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MONTE-CARLO SIMULATION OF HIGH HARMONIC FAST WAVE HEATING
OF NEUTRAL BEAM IONS AND EFFECTS ON MHD STABILITY:
VALIDATION WITH EXPERIMENTS V.S. Chan, et al.

Monte-Carlo Simulation of High Harmonic Fast
Wave Heating of Neutral Beam Ions and Effects
on MHD Stability: Validation With Experiments

V.S. Chan, A.D. Turnbull, M. Choi, M.S. Chu, and L.L. Lao
General Atomics, P.O. Box 85608, San Diego, California 92186-5608

Abstract. Experimentally, during fast wave (FW) radio frequency (rf) heating in DIII-D L-mode
discharges, strong acceleration of neutral beam (NB) deuterium beam ions has been observed.
Significant effects on the n/m = 1/1 sawtooth stability are also seen. Simulations using the
Monte-Carlo Hamiltonian code ORBIT-RF, coupled to the TORIC full wave code, predict beam
ion tails up to a few hundred keV, in agreement with the experiment. The simulations and
experiment both clearly show a much greater efficiency for 4th harmonic FW heating than for
8th harmonic heating. Simple analyses of the kinetic contribution to the ideal magnetohydro-
dynamic (MHD) potential energy from energetic beam ions generated by FW heating yields
reasonable consistency with the observations. A more detailed analysis shows a more compli-
cated picture, however. Other physics effects such as geometry, plasma rotation, and the pres-
ence of a free boundary, play a significant role.

Keywords: Energetic ions, Fast wave heating, Sawtooth stabilization
PACS: Replace this text with PACS numbers; choose from this list:
http://www.aip.org/pacs/index.html

1. INTRODUCTION

In DIII-D experiments, strong acceleration of deuterium (D) neutral beam (NB)
ions has been observed when fast waves (FW) were launched in a NB-heated plasma
[1]. The FW also had a significant effect on the sawtooth (ST) characteristics of the
discharge, which depended on the wave and the plasma conditions. In one discharge
#96043 with 4th harmonic D heating from 60 MHz FW, giant sawteeth, among the
largest observed in DIII-D were produced. For DIII-D discharge #122080, with 8th
harmonic D heating by 116 MHz FWs, on the other hand, the observed ST were much
smaller and more frequent. In addition, the experiments showed that the 4th harmonic
heating was much more efficient in generating a high-energy tail [1]. These two
discharges were well diagnosed and offer the possibility of comparing theoretical
modeling of both the particle-wave interactions and the magnetohydrodynamic
(MHD) behavior.

The control of ST and optimization of FW heating efficiency are critical issues for
ITER. In addition, the theoretical understanding of both these aspects is fundamental
to any basic plasma physics description and the experiments provide a unique
opportunity to investigate MHD by treating the FW as a control tool, as well as to
investigate wave-particle interaction physics using the MHD as a diagnostic tool.
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The theory of MHD and of wave particle interactions has greatly matured in recent
years. MHD has been shown to yield detailed quantitative and verified predictions of a
wide variety of experiments in DIII-D [2,3]. The most glaring exception, however, is
the detailed ST behavior [3]; non-ideal contributions to the stability of the m/n = 1/1
internal kink mode underlying sawteeth are well-known to be crucial. Among these
non-ideal effects, kinetic contributions from a non-Maxwellian particle distribution are
a key item [4,5]. Heating from FWs can produce such a high-energy tail in the distri-
bution function. The theory for the resonant interaction between FWs and energetic
ions is now well established even if computationally demanding.

The theory for both the ST stabilization and for the resonant wave particle
interaction under hot plasma fusion conditions is at a stage where quantitative detailed
comparisons can yield further understanding. Several studies have attempted to
explain changes in ST behavior from analysis of the corrections to MHD stability of
the internal kink due to an energetic ion population [4,6,7] using the Porcelli model
[4]. Qualitative agreement with the observed ST characteristics is generally very good
[6-9].

