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Strong TAE avalanches on NSTX, the National Spherical Torus Experiment
[M. Ono, et al., Nucl. Fusion 40 (2000) 557] are typically correlated with
drops in the neutron rate in the range of 5% - 15%. In previous studies of
avalanches in L-mode plasmas, these neutron drops were found to be
consistent with modeled losses of fast ions. Here we expand the study to TAE
avalanches in NSTX H-mode plasmas with improved analysis techniques. At
the measured TAE mode amplitudes, simulations with the ORBIT code predict
that fast ion losses are negligible. However, the simulations predict that the
TAE scatter the fast ions in energy, resulting in a small (= 6%) drop in fast ion
. The net decrease in energy of the fast ions is sufficient to account for the
bulk of the drop in neutron rate, even in the absence of fast ion losses. This
loss of energy from the fast ion population is comparable to the estimated
energy lost by damping from the Alfvén wave during the burst. The
previously studied TAE avalanches in L-mode are re-evaluated using an

improved calculation of the potential fluctuations in the ORBIT code.



I. Introduction
The national spherical torus experiment (NSTX) is a medium size (major radius =

0.85m, minor radius = 0.65m), low aspect ratio tokamak capable of toroidal fields up to
5.6 kG and plasma currents up to 1.4 MA [1]. 000 . . ' e

The plasma can be heated with up to 6 MW of

deuterium neutral beams, which are injected with eoor

energies from = 65 keV up to 90 keV. At these

1000
energies, the beam ion velocities are several [
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like modes [2-7], Toroidal Alfvén Eigenmodes Fig. 1 a) spectrogram of magnetic fluctuations,
b) Plasma current and neutral beam power

[8-12], up to Compressional and Global Alfvén .yoution.

modes [13-27] with frequencies up to = 2.5 MHz and occasionally at even higher

frequencies (Fig. 1a). Similar Alfvénic instabilities have also been extensively studied on

the beam-heated START and MAST devices [28-39]. TAE were, of course, discovered in
conventional beam and ICRF heated tokamaks [40-49]. Experimental and theoretical efforts

are underway to characterize these various modes, understand the mechanisms for excitation

of the modes, how apparently disparate modes interact [50,51], and the affect that the

multiple modes have on the fast ion population. For example, the TAE avalanches shown

here appear to be triggered by avalanches of GAE near 800 kHz [52].
The Toroidal Alfvén Eigenmodes (TAE) in NSTX are seen in a broad range of beam-

heated plasma regimes, but most commonly in plasmas with lower density, hence relatively

larger fast ion populations (e.g., in equilibrium Te/Tsow = Prast/Pihermar). Typically, H-modes

in NSTX are too high density, and the density profile is too flat for reflectometers. Previous

simulations of fast ion losses with the ORBIT code for TAE avalanches were done using

data from L-mode plasmas [8-12]. The measured mode amplitude was found to be in

approximate agreement with the threshold for fast ion losses [53]. In this paper we extend



the investigation of TAE mode avalanches to

low density H-mode plasmas, and apply the
improved analysis techniques to the previously
analyzed L-mode TAE avalanches.

In Fig. la we show a spectrogram of
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plasma with moderate density peaking where
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to 0.35 s. The time history of plasma current and
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neutral beam power are shown in Fig. 1b. The
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Fig. 2. a) Spectrogram of magnetic fluctuations  energy of 90 keV. The three beam sources are
showing two TAE avalanche bursts, b) neutron

rate drops at each burst (note suppressed zero), ¢) injected co-tangentially with tangency radii of
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as a sequence of bursts, with each burst chirping
downward in frequency (Fig. 2a). Drops in the

neutron rate of 7% and 12% are seen to be correlated

with the TAE avalanches in Fig. 2b. The neutron rate Ot . : : .
- c) Rotation (kH 1
ramps up nearly linearly between avalanches, 30jc) otation (kHz) _~ 4\ ]

suggesting the next avalanche is triggered before the

fast ion population reaches equilibrium. In Fig. 2c, 1§> : . : . . \.

spikes in D-alpha light coincident with the g

avalanches suggest bursts of lost beam ions are 2

striking PFCs coincident with the neutron rate drops. (1) S T
In Fig. 3 are shown profiles vs. major radius of Major Radius (m)

Fig. 3 Profiles of a) density, b) electron
temperature, ¢) rotation velocity and d) q for
shot (red) and the previously analyzed L-mode shot the H-mode (red) and L-mode (blue).

some important plasma parameters for this H-mode



(blue). The central density is lower and the profile less peaked (Fig. 3a). The electron
temperatures are comparable in both shots (Fig. 3b). The broader density profile would
change the TAE gap, or continuum, structure, but the gap structure is more strongly affected
by the strong sheared toroidal rotation (Fig. 3c), similar in both shots. Both show shear
reversal in the g-profile, with the H-mode having stronger shear reversal (Fig. 3d). The g-
profiles were reconstructed using Motional Stark Effect measurements of the magnetic field
pitch angle [54] and the LRDFIT equilibrium code [55].

