmonic is approximately quadratic to the amplitude as

long as the first harmonic is linear with regard to Bmax/B0 so

that the ratio between them is linear to the wave amplitude.

The results are similar for the n¼ 3 RSAE case plotted in

Fig. 15.

Figure 16 plots the first and second harmonic as well as

the ratio as a function of qmin for the n¼ 2 AE (see Fig. 12

for the corresponding mode structure and frequency at each

qmin). We observe that the absolute values and the ratio of

these two harmonics change little when the q value is varied

(the mode width remains almost the same when q varies).

When RSAE changes to TAE as qmin decreases, the fre-

quency of the AE increases about 20%, which tends to make

the particles further from the local resonance peak shown in

FIG. 9. (a) Real numerical FILD sig-

nals and (b) their spectrum. When

A¼ 10 800 V, dBmax/B0� 0.002, which

is the same as the parameter in Fig. 3.

FIG. 10. (a) First and second harmon-

ics amplitude of the FILD signal VS

wave amplitude. (b)The ratio of the

second harmonic over first harmonic

VS wave amplitude.

FIG. 11. (a) Amplitude and (b) ratio of

2nd and 1st harmonics of the FILD sig-

nal VS mode width, where D0¼ 0.1 is

the mode width defined after Eq. (2)

on the normalized flux surface.
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FIG. 12. n¼ 2 AE frequencies and

structures for different q¼ cqoriginal val-

ues calculated using the NOVA code,

where qoriginal is the original q profile

shown in Fig. 2, c is a constant factor

modifying the q value to change qmin,

nw is defined by nw ¼~n � rwp, and~n is

the perturbed displacement vector.

FIG. 13. n¼ 3 AE frequencies and

structures for different q¼ cqoriginal val-

ues calculated using the NOVA code,

where qoriginal is the original q profile

shown in Fig. 2, c is a constant factor

modifying the q value to change qmin,

nw is defined by nw ¼~n � rwp, and~n is

the perturbed displacement vector.

FIG. 14. FILD spectrum: (a) first and

second harmonic amplitudes VS wave

amplitude and (b) the ratio of the sec-

ond harmonic over the first harmonic

VS wave amplitude for the q¼ qoriginal

and n¼ 2 RSAE case shown in Fig.

12(a).
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Fig. 4. On the other hand, the sideband of the RSAE

increases when qmin decreases as shown in Figs. 12 and 13,

which may enhance the FILD signal. We believe that these

two competing effects tend to cancel so that the FILD signal

remains nearly constant as the mode changes.

It should be noted that the calculated ratios of second

harmonics to the first harmonic based on the NOVA mode

structure are about a factor of two larger than the correspond-

ing results from the analytic n¼ 2 RSAE. This is because the

NOVA mode structure [Fig. 12(a)] is wider and much com-

plicated than the analytical mode [Eq. (2)]. Also, for the ana-

lytical AE mode, only the m¼ 7 mode, the most important

poloidal harmonic, has been considered, while m¼ 4–8

modes have been retained in the NOVA results, which may

lead to a stronger second harmonic. The ratios are a bit

higher than the experimental observed values of less than 0.1

shown in Fig. 11 of Ref. 9. In their data base, the AE ampli-

tude range is dTe/Te¼ 0.005–0.01 and dBmax/B0¼ 0.001

–0.002.

IV. MODE DRIVE DUE TO PROMPT LOSSES

In this section, we perform a realistic calculation of AE

drive due to AE-induced prompt losses. The calculation is

based on all prompt lost particles whether they are seen by

FILD or not.

Figure 17 plots the time evolution of the net energy

change of all lost particles with analytical AE perturbation

given by Eq. (2) for several mode amplitudes. Note that the

net energy change is negative for most of the time, but it is

positive (energy gain) for some time even when the mode

amplitude is large. This shows that not all the lost particles

lose energy to the wave. This is because there are particles

deposited deep in the loss region in Fig. 8. These particles

would move inward radially for a certain mode phase but

still remain in the loss cone and lose to the wall after one

FIG. 15. FILD spectrum: (a) first and

second harmonic amplitudes VS wave

amplitude and (b) the ratio of the sec-

ond harmonic over the first harmonic

VS wave amplitude for AE modes

shown in Fig. 13(a), qmin¼ 3.28 and

n¼ 3 cases.

FIG. 16. (a) The first and second har-

monic amplitude and (b) the ratio of

the second harmonic over the first har-

monic VS q value. The n¼ 2 mode

structures and frequencies for different

q values are shown in Fig. 12, where

the amplitude given here is Bmax/B0

¼ 0.002.

FIG. 17. Time evolution of the energy decrease for all loss particles. The

n¼ 2 and m¼ 7 AE perturbation here is given analytically by Eq. (2), with

frequency f¼ f0¼ 96 kHz.
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bounce. The portion of these particles among all lost par-

ticles can be determined from Fig. 18, which plots energy

change distribution for lost particles and confined particles

for all particles injected over one wave period.

Figure 19 plots the time-averaged power loss fraction

for all lost particles versus wave amplitude. The time range

of the average is three wave periods as shown in Fig. 17. The

loss fraction is defined as the ratio of the time-averaged par-

ticle energy loss over the total injected particle energy, i.e.,

the fraction of injection power to drive the AE mode. The

averaged loss power fraction is quadratic in the wave ampli-

tude for dBmax=B0 < 2:7� 10�3.