The agreement has provided confidence that the essential model is basically correct.
Nevertheless, the comparisons so far have generally relied on several simplifications.
Foremost is the reliance on analytic estimates for the MHD and other contributions to

the normalized total perturbed energy SW = 6WMHD + 6WKO + 61/171:. Most estimates

of 8Wnmpnp utilize the analytic result of Bussac et al. [10] though recent attempts [11]
have been made at incorporating corrections for non-circular cross section and for
finite aspect ratio [12]. Boundary conditions can also be important; allowing the
boundary to be perturbed can increase growth rates considerably and, significantly, it

also changes the marginal stability point [13-15]. In addition, the estimates for dWko

and dWras; are based on integration over the trapped and fast particle distribution
functions convolved with the Bussac model for the eigenfunction. This model is
generally a good approximation [13,14,16] but it can break down in some cases of
practical interest.

The present work is intended to address these issues by using more realistic
estimates of the key contributions within the context of the Porcelli model and
comparing with the DIII-D experiments. The following section considers the
simulations of the FW particle interactions. The ORBIT-RF code [17] is used in
conjunction with the 2D full wave code TORIC [18] which provide the FW
amplitudes. The simulations are consistent with observational signatures that will be
discussed in Section 3. Section 4 briefly reviews the key assumptions that go into the
Porcelli ST stabilization model. Comparisons with the observed ST behavior are given
in the discussion in Section 5 and a summary of the implications from this study is
provided in Section 6.

2. SIMULATION OF WAVE PARTICLE INTERACTIONS

Quasi-linear (QL) theory describes the resonant interaction between the FW and
plasma ions as a diffusive process in velocity space, based on the assumption that the
relative phase between the FW and ions tends to be decorrelated. In a collisionless,
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high-temperature plasma, the relative phase is randomized on a time scale much faster
than the thermal slowing down time. After each “kick” from the rf electric field as the
ion passes through the resonance, the ions sample different local cyclotron frequencies
. and parallel wave number kj if the wave amplitude is large enough, leading to a
strong decorrelation. The wave amplitudes for the experiments being considered
satisfy the validity of this model.

QL diffusion in velocity space is modeled in the ORBIT-RF Monte-Carlo
Hamiltonian code using a simplified rf-induced random walk. The change in magnetic
moment u from the wave, Augg, is expressed as the sum of a time independent mean

change Augp and a rapidly fluctuating part AT*RF [17]. Then

21292 oD 2 21292
AURp = Augr + R, \/AMRF f g U dt + Rf 9 Ddt . (1)

At is taken to be a wave-particle interaction time. The QL diffusion operator is given
by

1 m

DM(k”)—Z—B Ké(wl)E[E:—n,Jl—l(kT,pl)] E[Emfz 1 lpi)] . @

Here, J;_; is the (/-1)’th order Bessel functions of the first kind,
P; =Vv | /Q;=+2uB/Q; is the ion gyroradius, and E" represents the mth poloidal
Fourier mode of the wave electric field; E, =3 EMe™0. K is a factor ~1. The wave
fields and wave numbers, EY', k", and k|’|" are calculated using unit current wave
fields from the code TORIC [18], rescaled to match the experimental input power. A
single toroidal mode number 7 is assumed. As an approximation only the dominant
poloidal harmonic is used in thus ORBIT-RF calculation [17]. The ORBIT-RF code
then follows the particle orbits by solving the Hamiltonian Guiding Center Drift

equations in the background equilibrium fields [5] between successive rf kicks,
ignoring the perturbed fields from the wave.