The TAE avalanches provide an opportunity to validate codes used for modeling fast ion
transport. The process begins with equilibrium reconstruction and TRANSP [56] runs to
validate the kinetic data and simulate beam deposition. The TAE are characterized with
Mirnov coil arrays which measure the toroidal mode numbers and with a reflectometer array
which provides an absolute, internal measurement of the mode amplitude evolution , as well
as some information on the radial structure of the modes [57] and the NOVA-k code [58,59]
is used to predict the linear growth and damping rates. The ideal, fixed boundary, NOVA

code is used to model the eigenmode structures. The NOVA eigenmodes are compared with

the reflectometer data to find the best fits to the 200 ' NSTX 139048
[ n=
experimental mode profiles. Those eigenmodes I 2121
1501 n;6 ]

are then imported to the ORBIT code [60],

together with the experimentally measured

amplitude and frequency evolutions.  The
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Fig. 4. a) Spectrogram of a Mirnov coil where
contours are color-coded to indicate the toroidal
mode numbers, as indicated in the legend, b) the
peak mode amplitude evolution for each mode
from the reflectometer array.

were discussed in detail previously [53].

I1. TAE avalanches in H-mode plasmas

The modeling of fast ion losses from TAE



avalanches begins with the measurement of the toroidal mode numbers using a toroidal
array of Mirnov coils. A spectrogram of a Mirnov coil signal of the avalanche at 0.268 s is
shown in Fig. 4a where toroidal mode #'s are indicated by the contour colors. There are
four important modes in the final avalanche burst (region indicated in yellow), beginning
with the strong growth of an n=2 TAE (red contours). The n=4 and n=6 modes appear
strongly coupled to the n = 2 mode in that the frequency evolutions of the n = 4 and 6
modes (blue and magenta contours, respectively) are nearly harmonics of the n = 2 mode.
An n=1 TAE appears towards the end of the burst. The amplitude evolution of these four
modes as measured with the three innermost reflectometer channels are shown in Fig. 4b.
There are two weaker bursts of modes prior to the final avalanche burst. These modes, as is
typical, are roughly a factor of ten lower in amplitude.

The linear eigenmodes for each of the four dominant modes in Fig. 4 are calculated with

NOVA using the plasma equilibrium as input. v 139048A01 TAE gap n =2
S5 “E g3y
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Fig. 5. The continuum structure for the n=2 TAE
including the experimental sheared rotation
profile. Red band shows range of the n=2 TAE
frequency chirp.

in Fig. 5 for the n=2 mode, it is seen that the

plasma at frequencies higher, in some cases, than

the TAE frequency. In the gap structure shown

TAE frequency at mode onset intersects the continuum, and towards the end of the
frequency chirp is of order zero in the plasma frame near the axis. This raises important
physics issues concerning the coupling of TAE to MHD modes, such as kinks [50,51]. In
practice, it also means that the TAE gap is generally closed on NSTX, that is that the mode
stability should not be strongly affected by changes either in the g-profile or the density
profile. In fact, quite often the TAE chirp down in frequency from =100 kHz to = 50 kHz,
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Fig. 6. Solid curves are simulated reflectometer response, points are

ORBIT code. The process reflectometer data, inset are NOVA poloidal harmonics for, a) n=1

. mode, b) n=2 mode, c) n=4 mode and d) n=6 mode.
determines the absolute mode
amplitude by simulating the reflectometer response to the eigenmode structure, and scaling
the linear eigenmodes to match the absolute reflectometer measurements (which are not a
directly local measurement of the mode amplitude) for each of the TAE. Figures 6a - 6d
show comparisons of the simulated reflectometer responses (black curves) compared to the

experimental measurements. The insets show the dominant poloidal harmonics in Boozer

coordinates. 100 [ 0
For the n=2 and n=4 modes, the agreement SE as/Erast = -5.4% ' _;f. ;
with the shape is reasonable. The measured or ) '.3'"“ “-:‘ 1
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Fig. 7. Initial and final beam ion energies for an
any case resolve the eigenmode structure near ORBIT simulation using measured mode
amplitude and frequency evolutions.
the separatrix. Here, the eigenmode radial

shapes were fit with only 12 poloidal harmonics. For these reasons, and others, this work



should be viewed as a somewhat qualitative, rather than quantitative, study.

