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Neutral-beam heated tokamak plasmas commonly have more than one third
of the plasma kinetic energy in the non-thermal energetic beam ion population.
This population of fast ions heats the plasma, provides some of the current
drive, and can affect the stability (positively or negatively) of magneto-
hydrodynamic instabilities. This population of energetic ions is not in
thermodynamic equilibrium, thus there is free-energy available to drive
instabilities, which may lead to redistribution of the fast ion population.
Understanding under what conditions beam-driven instabilities arise, and the
extent of the resulting perturbation to the fast ion population, is important for
predicting and eventually demonstrating non-inductive current ramp-up and
sustainment in NSTX-U, as well as the performance of future fusion plasma
experiments such as ITER. This paper presents an empirical approach towards
characterizing the stability boundaries for some common energetic-ion-driven

instabilities seen on NSTX.



I.INTRODUCTION

The ability to predict the confinement and energy transfer rate of fast ions to the thermal
plasma is important for accurate modeling of the beam driven currents that ITER and ST’s rely
upon. NSTX plasmas can have fast ion redistribution events caused by Toroidal or Global
Alfvén Eigenmode (TAE/GAE) avalanches or fishbone-like Energetic Particle Modes (EPM)

[1-6], periods without significant fast ion redistribution events, but with many modes, or
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. . Fig. 1 Map of NSTX operational space in terms
stability suggests parameters that might be correlated ofthe fast ion B normalized to the total A, and the

with fast-ion redistribution events. The fast ion beta fast ion velocity nommalized to the Alfven speed.
is a measure of the drive for the EPM, TAE and GAE. Landau damping, an important damping
mechanism, is proportional to the ion and electron thermal beta, suggesting that the
dimensionless parameter B/ 1S an important parameter governing, at least, Alfvénic fast-
ion driven instability behavior. In a similar sense, the dimensionless number giving the ratio of
the fast ion injection velocity to the Alfvén speed, Vius/Vaien 1s @ measure of the fraction of fast
ions in the resulting slowing-down distribution which can be resonant with the Alfvénic modes.
Other parameters, more difficult to measure, such as those associated with the g-profile (e.g.,
gmin), or parameters describing the fast ion distribution (e.g., anisotropy) are clearly also
important.

In this paper we describe the construction of a database of these plasma parameters,
coupled with a characterization of the mode activity at these times. In this parameter space we
will show that the existence of TAE avalanches, GAE avalanches and quiescent plasmas are

constrained to certain ranges of parameters on NSTX.



II. EXPERIMENTAL APPROACH

The fast ion beta, an important parameter in this study, is not directly measured in NSTX.
At present, the fast ion beta is calculated from the time evolution of plasma parameters such as
density and electron temperature in each discharge, assuming only classical collisional
processes. The resulting fast ion beta should be regarded as an approximate maximum, which
could be degraded by many different forms of MHD activity, or possibly even by plasma
turbulence. This calculation is typically done with the NUBEAM code [7] in TRANSP [8], thus,
the initial part of this study was limited to NSTX shots for which TRANSP runs had been done.
The database was constructed from =360 TRANSP runs on shots from the 2010 experimental
campaign on NSTX.

The database was constructed by dividing each TRANSP run into 50ms intervals, starting
at 150ms and characterizing the type of MHD activity in the interval. Typically by 150ms
NSTX plasmas have reached a plasma current of = 0.6MA to 0.7MA, and fast ion confinement is
reasonably good. The 50ms time interval is several fast-ion slowing down times, and is
typically comparable to the timescale for evolution of MHD phenomena. The average density,
energy stored in the fast ion population, plasma total stored energy, and maximum beam
injection voltage for each 50ms interval are extracted from the data stored in the TRANSP
output files. The plasma density, together with the magnetic field on axis, is used to calculate an
effective Alfvén velocity and the beam voltage is used to calculate the maximum beam ion
velocity, from which the normalized fast ion velocity, Vius/Vaipen is calculated.

The MHD activity in each 50ms interval was classified as having TAE avalanches, bursting
TAE, constant-amplitude TAE, EPMs, global Alfvén eigenmode avalanches, Abrupt Large
Events (ALEs) [9-11] or plasmas quiescent in the TAE and lower frequency range. As the kink
modes are believed to redistribute fast ions, intervals with kink modes in addition to the fast-ion
driven MHD events were counted as 'kinks'. Intervals with GAE avalanches were counted
independently of the other classification of the interval.