3. EXPERIMENTAL CONFIRMATION OF SIMULATION

The simulations were applied to the two L-mode DIII-D NB heated discharges
#96043 and #122080. Figure 1 shows the resultant calculated distribution functions for
the injected beam ions (Ej= 80 keV) in the two cases. In both, the distribution

follows a slowing down form for E < E| with a strong tail extending up to 600 keV

for discharge #96043 and to 200 keV for discharge #122080. The resonance radius is
located near the magnetic axis in both cases.
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FIGURE 1. Calculated ion distribution function from ORBIT-RF simulations for discharges (a)
#96043 at 2020 ms and (b) #122080 at 2700 ms.

The cross sections were similar but the plasma conditions were quite different.
Figure 2 shows the reconstructed pressure and safety factor profiles. Note in particular
the smaller radius for the g=1 surface in #122080. Table I shows the relevant
parameters for the two discharges.

x104
8—

FIGURE 2. Reconstructed safety factor (right scale) and pressure profiles (left scale) for discharges
#96043 and #122080. Indicated are the position of ¢ = 1 for each.

Generation of a high-energy tail in both cases was indicated experimentally by
significant neutron enhancement during the time over which the rf was applied. The
enhancement was considerably larger for discharge #96043 for which the ORBIT-RF
simulations predicted a longer high-energy tail, despite the lower NB power and the
lower input rf power.

Experimentally, the two discharges exhibited very different ST behavior during the
time the FW was applied. This is seen in Figure 3, which shows the frequency
spectrum of the MHD activity. In both, the sawteeth crashes are seen as the n =1
bursts. Before the FW, they are similar, with sawteeth occurring about every 100 ms.
For discharge #122080, the ST behavior is unaffected by the FW. However, in
discharge #96043 there is an immediate ST when the FW is turned on, followed by a
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prolonged ST-free period and subsequently a large ST crash associated with
considerable subsequent higher n activity. The simulations and equilibrium
reconstructions were performed at the time of this ST crash at 2020 ms.

TABLE 1. Relevant Parameters for Discharges #96043 and 122080.
Shot g | PRy n.(0) | T(0) | T;(0) | B(0) 05 D Ta
No. | (MW) | Mw) | (em™3) | (keV) | (keV) | (D) | (rad/s) | (radis) | (us)
96043 |27 |10 |[47x10% |34 |29 19 ] 9.7x10% | -1.9x10% | 44
122080 |50 |17 | 68x108 15 |9 1.8 | 93x10° | -6.8x10% | 54

Shot B, 5. 8 Bph Bph Oy, Before | ., After
No. P 10 pe Before | After (rad/s) (rad/s)
96043 | 0204 | 9.14x107 | 0.143 | 0.065 0.080 3.6x10% 4.0x10%
122080 | 0.043 9.17x10~-3 | 0.185 0.020 0.199 4.7x103 5.0x103
Shot ¥ R
No. pl S Iy & | K1 | 51 S crit p
96043 | 0.202 | 1.23x107 | 0.584 | 0.145 | 1.27 | 0.437 | 4.93x1072 | 7.196x 10-3
122080 | 0.096 | 3.35x106 | 0.543 | 0.108 | 1.33 | 0.110 | 427x 1072 | 1.185x 10-2

DIlI-D 96043 4 <2, heating at 60 MHz DIII-D 122080 8 Q) heating at 116 MHz
Modes 5-4-3-2-1012345 Modes -5-4-3-2-1012345
50 .
(@) | Pre on:(1.0 Mw) . (0) | Pge on (1.7MW) 7
40 | <407
N T
E 30 | ’ 22X a0 ]
> Giant Sawtooth l %30
f =
§ 204 - £ 20
g it 5
i 104 o, = 10 4
1500 2500 2900 310 300 3500
Time (ITIS) Time (ITIS)

FIGURE 3. MHD spectral analysis for discharges (a) #96043 and (b) #122080. The time at which the
FW was turned on is indicated. The mode identification is color coded as indicated.

