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Tokamak experiments wherg,n ~ 1 commonly show am/n = 3/2 neoclassical tearing

mode (NTM) (wherem is the poloidal wave numben is the toroidal wave number) evolv-
ing during the slowB ramp up and "flattop" steady state, before the onset aham= 2/1
NTM. Energetic particles from neutral beam injection afffeoth modes differently, making
the underlying physics puzzling. In theoretical and nugacalculations of the MHD stability
of these configurations during the flattop stage, the ideadt in By (wherefy = 3/(1/aBr),
B = 2ugP/B?, P is pressure, anBr is toroidal magnetic field) of tha = 2 is higher than the
n= 1. The 32 mode typically onsets early in the discharge when thematisurface comes
into existence off axis in a reversed and wegdhear. Later in the discharge thgl2can onset
with or without the 32 mode present in its nonlinear saturated state.

The focus in this paper is the energetic particle effectsheninearn = 1 andn = 2 modes
in this type of discharge. We computationally analyze thefects using af PIC model
for the energetic particles coupled to the non-

linear 3-D resistive MHD code NIMROD[1, © 10 15

2], as well as the resistive stability code !

PEST-III[3] and the ideal stability code ' « e 1"

DCON[4]. q2 ) : *
A single discharge is analyzed in this paper, » >

which is taken from an experiment on DIII-D o — Jo

to study the evolution of the/2 and onset of

the 2/1 modes[5]. In Ref.[5] the effect of flowrigyre 1: The shape, pressure, and q profiles of

shear on the 2 and 21 modes is characteryhe equilibria used in this study.

ized by a change in the effective linear drive

to the island evolution. Our overall motivation is aimedratluding energetic particle physics
into such a study, which also affects the modes. Initiallg, mvap the linear growth rates of
then =1 and 2 modes for a series of equilibria that are based on ariexgntal equilibrium
reconstruction during the flattop, before onset of th#é &hode, with varyin@min andBy. This
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gives context to the physics describing the instabilitses] is relevant to any such discharge.
We then take a fraction @8 to be from energetic particles as in Ref.[6], to study th#ea.

The equilibrium profiles in the reconstruction are shownignE Heregqn = 1.06 andBy =
2.5. Note that in the hybrid discharge configuration, th@, hovers just above 1. This non-
resonant but significant/1 and 22 response around the magnetic axis plays a critical role in
the physics of the equilibrium state, and is sensitive tollsthanges imgqin. In particular it has
been shown to affect the ideal and resistive stability[7].

The trajectory of the experimental dischargegin, By space can be seen in Fig. 2. This
trajectory is taken from an automated set of equilibriunorstructions from the experiment,
and thus does not exactly intersect the accurate kinetitilmgum reconstruction used as a
basis for the stability analyses. Initially, the experimbagins at lowSy and highgmin, and
subsequently is ramped up to the relatively steady stateathe stability analysis is performed.
The analysis is then valid for the entire

wapd |deal stablllty boundaries

flattop, but is not pertinent to the earIy{ijR“OD 17 =\ discharge 125476
A s ‘ ‘

time (where then = 2 mode onsets) nor .

n=1Unstable
1 /INIMROD Y T,

the later time (after the flattop).
The NIMROD (MHD only), PEST- |
Il and DCON results for the = 1 and ™

.9

3.1F

trajectory

2 modes are shown in Fig. 2. The re- |
sistive MHD threshold in PEST-III |s

computed with an inner layer model as

in Refs. [7], including both the tear-

2.5
1.02

ing and interchange parities, where an
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eigensolution for the growth rat@ is Figure 2: Contours ofta from NIMROD, the ideal

found. Experimental values for temper stability boundaries calculated by PEST-III (red) and
ature and density are used for the | "NNEcoN (green) for the n=1 and n=2 modes, and the

layer resistivity. The configuration use(Elrajectory of the experimental discharge.
in NIMROD hasS= 1r/Ta~ 2.7 x 10’

and a viscous Prandtl number = uov/n = 100.