The distinction between TAE avalanches, EPMs and ALEs is not as unambiguous on
NSTX as it is on conventional aspect ratio tokamaks. The low field, high density and
unbalanced co-injected beams typically result in a core rotation frequency comparable to the
TAE gap frequency. For modes with moderate toroidal mode number, n, the Doppler corrected

TAE frequency is typically near zero in the plasma frame near the magnetic axis, allowing direct
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shown in Fig. 2. In the first frame, Fig. 2a) spectrogram showing TAE avalanche, b) spectrogram showing
hybrid TAE avalanche and EPM, c¢) spectrogram of EPM avalanche

the strong burst of activity 1S and d) spectrogram of ALE.

modes. 50

Representative examples of a

preceded by weaker modes with frequencies consistent with the TAE frequencies calculated by
the NOVA code [12-14]. The modes in the strong burst chirp down to low frequencies, but at
mode onset, they are in the TAE frequency range. In the second frame is an example of a mode
burst with both TAE avalanche and EPM characteristics. The mode onset frequency appears to
be in the TAE gap, the modes chirp to low frequency, but the post-burst frequency evolution is
more consistent with ideal kink-like modes, suggesting that the TAE couple to (and sometimes
trigger) a core kink-like mode. The third frame shows a typical EPM avalanche where the mode
onset frequency is well below the (core) TAE frequency band and the harmonic spacing is
consistent with kink-like modes. In the final frame is a burst reminiscent of the Abrupt Large
Events reported on the JT-60U experiment. The spectrogram does suggest very rapid downward
frequency chirping, and the ALE on NSTX are likely just an example of extremely fast chirping
TAE avalanches.

III. EXPERIMENTAL RESULTS

Some data from the database are shown in Fig. 3. Each point in the figure represents a 50
ms interval in one of the 360 shots comprising the database. The color of the point indicates the
type of instability dominant in that interval. The horizontal axis is the ratio of the fast ion beta,
PBrast, to the total plasma beta, Brww. The vertical axis is the ratio of the birth velocity of the full-
energy beam ions normalized to an average Alfvén speed. The Alfvén speed is calculated using
the magnetic field on the magnetic axis, and the line-average of the plasma electron density
inside the pedestal (from a major radius of 0.3m to 1.4m). Other choices for the axis, for

example, using more core-localized values, would result in small qualitative changes to this
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Fig. 3. Existence plot for a variety of types of

non-thermal slowing down distribution that extends MHD activity.

downward to some small multiple of the ion temperature, or about 10% of the injection energy,

at which point they are considered as part of the thermal ion distribution. Thus, each point

should be viewed as an upper limit, and that the non-thermal fast ion distribution extends

downward to roughly 1/3 the velocity indicated by each point (for nearly all of the data, the

injection energy was 90 keV).

Generally, NSTX shots evolve, starting from the lower right of Fig. 3 and moving upwards

and to the left as the plasma density increases. The increasing density lowers the Alfvén speed,

increasing Vyus/Vaien, and the higher density decreases the fast-ion slowing-down time,
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Fig. 4. Distribution of quiescent shots (green),
and shots with TAE avalanches (purple), Abrupt
Large Events (magenta).

dropping the fast-ion stored energy. At the same
time, the density rise generally coincides with an
increase in the thermal plasma stored energy or Brorai-
Thus, there can be hidden correlations in these
figures as, for example, points in the lower right
would tend to have elevated qmin and typically core
shear reversal.

The quiescent discharge periods, and periods
with TAE avalanches and ALEs are well localized in
this parameter space. In Fig. 4 are plotted the
quiescent period data (green points). There does not

seem to be a strong dependence on normalized fast



ion velocity, but quiescent plasmas mostly have a
ratio of fast-ion stored energy to total stored energy
of less than = 30%. Conversely, the TAE avalanches
and ALE events occur where that ratio, PBras/Protal
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Fig. 5. Distribution of shots with bursting and
chirping TAE (blue) and continuous amplitude

TAE (cyan).

shots have TAE activity below the
threshold for causing measurable transient drops in

the neutron rate. These tend to be distributed fairly

uniformly as can be seen in Fig. 5. Here, the presence of bursting and chirping TAE are

indicated by blue points and TAE with a more continuous amplitude evolution are indicated in

cyan. The bursting and chirping TAE overlap the TAE avalanching region, but also extend into

the parameter space where quiescent plasmas are found. The continuous TAE mostly overlap

the quiescent regime and appear to be weaker modes.

The second type of instability responsible for fast ion redistribution events are Energetic

Particle Modes (EPM).