In discharge #122080, the ST continued as small and frequent “mini-sawteeth”,
whereas discharge #96043, with the larger fast ion tail population expected from the
simulations, exhibited “giant-sawteeth” from the time the FW was initiated. This is
qualitatively consistent with the expectation that the fast ion population has stabilized
the m/n =1/1 mode in the latter case. According to the conventional interpretation, the
ST finally occurs after the internal energy has built up considerably, producing a
delayed, much larger “giant sawtooth”. A more detailed comparison can be made by
quantitatively applying the Porcelli model for the two discharges.
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4. PORCELLI SAWTOOTH MODEL

The model developed in Ref. [4] to describe ST onset has been quite successful in
explaining the ST characteristics of a variety of sawtoothing discharges [8,9,11,19-
21]. It represents the standard model for predicting ST behavior in ITER [4,9,15,22].
The ideal MHD potential energy dWyyp for the m/n=1/1 internal kink mode,
modified by kinetic contributions from thermal ions dWg and fast ions Wy, plays
a key role.

Sawtooth crashes are triggered when one of the following conditions is met [4]:

—Weore = _(6WMHD + 5WK0) > ChophTA 3)
—6W = _(6WMHD + 6WKO + 6W0ase) > 0'50‘)*iTA (4)
-Cpp < —OW <0.5w+;T; and ws; < Cyp (5)

Here, wpy, is the average toroidal procession drift frequency of the fast ions calculated

from ORBIT-RF, T4 is the Alfvén time, ws; the thermal ion diamagnetic frequency,

and the parameter Cp, ~ 0.4. Also, vy, = Cpf)S_l/7s16/7'cA1 where Cp =1, C«=3,

S =1/t is the Lundquist number, p =p;/r is the ion Larmor radius normalized to

the radius of the ¢ =1 surface, and s; =1, dg/ dr|r_r is the shear at g =1. The Alfvén
=1

time is Tp = 3 R/VA. Ty = 47'cr12 / nyc? is the resistive diffusion time.
The ideal perturbed potential energy is normalized as

SWnHp = 45W/S1|§o|2812R(38/M0) (6)

where |’§0| is the displacement amplitude of the 1/1 mode inside g =1. Then SWKoO is
a Kruskal-Oberman contribution from thermal trapped ions and 6Wfast is the kinetic
fast ion contribution. The basic condition for instability of the ideal internal kink mode
1S 6WMHD <0. The Kruskal Oberman term is invoked when the mode frequency
exceeds the thermal ion diamagnetic frequency;  >wsj. This translates into a
condition that SWKO > W#TA .

Traditionally, 8WMHD has been obtained from an analytic model by Bussac, et al.

in the limit of a large aspect ratio torus with circular cross section and a parabolic
pressure profile inside g=1 [10]. Several extensions to shaped cross sections have

been suggested, most notably the extension by Porcelli using 6WMHD = 6WB + 6WK ,
or
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SWMHD =

1 1 3
—93'[7(111 —) —183’[(111 —) 2
2 2 (B2, ~B3e) + : (Kl - ;) )

51 51

Bp1 is the poloidal  integrated inside g =1 and B, is the critical ideal limit; in the
Bussac model, . =0.3. [ and x; are the internal inductance and elongation at
q=1.

The Bussac model predicts that to lowest order in inverse aspect ratio, the unstable
mode has the structure of a “top hat” in which &(r)=§, for r<n —(1/2)e and

g(r)=0 for r>n +(1/2)e, with an inertial layer of width ¢ around g=1. A smooth
transition of E(r) maintains V- & =0 such that Epol ~ r(agr / ar) remains finite. This

yields a finite kinetic energy and growth rate, given by le\/[HD =0W /0K where 0K =

1/2)/ pm(r)|§|2rdr (pm is the mass density). In this limit, one finds ypyppTa =

6WB, identical to the result obtained for a cylindrical screw pinch [23]. The higher
order modification to the mode from the small but crucial m =2 harmonic which
connects the internal region r<n to r>n is ignored in obtaining the linear
dependence of yygp on 8Wg but is an important part of 8Wp itself. With regard to
the shaping corrections, in the cases of interest here, K ~ 2 and these must be included.