Following Heidbrink et al.,11 the mode drive power or

energy loss power can be calculated by

Pdrive ¼ fdepofEPinj; (4)

where Pinj is the neutral beam injection power, which is

4.6 MW in DIII-D shot 146096, fdepo is the fraction of

injected beam ions that are lost to the wall, and fE¼ dE/E0 is

the averaged fraction of particle energy per lost particle that

is delivered to the mode. For the case of Figs. 17, 18, and 19

with analytic n¼ 2 RSAE at dB/B0 ’ 0.002, fdepo¼ 0.42%

and fE¼ 1.58%. Thus, we arrive at

Pdrive ¼ fdepofEPinj ¼ 0:0042� 0:0158� Pinj ¼ 305 W: (5)

Using these numbers, the normalized mode drive can be

obtained as

c
x
¼ Pdrive

2xEmode
¼ 5:17� 10�5; (6)

where Emode¼ 4.89 J is the mode energy. We have also cal-

culated the mode drive based on more realistic AE mode

structures obtained from the NOVA code. For the case of the

n¼ 2 RSAE with q¼ qoriginal and dB=B0 ’ 0:002ðdTe=Te

’ 0:01Þ, the results are Pdrive¼ 69.35 W and c/x¼ 1.3

� 10�5, which is even smaller because the wave frequency is

farther from the peak of local resonance frequency.

Compared to the previous estimate of mode drive c/x
¼ 4� 10�3,11 our drive is much lower and can be ignored.

The discrepancy mainly comes from the over-estimation of

fdepo and fE in the previous work. Specifically, our value of

fdepo¼ 0.42% is about a factor of 5 smaller than the previous

estimate of fdepo¼ 2% and our value of fE¼ 1.58% is a factor

of 8 smaller than the previous estimate of fE¼ 13%. The

overestimation of fdepo in the previous work is partly due to

the fact that some of the particles near the local resonance

may not be lost promptly if they are first kicked inward by

the AE. In the previous work,11 the authors assumed that all

particles near the boundary that satisfy the local resonance

condition would be lost, irrespective of their initial phase rel-

ative to the wave. They assumed that these particles would

continue to interact with the mode until they were lost. But,

from Fig. 18, we find that the number of particles lost after

two bounces (dE/E0 < – 0.05) is much smaller than the num-

ber lost in one bounce. The number of particles lost after

multiple bounces is found to be negligible since they obey

the regular resonance condition rather than the local one.

The overestimation of fE can be explained by the results in

Fig. 18 (see blue curve) and Fig. 20. The 10 cm maximum

radial displacement leading to 13% energy loss11 may be

overestimated for the high frequency mode shown in Fig. 20.

In Fig. 18, it is shown that the energy change of lost particles

has a wide distribution in the range of –0.05< dE/E0< 0.05,

i.e., some of the lost particles actually gain energy as

explained above. Thus, the averaged energy loss per lost par-

ticle is smaller.

Finally, let us estimate the size of the radial kick of

trapped particles due to the local resonant interaction with

the AEs. Figure 20 plots the maximum radial displacement

of 1000 trapped particles for two mode frequencies (52 kHz

and 96 kHz). The particles are located at R¼ 2.26 m on the

midplane with an initial pitch angle distribution similar to

the experimental deposition for an entire wave period. The

displacement is measured when a particle crosses the outer

FIG. 18. Energy change distribution for loss particles and non-loss particles,

where the energy grid is 10 eV/E0¼ 1.24� 10�4 and particles are injected in

one wave period. The analytical RSAE perturbation is given by Eq. (2), with

f¼ 96 kHz, A¼ 10 800, or dBmax/B0 ’ 0.002.

FIG. 19. Lost particles’ averaged power loss fraction VS amplitude. The

n¼ 2 and m¼ 7 AE perturbation here is given analytically in Eq. (2).
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midplane. We find that the maximum displacement for the

f¼ 52 kHz AE is larger than that of the f¼ 96 kHz case. This

is because the lower frequency is nearer the center of local

wave particle resonance. The calculated radial kick size is

comparable to the experimental values of 10 cm for the

52 kHz case,6 but it is about 4 cm for the 96 kHz case, which

is less than half of the experimental estimate.11 As a result,

the calculated energy loss per lost particle is smaller than

that in the previous work.11

The calculated radial kick of 4 cm corresponds to the

boundary in energy change jdE=Ej < 0:05 as seen in Fig. 18.

In previous work,11 the larger experimental value of 10 cm

kick size has been translated directly into fE¼ 0.13. This

means that a higher boundary of the dE/E distribution has

been assumed and the averaging over the dE/E distribution

has been neglected. These two effects combined explain

the difference between the estimate of fE in this work and

Ref. 11.

V. CONCLUSION

In conclusion, a numerical study has been performed on

the coherent beam ion prompt losses driven by Alfv�en

eigenmodes (AE) in DIII-D plasmas using realistic experi-

mental parameters and beam ion deposition profiles. The

synthetic signal of the fast-ion loss detector (FILD) is calcu-

lated for a single AE mode. The first harmonic of the calcu-

lated FILD signal is found to be linearly proportional to the

AE amplitude with the same AE frequency in agreement

with the analytic theory and the DIII-D experimental mea-

surement. The calculated second harmonic is proportional to

the square of the first harmonic for typical experimental AE

amplitudes. The amplitude of the second harmonics of the

FILD signal is found to scale quadratically with the first har-

monic. The size of the second harmonic is found to be sensi-

tive to the mode width. This result can explain partly poor

correlation of the second harmonic with the first harmonic.

Future work will further explore the sensitivity of the second

harmonic and more generally nonlinear harmonics in the

presence of multiple modes. The second part of this work

considers the AE drive due to coherent prompt losses. It is

shown that the prompt-loss-induced mode drive is much

smaller than the previous estimate and can be ignored for

mode stability.
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