These instabilities are not O e T B
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eigenmodes of the plasma, excited by a non-thermal
particle population, but exist only in the presence of
an energetic particle (ion) population.  Their
frequencies are a characteristic of the energetic fast
ion population. There are many qualitatively
different low frequency chirping modes that are
classified as EPMs on NSTX. However, a large
fraction of these bursts are of the types shown in
Figs. 6 and 7. In Fig. 6a are shown typical EPM

bursts as seen in the latter part of the discharge,
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although bursts like these may appear early, as well. Fig. 6. Fishbone-like EPMs in later part of
NSTX discharge. Coupling of n=1 to higher n's

They resemble the classical fishbone modes seen on is commonly seen.



conventional tokamaks, and like those, appear when qmin or q(0) is near unity. They may be

NSTX 138239
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accompanied by substantial, but transient, drops in = gy———————————
the neutron rate as seen in Fig. 6b. Typically on ' %""" b 2:;
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In Fig. 7 is shown an example of the second 320; f ‘ K
common form of EPM. The multiple toroidal mode % M
numbers, and the relatively small frequency chirps g' ? ? ? - :
are very similar to the EPMs in Fig. 6. However, sl
these EPMs, which are typically seen early in the :* Neutron Rate |
discharge when g is still elevated, convert to long- I T|m¢:2) R

lived modes [15,16]. As the duration of the long- Fig. 7. Fishbone-like EPMs coupled to long-lived
. . . L. modes; a) spectrogram of Mirnov coil signal, b)
lived mode varies considerably, the distinction peytron rate.
between the types can be somewhat arbitrary.

In Fig. 8 are shown the EPM points (orange, red and blue), overlaid on the quiescent
regime (green points) and kink-like modes (grey). Here, the two subgroups of EPM from above
are separately identified. In blue are EPMs which closely resemble classical fishbones and in

red are EPMs coupled to the long-lived mode. The

a';. orange points represent EPMs which are not easily

i .“ .&'E-. EERA/I::‘_.IBM 1 sorted into the above categories. EPMs and kinks

Cal o e . Kink 1 are of course related as the EPM is, generically, a

E < . stable kink mode destabilized by a resonance with

f: '.:'.h‘l :‘: fast ions. The fast frequency chirp of EPMs is used

= 2k s o 1 to discriminate between them and kink modes.

i 1 However, many long-lived kinks on NSTX begin

with a quick downward frequency chirp similar to

00-0 | 0-I2 | 0T4 | 0-I6 | 0.8 the long-lived modes on MAST, which suggests that
<Prast>/<Prota™

Fig. 8. Energetic Particle Mode (EPM) events fast ion resonances may play a role in maintaining

(orange) are seen over most of NSTX operating
space, as are low frequency kink-like modes

(grey). The EPMs tend to be more core-localized than the

their saturated state.



TAE, thus fpus(0)/fiw(0) might be a more
appropriate parameter than one using volume-
averaged f's. In Fig. 9 is an existence plot for the
EPM against the central and volume averaged ratios
of the fast ion to the total pressures. The first
observation is that these two parameters are fairly
well correlated, which indicates that the ratio of the
peaking factors for the fast ion pressure profile and
total pressure profile are correlated. In terms of the
core parameters, EPM appear to be absent for Brs(0)/
Broa(0) < 0.2, or similarly, for <fBus>/<ioai> < 0.1.

The solid line indicates where the fast-ion pressure
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Fig. 9. EPM existence plot in the parameter
space of Brusi(0)/Brota(0) V8 <Bfus™>/<Proar>. Solid
line indicates fs peaking factor twice Srora
peaking factor.

peaking factor is twice that of the total pressure. The upper and lower dashed lines correspond

to peaking factor ratios of 2.5 and 1.5, respectively.

This choice of normalized fast ion velocity and normalized fast ion beta also works

reasonably well for predicting conditions under which Global Alfvén Eigenmode (GAE)

avalanches are seen. GAE avalanches have not, so far, resulted in measurable neutron rate

drops, but there are direct and indirect indications of fast ion redistribution due to GAE

avalanches. In Fig. 10 is shown the region where GAE avalanches are found. They extend

down to lower Byus/Prorar than the TAE avalanches, and there may also be a cutoff for Vius/Vaipen

6 T greater than =3.5. Predictive TRANSP runs
TAE aval
- ALE 41 were done to simulate NSTX-U performance using
. the neutral beam parameters and machine parameters
\C i . T .
é . (plasma current, toroidal field, vacuum vessel
o @
27, I B LY 4 configuration) expected for NSTX-U. The TRANSP
> 2k X, .\‘g’, . o 1 runs explored a range of parameters, including
o &%
¢ different combinations of neutral beam sources, and
scans of density and toroidal field. Using those
0 1 1 1 1 1 1 1 L.
0.0 0.2 0.4 0.6 0.8 predictive TRANSP runs, we can compare the

<Brast>/<Brota™

Fig. 10. Yellow points indicate parameters for
which GAE avalanches were seen.

expected operational space of NSTX-U with the
NSTX data presented above. In Fig. 11 is shown the



data from these TRANSP runs, analyzed in the same
manner as above. Data from the NSTX-U TRANSP
runs is shown in black, and is overlaid by the
quiescent and TAE avalanching data points from
NSTX. As can be seen, NSTX-U should be able to
access parameters which were found to be quiescent
on NSTX, as well as parameters where TAE
avalanching might be expected. NSTX-U will also
extend the operational space to much lower Vi/

Vaifven.

