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Abstract.

During the 2016 experimental campaign of NSTX-Upgrade (NSTX-U), long L-mode and
reproducible sawtoothing plasmas have been achieved that were previously not accessible before
the upgrade. This provides a good opportunity to study the effect of sawtooth crashes on fast ion
confinement and re-distribution in spherical tokamaks. The Solid State Neutral Particle Analyzer
(SSNPA) and Fast-Ion D-alpha (FIDA) diagnostics on NSTX-U each have a tangentially-viewing
instrument and a radially- or vertically-viewing instrument, which are mainly sensitive to passing
and trapped fast ions respectively. It has been observed on both diagnostics that passing particles
are strongly expelled from the plasma core to the edge during sawtooth crashes, while trapped
fast ions are weakly affected. The tangential-viewing SSNPA observes large signal spikes at the
sawtooth crashes because fast ions move to the edge and charge exchange with edge neutrals. The
radially-viewing SSNPA data suggest that there is a small drop of trapped particles in the core.
The tangential-viewing FIDA system observes a depletion as large as 25% in the region inside the
inversion radius, while an increase at the outer region. There is almost no change in the signals of
the vertically-viewing FIDA system. The neutron emission can drop as much as 15% at the sawtooth
crashes, accompanied by an increase of edge D, light. Simulations with the Kadomstev and Porcelli
sawtooth models have been performed and compared with measurements. The standard Kadomtsev
model overestimates the neutron rate drop at each sawtooth crash. The Porcelli sawtooth model can
qualitatively reproduce the neutron rate drop and FIDA signal drop in the core, but fails to predict

the FIDA signal increase at the edge.
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1. Introduction

Sawtooth crashes are periodic collapses of central plasma temperature followed by slow recoveries
when the safety factor ¢ at the magnetic axis, ¢y, drops below unity. After it was first discovered
by Von Goeler et al. in 1974[1], sawtooth crashes have been observed in nearly every tokamak
device. Sawtooth crashes can cause significant transport of bulk plasma and fast ions from neutral
beam injection or RF heating. Large sawtooth crashes can trigger neoclassical tearing modes|[2],
which may degrade the plasma confinement and lead to a plasma disruption. On the other hand,
the redistribution of the fast ions could also change their interaction with the background plasma,
and thus affect fast-ion confinement and MHD instabilities, including the sawtooth itself. It is
important to understand the effect of sawtooth crashes on the fast ion population and develop a
coherent sawtooth control strategy to take account of the alpha particles and fast ions from auxiliary
heating systems. In this paper, we mainly focus on the effect of sawtooth crashes on the fast ion
distribution.

Recent experiments on TEXTOR[3], DIII-D[4], and ASDEX Upgrade[5, 6, 7] show that in
conventional tokamaks passing fast ions are much more susceptible to sawtooth-induced transport
than trapped particles. The DIII-D experimental data also suggest that the redistribution of fast
ions may have some energy dependence. All these observations qualitatively agree with the
Kadomstev sawtooth model[8, 9]. In the Kadomstev model, a sawtooth crash is essentially a
magnetic reconnection process in which a fast change of helical magnetic flux and a large electric
field are induced. The simulations with the Kadomstev model reproduce the trend observed
in experiments, but there is some discrepancy in the magnitude of the change[4]. However,
the effect of sawtooth crashes on the fast-ion distribution in spherical tokamaks is much less
studied. In principle, sawteeth in spherical tokamaks could be significantly different from those
in conventional tokamaks. Because of the relatively low magnetic field, fast ions from neutral
beam injection in spherical tokamaks have very large gyro-orbit width. For example, p/a in the
spherical tokamak NSTX[10] can be as large as 0.3 for typical beam injection energies of 80 — 90

keV, where p is the fast ion gyroradius radius and a is the minor radius. Moreover, the ratio
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of beam ion gyroradius to machine size in the existing spherical tokamaks is comparable to the
ratio of alpha-particle gyroradius to machine size in future spherical tokamak D-T reactors. In
addition, spherical tokamaks generally have higher values of (3 (the ratio of bulk plasma pressure
to the magnetic field pressure) and a larger population of fast ions compared with conventional
tokamaks. Therefore, the sawtooth studies in spherical tokamaks can complement the studies in
conventional high field tokamaks and help with sawtooth model development and code validation.