The comparison between NIMROD, PEST-IIl and DCON resultBaates that the bound-
aries for onset of the= 1 andn =2 modes are in broad agreement. The NIMROD calculations
show a slightly lower resistive threshold ggin, liekly due to differences in the models. The
experimental profiles hover outside of the unstable zon¢hen = 1 mode. The 32 island

is present throughout the flattop stage, in a nonlinear si@distate. Note that the inclusion of
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energetic particles strongly affects these boundariek@srsbelow.

Energetic Particle Effects

It is important in the specification of the pressure in theghéiequation for the energetic
particles to match the equilibrium configuration of fluid gsare. We therefore approximate
the pressure with the dependerfee- Pyexp—2¢ as shown in Fig. 1 which is close to the

equilibrium pressure throughout most of the radius, up ¢ th

x10°

edge pedestal region.
The maximum energy of the particleg = 50keV and the

critical energye; = 10keV in the "slowing down" distribution,

Vi
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emulating neutral beam deposition. The fract®yre = Bn/B

0.0 05

of thermal energy in the patrticles is held fixed at 16%.

< v Our recent studies of energetic particle effects ofl 2

modes[6] focused on equilibria withyin ~ 1.5 and By ~

n=t| 2—3, with cross-section emulating so-called "advanced" con-

Vil
10 15 20 25

figurations in tokamak experiments. In the current study we

compare the energetic particle effects onithe 2 andn=1

0.0 0.5

2 4 o 1 2x»e modesinthe so-called "hybrid" configuration wigh, >~ 1.

B ) Then =1 andn = 2 eigenfunctions are shown in Fig.3.
7 | These eigenfunctions indicate an important difference be-
tween the hybrid and highy,in results. The non-resonantl

component is visible in the core pressure perturbation. How

ever, theB, perturbation remains dominantly associated with

n=1 J| =1 ] the 2/1. In the highgnin, both are 21 dominant. Asymme-

try is evident in §, and the prominence of the trapped cone in
Figure 3: The §, of, perturbed Of indicates that it is primarily the trapped and barely pagsi
n = 1 pressure and surfaceparticles that are interacting with the mode.
normal magnetic field. As seen in Fig. 4, at lowegnin than experimental, near
Omin ~ 1, the growth rates for the ideal unstable mode are
weakly affected by the energetic particles. However, gihsly highergnin, the non-resonant
component of the mode interacts with the particles and btteases the growth rates of resis-
tive unstable modes and destabilizes the mode in MHD stablems. The stability boundaries
for both modes are effectively pushed to highgin.
Previously, we have shown that for/n = 2/1 modes withgmin ~ 1.5, energetic particles

have significant damping and stabilizing effects at expenitally relevanfy andfBsrac = Bn/B
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(Bn is the energetic particl@) and weaker damping and 29
stabilizing effects in the ideal unstable regime, and excit _ n=1 |
. contours |
areal frequency of the/2 mode[6]. In the hybrid config-fy |
uration the real frequencies are excited, and the respon2'37e\ trajectory \/}
/|

in the ideal unstable regime is similar. However, the inzs £ R T//\//
teraction of the particles with the non-resonant response: '~ <;
on axis causes destabilization of the mode as opposeqitzo 15T gt 2
a damping effect in the higheg,, cases.

oY

1.25

Weak drive at low g, and higher f

n=1 n=2
MHD only

The most significant effect is that on the n=1 mode. The

MHD + of
Bn=2.9 solid
Pn=2.5 dashed

n=2 mode is driven, but in a smaller bandagf,, nearer oo1|,

the MHD boundary. The =1 mode is driven unstable up

Destabilizing

to gmin ~ 1.2. Though modest changes are observed with

the increase iy = 2.5 — 2.9, significantly higheBy ~ ° 105 1
should approach the ideal limit for aikin. It is an open

1145 12 1.25

question whether there is evidence for such an energEtfture 4: The growth rates with en-
particle effect on the 21 onset in the experimental daté&rgetic particle effects.
The effect the particles have on the stable- 2 mode,

and the nonlinearly saturated3islands, is not directly addressed by this study, but would
be needed to address the nonlinear evolution. This is a fotosr current efforts, as is the
development of energetic particle effects into the PESTdde.
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