The ORBIT code simulations begin with the __NSTX 139048 0.27s

50 . -
growth of the n=2 mode and cover about 2 ms (yellow : ggg 88;%') -
region, Fig. 4), at which time only the n=1 mode has 0T+ dS/S (confined) |
significant amplitude. In both Figs. 4a and 4b, the « 30t - ’ .
frequency and amplitude data is fit with analytic § n ¢
formulas, solid curves, which are used in the ORBIT il n ¢ 1
code simulations described below. 10F . ’ ° ‘\ 1
Exper. neutron
An important effect of the TAE avalanche in the - o°® — é’a‘e drop (%) |
ORBIT simulation is to reduce the net energy of Normalized Mode Amplitude

Fig. 8. Total neutron rate drop vs. scaled
TAE amplitude (red squares), for the
confined fast ion population (green
diamonds) and due only to fast ion losses
(blue circles).

confined beam-ions by = 54%, as shown in Fig. 7.
Each blue point represents a beam ion in the ORBIT
simulation; those points near the red line have nearly
the same initial and final energy (although the energy could have changed through the
simulation). At the measured mode amplitude, the fast ions are scattered by = =10 keV, with
a net loss of fast ion energy of = 54%. Approximately 3% of the fast ions are lost in the
simulation using the experimental mode amplitudes.

The change in neutron rate is estimated for the perturbed fast ion distribution using the
energy-dependence of the fusion cross-section, together with the drop in fusion rate from
redistribution of beam-ions to lower density plasma regions and beam-ion losses. There is a
net estimated drop in the neutron rate of = 23%, larger than the measured drop of = 12% for
the ORBIT simulations using the measured mode amplitude. The scaling of the beam-target
neutron rate drop with TAE amplitude is shown in Fig. 8. Simulations are done with
nominal, measured mode amplitudes, and with all amplitudes scaled by a factor ranging
from 0.1 to 2.5. Up to the measured mode amplitude (normalized mode amplitude of one),
the neutron drop is primarily from the loss of energy from the fast ions. Above that
amplitude, the losses of fast ions become the dominant mechanism for the drop in neutron
rate. The experimental neutron rate drop of = 12% is seen at = 0.7 times the measured mode
amplitude.

The change in neutron rate between the initial and final fast ion distributions is

calculated separately for the beam-beam and beam-target neutron contributions. The beam-



target fusion rate is proportional to ni..n»0(Es)vs Where nion and ny are the local thermal and
beam deuterium densities, o is the energy-dependent fusion cross-section, and E, and v, are
the energy and velocity of the beam ion, respectively. Then, taking the fast ion distribution

in ORBIT as representative, the beam-target neutron rate will be proportional to
N
§T =~ En‘ion W)o(E,)v,
i=1

where the sum is over the sample fast ion distribution used in ORBIT and #n.(:) is the
thermal deuterium ion density near each beam ion. The sum is done for the initial fast ion
distribution, S™i4al and the final fast ion distribution, SFiral, where SFiral also includes the
drop in neutron rate from beam ions that were lost. These are not absolute neutron rates, so
the relative change is reported as 0SB-7/SB-T =~ (S/nitial_SFinal )/Glnitial

Estimating the neutron rate drop for beam-beam reactions is more difficult.
Determining the effective fusion cross-section in the rest frame of one of the fast ions is
complicated. However, for a Maxwellian distribution of energetic Deuterium ions, with a
temperature of 50 keV, the energy dependence of the fusion rate is approximately linear
with temperature [61]. While the beam ion slowing down distribution is neither
Maxwellian, nor isotropic, a linear dependence on energy may not be an unreasonable
approximation for the fusion cross-section energy dependence. The beam-beam fusion rate
is then roughly proportional to nynpEsvy and the beam-beam fusion rate is then proportional

to

N
§PF = Enb(q)l.)Eivi
i=1

and the change is calculated, as for the beam-target rate above, as 0SB-8/§B-B ~ (§lnitial_SFinal )/
Stnitial - Tn this shot, TRANSP calculations find that 25% of the neutron rate is from beam-
beam reactions, 75% from beam-target and the numbers in Fig. 8 are so weighted.