The National Spherical Torus eXperiment Upgrade facility (NSTX-U)[11, 12, 13] is a mid-
size spherical tokamak with toroidal field B7(0) up to 1 T, plasma current of /, = 1.0 — 2.0 MA
and aspect ratio R/a = 1.6 — 1.8. The NSTX-U completed its first plasma operation campaign[14]
in the summer of 2016 after it completed two main upgrades from NSTX[10]: (1) a new and larger
center stack that can approximately double the toroidal magnetic field and plasma current, and
(2) the addition of three outboard neutral beam sources with R;,, = 1.3,1.2, and 1.1 m (labeled
2A, 2B, and 2C, respectively) in addition to the existing three inboard neutral beam sources from
NSTX with tangency Ry, = 0.7, 0.6, and 0.5 m, (labeled 1A, 1B, and 1C, respectively), as shown
in Fig. 1. These three new outboard beam sources aim at increasing the available auxiliary heating
power and neutral beam driven current and expanding the flexibility in fast ion pressure, rotation
and q profile control. The total neutral beam injection power is increased from 6 MW to 10 MW. In
the NSTX-U’s 2016 campaign, 2-sec long L-mode sawtooth discharges that had not been available
on NSTX were routinely achieved. Although the sawtoothing discharges in this paper are obtained
from the NSTX-U commissioning phase, the main fast ion diagnostics that will be described in
Section 2 already worked properly. These sawtooth shots provide a good database to study the
effect of sawtooth crashes on fast ion distribution in spherical tokamaks.

The paper is organized as follows. The plasma conditions and main fast ion diagnostics will be
firstly described in Section 2. Then the experimental setup and fast-ion diagnostic measurements
during the sawtooth crashes will be presented. Measurements from multiple fast ion diagnostics
confirm that sawtooth crashes affect passing and trapped fast ions differently. Section 3 compares

the TRANSP[15, 16] sawtooth simulations with experimental measurements. Standard Kadomstev



Effect of sawtooth crashes on fast-ion distribution in NSTX-U 4

model and Porcelli model[17] have been used in the simulations. In addition, the critical energies
for redistribution of passing and trapped fast ions based on Kolesnichenko’s theory[18, 19, 20] are
calculated. They can explain the experimental observations reasonably well. Finally, Section 4

summarizes the conclusions of this study and on-going work.

2. Experimental setup and measurements

The fast-ion distribution function is a complicated function in phase space. Its deposition
requires at least two dimensions in real space and two dimensions in velocity/energy. Therefore,
multiple diagnostics are often needed to diagnose the fast-ion distribution. The fast ion diagnostic
suite on NSTX-U consists of neutron detectors, Solid State Neutral Particle Analyzer (SSNPA)
arrays[21, 22] and Fast-Ion D-alpha (FIDA) spectroscopy[23, 24]. A scintillator-based Fast Loss
Ion Probe (sFLIP)[25, 26] and a charged fusion product diagnostic[27, 28] are also planned for
NSTX-U and will be available in the future. The neutron detectors measure the volume-integrated
neutron flux. They provide a good indicator of high energy fast ions in the plasma core since
beam-target reaction is the dominant fusion reaction on NSTX-U.

Figure 1 shows the SSNPA and FIDA detector locations and sightlines projected onto the
equatorial plane of the NSTX-U vessel. The newly developed SSNPA diagnostic is a compact solid
state Neutral Particle Analyzer (NPA) based on silicon photodiodes. It measures fast re-neutrals
that escape from the plasma through a Charge Exchange (CX) reaction of a fast ion with a neutral
particle. The escaping velocity is determined by the fast-ion velocity at the time of the CX reaction.
Consequently, each NPA detector measures a narrow range of velocity pitch angles with respect
to the magnetic field. These localized measurements in phase space are a valuable complement to
techniques that average over pitch angles, such as neutron and FIDA diagnostics. The CX reactions
are either with neutrals from neutral beam injection or with cold neutrals that penetrate into the
plasma from the edge. The former process is called active CX, while the latter is called passive
CX. The SSNPA instrument on NSTX-U consists of three 16-channel silicon photodiode arrays