IV. Scaling of the transient neutron rate drops

6 I‘ T T T T T T

| y TAE aval
\ 9 ALE
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0.0 0.2 0.4 0.6
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Fig. 11. Operational space for NSTX-U as

0.8

predicted with TRANSP (black), overlaid by data

from NSTX.

The neutron rate transiently drops during each TAE avalanche or EPM event. The neutron

rate drop is due to fast ion redistribution, fast ion losses and to energy transferred from the fast

ions through the mode to the thermal plasma.

A prediction of the neutron rate drop is

complicated, and depends on the structure of the modes, the mode frequency and amplitude

evolution, the initial fast ion distribution, and other parameters. Here, we look at the empirical

scaling of neutron rate drops versus a single parameter, the peak mode amplitude as measured by

a Mirnov coil. In Fig. 12 is shown a plot of the drop in neutron rate vs the peak amplitude of the

TAE avalanche. Here, the red points correspond to
TAE avalanches, and the purple points to bursts
identified as ALE. The neutron rate drops follow an
offset-linear scaling with mode amplitude, suggesting
an amplitude threshold for the onset of the avalanche.
This is consistent with fast ion transport simulations
during avalanches, which also found a threshold in
amplitude, both for significant fast ion energy loss
and redistribution, and a higher threshold still for fast
ion losses. As the TAE avalanche amplitude drops,
the change in neutron rate becomes smaller, until the

neutron rate change becomes comparable to the noise

40

Fig. 12

TAE Avalanches

80

SB/B (104)
. Drop in neutron rate vs. peak edge
magnetic fluctuation amplitude for TAE
avalanches (red) and ALE (purple).
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In Fig. 13 is shown the scaling of neutron rate

drops due to fishbone-like EPM and EPM coupled to

f.b. like EPMT
e EPM-LLM
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long-lived modes, together with the scaling for TAE S o ., 5
bursts (now shown in green) as in Fig. 12. The peak @ . ° 1
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EPM edge magnetic fluctuation level tends to be “ ’{\: . .
larger that that for TAE avalanches for similar drops g-a . ® |
in the normalized neutron rate. There is enough ]
scatter in the data to make it clear that parameters in 0 20 40 60 80 100 120
dB/B (107%)

addition to the edge mode amplitude play a role in
Fig. 13. Scaling of neutron rate drops with edge

the magnitude of the neutron rate drop. The scaling magnetic fluctuation amplitude for TAE (green),
) _ fishbone-like EPM (blue) and EPM coupled to
of the neutron rate drop with edge magnetic long-lived modes (red).
fluctuation amplitude is similar for the two types of fishbone-like EPMs, although there is
considerably more scatter for the EPM coupled to the long-lived mode, perhaps reflecting more

variability in the plasma conditions at the time of these events.

V. Summary

The dependence of energetic particle driven mode activity on plasma global parameters
has been studied in NSTX. On NSTX, two fast ion instabilities are predominantly responsible
for fast ion redistribution events, the TAE avalanches and fishbone-like Energetic Particle
Modes. Understanding the conditions under which beam-driven instabilities arise, and the
extent of the resulting perturbation to the fast ion population, is important for predicting and
eventually demonstrating non-inductive current ramp-up and sustainment in NSTX-U, as well as
for predicting the performance of future fusion plasma experiments such as ITER. A database
has been constructed for each 50ms interval from a representative selection of =360 shots. The
database includes some basic, global plasma parameters, as well as the identification of the
dominant mode activity in each interval. It has been shown that for this NSTX data set, TAE
avalanching is only seen when the calculated fBrus/Biw > 0.3, and conversely, that quiescent
plasmas are only seen for fSusi/Brom < 0.3.

The fast ion losses for both TAE avalanches and EPMs scale roughly linearly with mode

amplitude as measured with Mirnov coils. This linear scaling is similar to what has been

10



reported for losses resulting from TAE bursts on TFTR [17], although the offset-linear scaling

seen here for TAE avalanches was not seen on TFTR.
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