The Kruskal Oberman term is also obtained analytically from integrating the
trapped particle distribution over the zeroth order model displacement in the limit
€ — 0. Thus, this is strictly valid only in the large aspect ratio circular cross section
limit. The result is dWgq = 0.6Cpei/2 Bio/s1 with Cp = (5/2)f3 x3% pi(x)/ pio dx and
x=r/n.

The fast particle contribution 6Wfast is obtained from integrating the fast particle

distribution function convolved with the zeroth order internal kink displacement. The
result from Ref. [4] is

- 3/2
OWiase = Cf?q/ Bt / S1 )

with Cy = Cp((u/ op;) ~ L. B;f is the fast tra;pped ion (iontribution tf) the poloidal f3,,.
The factors in the normalizations for dWyyp, Wk, and 0Wy,, also need to be

estimated. The radius of the g =1 surface n; must be replaced by an equivalent radius
and used in evaluating both &, =7 /Ry and s =1 dq/ dr|r_r . Porcelli proposes using
=1

rl* = Ki/ 2r1 where 7 is the midplane minor radius. A more general expression is

rl* =yi2 / (2n2R0). |§0|2 is also assumed to be the constant displacement inside g =1.

In reality, E(r) will have some radial dependence. If the dependence is weak, an
average inside g=1 or a maximum can be used. When the dependence is much
stronger, the model becomes questionable. The quantities w«;, wpy, S, etc., may be
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estimated from the experimental discharge equilibrium from averages at the ¢g=1

surface, and are given in Table 1. However, it needs to be kept in mind that the
equations and conditions where they appear are essentially derived from local models.

5. 8W ANALYSIS OF ST STABILITY

In the absence of a direct measurement of the fast ion distribution function, the
expected fast ion stabilization of the ST can be used as an indirect diagnostic. The
ultimate aim is to compare the observed ST phenomena directly with the predictions.
This is a more ambitious proposal than the comparisons of the ST cycle [4,6,7-9,
11,15,19,22] made in earlier work, where the individual terms involved in the trigger
criteria vary rapidly during the cycle [4]. In searching for the time at which they
cancel, systematic errors in individual terms are quickly swamped by the rapidly
changing terms so that the cancellation occurs only a short time either before or after
the correct time. Thus, the analysis of the ST onset time is well posed, since it is
relatively forgiving of approximations used in evaluating the terms. The approxi-
mations can be in either the actual models for the individual terms (such as the Bussac
expression for Wy yp ) or the equilibria reconstructed and used as input to the mod-
els. These studies therefore provide good evidence that the basic trigger mechanisms
in the Porcelli model are correct, even if evaluated with approximate expressions.

The analysis here proposes to evaluate each of the terms at a specific time in the ST
cycle to compare predictions between two discharges in order to extract information
about the fast particle distribution functions. This requires an accurate evaluation of all
the terms. The quality of equilibrium reconstructions in DIII-D [2] coupled with
numerical tools for evaluating the key terms in the trigger mechanism — notably

6V[A/MHD, 6WKO, and 6Wfast — places this more ambitious goal within reach. Since

the interest is in the fast particle term, the key contribution made is an evaluation of
this term using the fast particle distribution evaluated from the ORBIT-RF and TORIC
simulations.

When the FW is turned on in discharge #96043, the ST amplitude and period
become larger and longer, whereas the ST in discharge #122080 are unaffected. From
Section 3, the calculated fast ion tail from the FW is considerably larger and extends
to higher energies in discharge #96043. A tentative hypothesis would therefore be that

the 1/1 mode is stabilized in that case by an increase in 6Wfast from fpp.