stacked vertically. The photodiodes are operated in current mode for high temporal resolution. To
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obtain some energy resolution, the three arrays are coated with thin foils of different thickness;
energy loss in the foils determines the minimum energy detected in each array. To obtain a spatial
profile from active charge-exchange measurements, the sightlines of the arrays are oriented to
intersect a heating neutral beam. One instrument, labeled t-SSNPA, is oriented to measure ions
with large tangential velocity components and has sightlines that intersect the more tangential 2 A4,
2B, and 2C sources. Another instrument, named r-SSNPA, is oriented to measure neutrals with
large radial velocity components and has sightlines that intersect the more perpendicular 14, 15,
and 1C' sources. In addition, a similar instrument with only one silicon photodiode array is oriented
radially with sightlines that miss all heating beams; it monitors the passive signal and is called p-
SSNPA. The SSNPA diagnostic worked very well on NSTX-U, and it can detect fluctuations up to
120 kHz with a sampling rate of 500 kHz. The energy threshold for the three different thickness
filters are > 25 keV, > 45 keV, and > 65 keV respectively.

The FIDA diagnostic is an application of charge-exchange recombination spectroscopy[29]. It
measures the Doppler-shifted D,, emission of re-neutralized fast deuterons which have undergone
CX reaction with beam neutrals or background neutrals. The light is collected by optical fibers and
then sent to a spectrometer, and spectral resolution is obtained by dispersion of a bandpass-filtered
portion of the light. The spectrum of FIDA light provides useful information about the distribution
of fast ion velocity along the sightline. To get the FIDA spatial profile, FIDA spectra from each
radial sightline are integrated over a particular wavelength range of interest. Similar to the SSNPA
diagnostic, FIDA light can come from active signals when the CX reaction is with injected beam
neutrals, and from passive signals when the CX reaction is with background neutrals, especially
edge neutrals. There are currently two sets of FIDA diagnostics on NSTX-U: a toroidally viewing
FIDA (labeled t-FIDA) from a lens mounted slightly above the vessel midplane, and a vertically
viewing FIDA (named v-FIDA) from two lenses mounted on the top of the machine that look
vertically downwards at the centerline of neutral beam source 15. Both FIDA systems have
16 active fibers, and the intersectional points with the centerline of neutral beam source 15 are

nominally the same for the t-FIDA and v-FIDA systems. The 16 fibers cover the whole plasma
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region from R,,,; = 85cm to R, = 155cm, where R,,q; is the major radius at which the
sightlines intersect the neutral beam. The spatial resolution of the FIDA diagnostic is about 5 cm
and the temporal resolution is 10 ms. Background subtraction is critical for the FIDA diagnostic.
Each FIDA system has 16 toroidally-displaced passive (or reference) views to monitor background
or passive emissions. It has also been recently observed that scattered cold D, light in the optical
system or inside the vacuum vessel can contaminate the baseline of the FIDA spectra[30]. A
scattering correction[30] based on singular value decomposition (SVD) has been employed in all
FIDA data shown in this paper.

The sawtooth events analyzed in the paper are obtained from NSTX-U deuterium discharges
with a flat-top plasma current of I, = 700 kA and a toroidal magnetic field of 0.65 T at the
magnetic axis (Ry ~ 1.05 m). These discharges are low density L-mode discharges which are
very suitable for FIDA and SSNPA diagnostic measurements. Figure 2 shows the spectrogram of
Mirnov coil signals and time traces of injected neutral beam power and neutron rate in a typical
sawtooth discharge with shot number 204163. Only neutral beam source 15 is used to heat the
plasma. The injected neutral beam power is FP;,; = 1.1 MW with energy of F;,; = 72 keV. The
core electron density and temperature are of order of 2.0 x 10%cm ™3 and 1.5 keV respectively.
The discharge has repetitive sawtooth crashes between 0.5 and 1.5 s. Although the Motional Stark
Effect (MSE) diagnostic was not available for g-profile measurement, the instabilities are identified
as sawtooth crashes based on two facts: (1) the electron temperature is observed by the multi-point
Thompson scattering and x-ray diagnostics to be flattened in the plasma core after the crash; and
(2) there are n = 1 signals in Mirnov spectrogram where n is the toroidal mode number.