Taking the experimental values for the mode amplitude, the peak energy in the Alfvén
waves comes to about 0.66% of the energy stored in the fast ion population. Based on the
ORBIT simulations, a neutron rate drop of 12% corresponds to about 3.6% loss of fast ion

energy (and 0.6% of fast ions lost). Thus, we estimate that roughly five to six times as much



energy flowed through the TAE as was present in the waves at peak amplitude. This

estimate will be shown to be consistent with the 1 h = 2 effective displacement

L ]
experimentally estimated damping rate, as exp(-(/0.4ms)?)
discussed below. The energy presumably flowed %8 [ . i

through the TAE and from there to the thermal
plasma. If ion Landau damping is much larger than
continuum or electron collisional damping, this 0.4 .
could provide a mechanism for "alpha-channeling"

of fusion-alpha energy [62] to the thermal ions in a

reactor. However, even for these relatively large s

. . 0.268 0.269
modes the fraction of beam power estimated to be Time (s)
Fig. 9. Experimental n=2 mode amplitude
from reflectometer array (red points), Gaussian
approximation (solid line)

moving through the TAE is very small, << 1%.

The energy in the wave is estimated as twice
the magnetic fluctuation energy, and the magnetic fluctuation energy is estimated as twice
the radial magnetic fluctuation energy (to account for the energy in the poloidal magnetic
field fluctuations). Thus, normalized to the magnetic field energy, Swave = 4 (0B,/B)?. The
peak wave field Syave, volume averaged, is = <4(0B,/B)?>>vo = 1.9 x 10-4. The fast ion beta is
0.029, and the change in fast ion beta, 0S5 = 1.0 x 10-3. Thus, roughly 5.5 times as much
energy was lost from the fast ions as was present at peak amplitude in the mode.

The ratio of the peak energy in a wave burst to energy lost to damping can be estimated
analytically. The amplitude evolution of the burst can very roughly be fit with a Gaussian
shape in time, as shown in Fig.9. The energy lost through damping can then be estimated

from the integral of wave energy times the damping rate over the burst.

t/2

W' W e = 2 | exp(=2(2/2,)%)dt =27, jexp(—Z(t/tw)z)dt = Y samptu V270

—1y/2

Here, 7, is the effective width of the TAE burst, and V4ump is the linear damping rate. The
damping rate can be estimated by fitting the mode decay rate, which would tend to
underestimate the actual damping rate as some drive may still be present. A fit gives an an
damping rate of Yaamp > 3.8/ms. Alternatively, a Gaussian amplitude evolution for a burst

can be modeled with a constant damping rate and a linearly decreasing drive term over the



period of the burst. Over a period from -to/2 < t < to/2, where to = 1.6 ms, the growth rate

can be modeled as:
')/(t) = Ydrive - ’J/damp = (Ydamp - 2)/dampt/t0) - Ydamp = _2)/dampt/t0

The mode amplitude evolution is then:
to /2 )
AW =exp| [ =274 (t11)dt ) = eXP(~7 gy To (111,

The damping rate can then be found by comparing to the Gaussian fit shown in Fig. 9, from
which we find Ydamp = 10/ms, Or Ydamp/® = 1.6%. (This is somewhat less than the NOVA
estimate of the n = 2 mode ion Landau damping of Yion/® = 2.1%, and including electron
collisional and radiative damping would increase this estimate.) Using the empirically
determined damping rate, the ratio Wioss/ Wpeak = 2 to 5, so the energy lost from the fast ion
population in the ORBIT simulations is in qualitative agreement with the experimental

estimates for mode amplitude evolution and damping.

Avalanches in L-mode plasmas

A previous study of fast ion losses from TAE avalanches in L-mode plasmas was

described in Ref. ?. The avalanche data was U _ NSTX 124781
revisited using the updated ORBIT code and ]
: . : — b
analysis techniques employed in the above }:100 Q@-
work. One of the L-mode TAE avalanches is E’ —
. . < n;2
seen in the spectrogram of magnetic 3
g 50 n=4| -
fluctuations shown in Fig. 10a. The dominant & neb
mode in this case was an n = 3 TAE (green 0: o Yl

contour). There were also weaker n = 2, 4 and

6 TAE in the avalanche burst. The burst itself

2.0 ]
was only = 1ms in duration, shorter than the H- 6 C
mode case. The drop in the neutron rate was :
4F =
comparable at = 12% (Fig. 10b). The D-alpha EE—C) D-alpha (a.u.) | ;
i i ; 0.275 0.280 0.285 0.290
data suggests fast ions were lost as in the H Time (s)
mode case (Fig. 10c). Fig. 10. a) Spectrogram of magnetic fluctuations

showing two TAE avalanche bursts, b) neutron
The original choice to study TAE rate drops at each burst, c) Do spikes at bursts.
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Fig. 11 Solid curves are simulated reflectometer voltage led to a significantly lower neutron

response, points are reflectometer data, inset are
NOVA poloidal harmonics for, a) n=2 mode, b) n=3

rate in the L-mode case.

mode, ¢) n=4 mode and d) n=6 mode. Previously, the reflectometer data was

modeled using only the displacement contribution to the density perturbation. The

compressional contribution was approximately modeled by scaling the displacement density

perturbation. Here, the reflectometer data has been modeled explicitly using the

compressional and displacement terms, which results in only modest changes to the mode

amplitudes used in ORBIT. The fits are generally better than in the H-mode case (Fig. 11).