The ST predictions for the two discharges are evaluated using two different
estimates for 6WMHD , which is the most important term competing with 6Wfast. The
fast ion contribution is evaluated using 6Wfast from Eq. (8) with

1
—2u9 32 dpy,
=—— | x7/*—= dx 9
Bph BI% { i ( )
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using the trapped fast particle pressure ph(x) evaluated from the ORBIT-RF and

TORIC codes. The term 6WKO is evaluated using the equilibria reconstructed from
the discharge data. Each of the trigger options is evaluated.

Table 2 shows the results of the analysis using the Bussac model, including the
corrections due to shaping, just before a ST event for the two discharges.

VV(g=1) /2752 Ry is used for 7.

TABLE 2. Porcelli Criterion Analysis for Discharges #96043 at 2020 ms and #122080 at 2700 ms

#96043 #122080
dWko > 04T o No Yes
dWko Theory not applicable +1.5x 1072
dWiast +1.0x1072 +6.6x 1073
dSWp 2.4x1073 +4.2x1073
dSW, -1.4x1073 -1.1x 1073
SWhHD = Wpussac + W -3.8x 1073 (ideal unstable) ~ +2.9x 1073 (ideal stable)
W = SWypp + W + Wko +6.2x 1073 (stable) +2.5x 1072 (stable)
_6Wcore > Ch®WphTA No No
-OW > O.S(L)*i'CA No No
o <-dW< 0504 p, 5> 505 Y (trigger on) No
perit +0.065 +0.035
pl
Wy -7.8x1073 (ideal unstable)  4.8x10~* (ideal unstable)
SW = Wy +3Wp,g +0Wio +2.2x 1073 (stable) +2.1x 1072 (stable)
'éwcore > ChWpLTA No No
OW > O.Sw*i‘cA No No
~cpP <-OW< 0.504Tp, 51> 5c  Yes (trigger on) No

This analysis would predict that in discharge #96043 the ST would be stabilized
against the ideal mode by the fast ion contribution: SW = 6WMHD + BWfast >0. At
this time, 6WKO <W#TA SO 6WKO should be neglected. Nevertheless, the third
criterion for a ST is satisfied; 0 <dW < Cpp. This corresponds to destabilization of
the resistive internal kink in the so-called ion-kinetic regime [19], and is consistent

with the interpretation that the fast ions stabilized the internal kink, delaying the ST
onset until this criterion was triggered and a large ST resulted.

For discharge #122080, 6WKO >w#Tp but none of the trigger criteria are
satisfied. In fact, the ideal dWyyp = dWp + W, >0 suggesting that the ideal mode
is already stable. This would be inconsistent with the observed sawtoothing in this
discharge. However, there are several explanations. First, the result 6WMHD >0 is

also inconsistent with a numerical calculation of the ideal stability using the GATO
code [24], since this predicts an internal kink instability. Martynov et al. [15] have

shown that the estimate 6WK suggested by Porcelli, et al. becomes inaccurate and
does not match the numerically computed growth rates at k2 1.4, and that the scaling

GENERAL ATOMICS REPORT GA-A25564 9
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SWMHD ~ (B% —ﬁl%c ) / s1 breaks down. In that study, 6WMHD =7yt calculated from
the analytic formulae were compared with numerically computed yYpMHDTA =

(dW /oK )1/ 2 values. A much better fit to the numerical results was found to be

N 1K *
SWyy = Th=045A21 - 10
M =YMHDTA T+ 7eps, ([3p1 ch) (10)

with BEC =0.7 -0.5«;. Note in particular the linear dependence on (Bpl - B;C) and the

replacement of the 1/s; dependence by the much weaker (1+ 781S1)_1 dependence
with no pole at zero shear. Table 2 also shows the results of the ST trigger analysis
using 6WM as an estimate for 6WMHD- The result for discharge #96043 is
qualitatively unchanged. For discharge #122080, however, 6WMHD is now negative,
consistent with the numerically calculated ideal instability. However,
6WMHD + 6WKO >0 suggesting stabilization by the thermal trapped ions alone. This

would be consistent with the observed lack of unchange in the ST behavior when the
FW is applied. But, it is inconsistent with the observation of actual sawtoothing

behavior in this discharge. Consistency would require 6WMHD +6WKO <0 and

6WMHD + 6WKO + éwfast <0.