Figure 3 shows the temporal evolution of key plasma parameters related to the fast ion
population and MHD activity in the discharge 204163. As shown in Fig. 3(b), a sawtooth crash can
result in as large as a 15% drop of the neutron yield, implying a significant fast ion redistribution
or fast ion losses. The D,, radiance from the edge of the plasma also shows a spike right after every
sawtooth crash. The spikes in D, light is hypothesized to be the result of CX reactions between

thermal or fast ions that are ejected from the plasma by the sawtooth and neutrals near the plasma
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boundary. Both the SSNPA and FIDA diagnostics have observed clear effects of sawtooth crashes
on the fast ions. The effect of individual sawtooth events on the SSNPA signals is readily seen in
the time traces in Fig. 3(c)-(e). The p-SSNPA, mainly sensitive to passive signals from trapped
particles at the edge, observes a small signal increase at each sawtooth crash. The t-SSNPA,
mainly sensitive to passive signals from passing particles near the edge, observes a big spike at
each sawtooth crash. This is likely because passing fast ions are redistributed to the edge and
charge exchange with edge neutrals. The r-SSNPA views the heating beam 15, and the signal is
the combination of active signal from the core and passive signal from the edge. The r-SSNPA
signal shows a small depletion at each sawtooth crash. Considering that the passive signal from
trapped particles slightly increases at each sawtooth crash as indicated by Fig. 3(c), the active
signal of r-SSNPA from trapped particles is inferred to drop at the sawtooth crash.

All the sawtooth events in the discharge 204163 between 0.5 and 1.5 s are combined into
one database to quantify the correlation between the SSNPA signal change and neutron rate drop
at sawtooth crashes. Because the neutron emission in NSTX-U is dominated by beam-plasma
reactions, the drop of the neutron rate is used as an indictor of how fast ions are affected by
sawteeth. As shown in Fig. 4, the change of the p-SSNPA signal follows the same trend as the
edge D,, signal, which suggests that the change of the p-SSNPA signal is mainly due to the change
of edge neutral density. Please note that the SSNPA signal is the line integral of the product of
fast ion density and neutral density along the sightline. The p-SSNPA does not intersect with any
neutral beam footprint. The signal mainly comes from the edge simply because the neutral density
is orders of magnitude higher in the edge than in the plasma core. Figure 4 clearly shows that the
t-SSNPA signal increases rapidly with the neutron rate drop. The t-SSNPA signal can increase
as much as a factor of 2 when the neutron rate drop is close to 15%. Since the change of the
t-SSNPA signal is one order of magnitude larger than the change of D,, it suggests that passing
fast ions are strongly expelled from the core to the edge. It should be noted that the t-SSNPA also
does not intersect with any neutral beam in this case and its signal is mainly from the passing fast

ions near the edge. One valuable feature of the SSNPA diagnostic on NSTX-U is that there are
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three vertical stacked arrays viewing the similar plasma region with different filter thickness. This
setup makes the SSNPA have not only fast ion temporal resolution but also some coarse energy
information. It is interesting to observe that all the arrays of t-SSNPA have the same trend, which
suggests that a wide energy range of passing fast ions are affected by the sawtooth. In contrast, the
r-SSNPA observes a small signal drop, which indicates there actually is some depletion of trapped
particles in the plasma core. There are at least 15 low-density L-mode discharges showing similar
observations as the typical case shown above.