Both NOVA and the experimental measurements suggest that the TAE were more core

localized than in the H-mode. The n = 6 mode
has also been included, although the impact of
that was modest. The new fits to the
reflectometer array data are shown in Fig. 11.
The largest change in the new analysis is
that ORBIT has a more accurate calculation of
the electric field from the TAE near the rational
surfaces. With the more accurate representation
of the electric field, fewer fast ion losses are seen
in the simulations. However, the reduction in the
simulated neutron rate is largely compensated by
the recognition of neutron rate drop due to

energy loss. In Fig. 13 are shown the net neutron

11

NSTX 124781 0.285s

m dS/S (total) n
® dS/S (lost)

50

401« dS/S (confined) 1
|
Y 30 .
o n o
@
o 20 -
N o
10F -

1'%
© o\
® Exper. neutron

rate drop (%)
' ’ . ’ 1 1 L

% 1 2 3

Normalized Mode Amplitude

Fig. 12. Simulated neutron rate drop due to TAE
avalanche (red), neutron rate drop resulting from
lost beam ions (blue) and neutron rate drop in
confined beam ion population from energy loss

(green).




rate drop in ORBIT simulations (red squares), the neutron drop due to lost beam ions (blue
squares) and neutron drop in the confined beam ion population due to loss of energy to the
TAE. As above, the change in neutron rates are calculated for beam-target and beam-beam
neutrons, and those two calculations are combined using the TRANSP partition of = 63% of
the neutron rate is from beam-beam reactions and only = 37% are beam-target. The lower
beam-target neutron rate from the reduced beam voltage and nominal He target plasma
results in a larger percentage of beam-beam neutrons.

As was the case in the H-mode avalanches analyzed above, there is an apparent
threshold for energy loss in the fast ion population at about one half the amplitude threshold
for fast ion losses. In this example, there is good agreement between the measured neutron

rate drop and that predicted at the measured mode amplitude.

Summary and discussion

Simulations of fast ion transport due to TAE avalanches in NSTX are in qualitative
agreement with experimental data. A surprising result is that ORBIT simulations predict
small fast ion losses up to the measured mode amplitudes, however the energy taken from
the fast ions by the TAE is sufficient to reduce the neutron rate as experimentally observed.
The perturbation to the beam-target neutron rate is estimated using the change to the fast ion
distribution function and the beam-target fusion cross-section and target deuterium density.
The calculation of the change to the beam-beam rate is more complicated, so a simple
estimate is made based on the change in the effective temperature (energy) in the slowing-
down distribution. The scaling and magnitude of the beam-beam and beam-target rate
changes are found to be roughly comparable, and the sum is in qualitative agreement with
the measured neutron rate change.

The simulations of the new TAE H-mode avalanches were done with a version of
ORBIT where the potential fluctuations from the mode near rational surfaces were more
accurately calculated. Application of ORBIT with the improved potential fluctuation
calculation, and some refinements in the input of mode structure to ORBIT, found a

different result than the previous analysis. Then, fast ion losses alone were sufficient to

12



explain the observed neutron drop. The analysis with the improved calculation of the
electric field finds very low levels of fast ion loss at observed mode amplitudes in the
previously studied L-mode, but the loss of fast ion energy is sufficient to account for the
observed neutron drop.

The simulations of the TAE avalanches in the L-mode case are in good agreement with
experiment. However, in the H-mode case the mode amplitudes needed reduction by = 0.7
to get agreement with the observed neutron rate drop. At some level it is surprising the
agreement is as good as it is. The use of the ideal eigenmodes, with unphysical interactions
with the continuum, the use of the unperturbed fast ion distributions in the presence of
multiple Alfvénic instabilities, the use of a guiding center code in a situation with large
larmor radii and general uncertainties in equilibrium reconstruction could all potentially
contribute to large uncertainty in the simulations. Future experiments with improved
diagnostics and more advanced analysis codes will continue to investigate our

understanding of fast ion confinement.
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