There are a number of other reasons any one of which would account for the
remaining disagreement. First, the results can be sensitive to the estimates for the
equilibrium parameters — s, ¥y, €1, and gy which appear directly in the criteria — but

also the equilibrium profiles which appear implicitly through the profiles in the SW
contributions. Near marginal stability, small changes in these quantities can produce
order of magnitude variations in Wy yp. Second, assumptions built into the models

can be violated. In particular, the Bussac calculation and its extensions assume that
n/a~1 and gg-1~¢, with a resulting “top hat” eigenfunction, in which case

YMHDTA ~ 6WMHD- The numerical calculations generally do not reproduce this
scaling except in the limiting large aspect ratio case near marginal stability [13-16].

The numerically computed growth rates from (8W /6[()1/ 2, and the 8W values
2, yield considerably

calculated from 8W , plus the estimated values of s, €1, and [g

more unstable predictions than either of the estimates for 6WMHD in Table 2. These
would predict instability with no possibility of stabilization by any non-ideal effect. In
the case of #122080, this can be attributed to the eigenmode not reproducing the “top-
hat” structure. Figure 4 shows the mode displacements from the GATO code for the
two reconstructed equilibria. For #96043, there is some deviation but the top hat
appears to be a reasonable approximation. Sensitivity calculations with independently
varying gq and 1 show that the important quantity in determining the top hat structure

is r;. Nevertheless, for both discharges, yt calculated from (6W/6K)1/ 2 is quite

different from 6WMHD using any reasonable estimates for 7 and s;. This is an
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indication that the assumption that all the inertia is in the thin layer around ¢ =1 and

can be estimated using the cylindrical approximation to V- & =0, is not valid.

The presence of a vacuum region is known to increase 6WMHD and YMHDTA
substantially [13-15]. In the discharges considered here, moving the wall to the
position of the DIII-D vacuum vessel increases the values of SW by a factor of
roughly two, but nearer marginal stability, this can be an order of magnitude or more.
Finally, other non-ideal effects can provide stabilization. Primary among these is
sheared plasma rotation, which is significant in DIII-D but is not accounted for.

DIlI-D 96043 DIlI-D 122080
T | W I
101 \¥ R O
B — qp=0.82
- —m=1 |__qy=0.90
o5k met [~%=0M
B | m= m=3
- i m=0

FIGURE 4. Numerically computed internal kink mode structures for the two discharges (a) #96043
and (b) #122080. Shown in both are the results using the best fit to the equilibrium (solid curves) and
the two constrained fits with lower (dotted) and higher g, (dashed).

6. DISCUSSION

The results described in Section 5 are encouraging but a meaningful comparison of
the calculations with the DIII-D experiments, enabling a discrimination between the
predictions of the calculated distribution functions, requires more work. The model for
OWnmmup 1s the most crucial element at present. The improvement in the consistency
obtained for both discharges by using the fitted approximation from Ref. [15] is
suggestive that the goal is attainable. The key remaining discrepancy appears to be due
to the non “top hat” eigenmode for discharge #122080, which is not incorporated into
the fit. The ultimate solution is to utilize the numerically computed 8W for the
equilibrium fit in both cases. This should be done as well in estimating 6WKO and

6Wfast by convolving the distribution functions with the computed eigenmodes.

The key issue in such an analysis is that the equilibria do not yield growth rates
sufficiently small to be in the regime where yyypTa ~ 6WMHD- This will require
obtaining accurate discharge reconstructions sufficiently close to marginal stability.
This may require a full analysis through a sizable fraction of the ST cycle. The
numerical tools can then be used to discriminate various physics effects, including the
different fast particle distributions, as well as other issues such as the presence of a
real vacuum region and non-ideal effects.
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