The effect of individual sawtooth crashes on the active FIDA signal is blurred by imperfect
background subtraction because of large passive contribution, cold D,light scattering inside the
FIDA optical system and possible light reflection and scattering from the NSTX-U in-vessel
tiles[30]. Conditional averaging over several sawtooth events is employed to extract useful
information from the relatively noisy FIDA data. Figure 5 (a) and (b) compare the active t-FIDA
spectra before and after the sawtooth crash for two channels with 12,,,,; = 108 cm and R,,,; = 135
cm, where R,,,; is the major radius that the t-FIDA sightline intersects with the neutral beam
centerline. The active FIDA signal is obtained by subtracting the signal in the reference view
from the signal in the active view. This removes the contribution from passive FIDA light and
bremsstrahlung emission. The FIDA light part is the Doppler-shifted region in the spectra with
wavelength from 650.35 nm to 653.4 nm, where the corresponding fast-ion energies parallel to the
sightline are 72 keV and 10 keV respectively. As shown in Fig. 5 (a) and (b), the t-FIDA signal
has a depletion in the core channel, but an increase at the outer channel. The whole detectable
energy range is affected. Figure 5 (c) compares the t-FIDA spatial profile before and after the
sawtooth, and Fig. 5 (d) shows the change of t-FIDA signals. A significant reduction occurs inside
Rpe; = 125 cm and an increase occurs in the t-FIDA outer channels. It is worthy to mention
that the sawtooth inversion radius is about 120 cm and sawtooth crash time is typically around
40us based on the soft x-ray data. For the v-FIDA system, little change is observed in the FIDA
spectra before and after the sawtooth crash and the data are not shown. The changes on t-FIDA and

v-FIDA signals before and after the sawtooth crash confirm the SSNPA observations that passing
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particles are strongly redistributed from the core to the edge, while trapped particles are little or
not affected.

Data from the innermost and outmost channels of the t-FIDA arrays are omitted in Fig. 5.
After background subtraction, channels at the edge of the array have unphysical negative values.
Generally on NSTX-U, these edge channels are more prone to background errors than the central
chords. Although the data shown in Fig. 5 appear reasonable, it is possible that an unidentified
error in background subtraction also affects the central channels; this would cause an unidentified
offset in Fig. 5 (d)

Based on the above measurements from neutron, SSNPA and FIDA diagnostics, we can
conclude that under the conditions studied here: (1) passing fast ions are strongly expelled from
the core to the edge at each sawtooth crash, while trapped fast ions are weakly affected. (2) no
clear energy dependence is observed in the redistribution of passing fast ions. These observations
are very similar to the phenomenon detected in conventional tokamaks although sawtooth behavior
in spherical tokamak and conventional tokamak could be different in principle. A strong effect of
sawteeth on passing fast ions and a weak/negligible effect on trapped fast ions was observed on
TEXTOR with the collective Thomson scattering diagnostic [3], on DIII-D with FIDA diagnostic
[4], and ASDEX-Upgrade with FIDA and collective Thomson scattering measurements [5, 6, 7].
Sawteeth have also been observed to redistribute passing fast ions by neutron camera, charged
fusion product and FIDA diagnostics in MAST[31], which is another spherical tokamak in the
United Kingdom.

In addition to repetitive sawtooth discharges, there are some other interesting observations.
As shown in Fig. 6, the sawtooth crashes almost disappear when the most perpendicular and most
tangential beam alternatively is injected into the plasma. There is no obvious neutron rate drop
and TRANSP predicted neutron emission is very close to the measurement. There are also no
big spikes or drops on all the SSNPA arrays. The neutron and SSNPA data suggest that fast
ions transport is strongly reduced. Many experimental and theoretical studies suggest that in

conventional tokamaks, sawtooth behavior can be altered either by modifying the magnetic shear
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at the resonance surface with safety factor ¢ = 1 or by acting on the local fast ion distribution[32].
In addition, rotation can also change the sawtooth stability. It is not clear which factor plays the
most important role here because it was in the commissioning phase and the MSE diagnostic was

not available. A more careful check on this topic is left for future work.

3. Modelling of sawtooth and comparison with experiments

The time-dependent Tokamak transport code TRANSP[15, 16] is used to simulate sawtooth
crashes and calculate the fast ion distribution before and after the sawtooth crashes. The time
slices when the sawtooth events occur are specified in an input file. The sawtooth model used in
TRANSP can be either the standard Kadomtsev model[8, 9] (with NMIX_KDSAW = 1 in the
TRANSP namelist) or Porcelli sawtooth model[17] (with NMIX_KDSAW = 3 in the TRANSP
namelist). The standard Kadomtsev model treats the sawtooth as an “internal disruption” resulting
from the nonlinear growth of the n = 1 kink instability. The flux surfaces with equal helicity on
the opposite sides of the ¢ = 1 surface reconnect and form a new unified surface with ¢(0) = 1 and
q(r) > 1. The internally calculated plasma equilibrium is self-adjusted at these time slices; and the
current and pressure profiles are flattened within the mixing radius. Fast ions are also redistributed
so that their density within the mixing radius is spatially uniform after the sawtooth. All the fast
ions and thermal ions participating in the mixing are conserved. The Porcelli sawtooth model is
a modified Kadomtsev model. The magnetic ¢ at the magnetic axis rises only part of the way to
unity. The magnetic reconnection is partial or incomplete. In the Porcelli sawtooth model, the
island width fraction can be specified with the variable ¥ PORC ELLI in the namelist.

A series of TRANSP runs have been performed for the typical NSTX-U sawtooth discharge
204163. Anomalous fast ion diffusion is turned off because no other significant instabilities are
present in the time window between 0.5 and 1.5 s. The TRANSP runs are provided with EFIT
equilibrium reconstructions and spline fits to experimental plasma profiles. The input experimental
profiles are conditionally averaged respectively over all the sawtooth events by aligning them to a

single crash time and normalizing them to their value before the sawtooth event. It is assumed that
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each plasma parameter has a similar temporal evolution for all sawtooth crashes in a short time
window just before and after each sawtooth crash. A conditional averaging is needed here because
the raw experimental data do not have sufficient temporal resolution for accurate time-dependent
sawtooth modelling. The electron density and temperature obtained from the multi-point Thomson
scattering (MPTS) diagnostic have a time resolution of 16.6 ms. The ion density, temperature
and toroidal rotation from the charge-exchange recombination spectroscopy (CHERS) diagnostic
typically have a time resolution of 10 ms. After conditional averaging, the experimental plasma
profiles are re-sampled on the 1 ms time scale for sawtooth simulation. Figure 7 shows that the
plasma density and temperature evolve substantially during a sawtooth cycle. In principle, the
rapid change of plasma profile especially plasma density can affect the neutron emission since
the beam-target fusion reaction is proportional to the product of fast ion density and thermal ion
density. The first TRANSP/NUBEAM run is used to check how much change of neutron emission
is due to thermal plasma profile evolution. The sawtooth model is turned on for the g-profile
evolution, but the effect of sawtooth crashes on the fast ion distribution is turned off. Figure 8 (a)
shows that, as expected, there is little modulation in the fast ion density profile. It is a little bit
surprising to notice that the neutron rate drop caused by thermal plasma profile evolution can be as
large as 50% of the measured neutron rate drop at a sawtooth crash, see Fig. 8 (b) and (c). In the
second TRANSP run, the standard Kadomtsev sawtooth model is turned on for both equilibrium
and fast ions. As suggested in Fig. 9, the standard Kadomstev model overestimates the neutron
rate drops at each sawtooth crash. Even when the fraction of fast ions participating in the sawtooth
mixing (X SW FRAC _BFEAM in the TRANSP namelist) is reduced from 1.0 to 0.5, the predicted
neutron emission drop at the sawtooth crash is still about as twice as large as the experimental data.

Here, it should be noted that the magnitude of the neutron rate from the TRANSP simulation
is re-scaled by a factor of 0.61 to match the experimental data before ¢ = 0.5 s. The discrepancy
in the absolute value also exists in the fast-ion confinement experiments in relatively quiescent
plasmas with short beam blips. The discrepancy is partially because of uncertainty in the absolute

calibration of the neutron detectors and partially because of the large uncertainty in the effective



Effect of sawtooth crashes on fast-ion distribution in NSTX-U 12

charge Z ;¢ in TRANSP inputs. The same re-scaling factor is used in the rest of this paper.

In the third TRANSP simulation, the Porcelli sawtooth model is applied. As shown in Fig. 10,
good agreement can be obtained between predicted and measured neutron rate when the following
settings, NMIX_KDSAW = 3, FPORCELLI = 0.75 and XSW FRAC_BEAM = (.75,
are used. Here NMIX_KDSAW = 3 is to select the Porcelli swtooth model, FPORCELLI
is the ¢ = 1 island fraction, and X SW FRAC _BEAM is the fraction of fast ions involving in
sawtooth mixing. In this case, the TRANSP calculated neutron rate overlaps with the experimental
data and the neutron rate drops at the sawtooth crashes agree with experimental measurements.
The redistribution of fast ion density especially in the core region is also obvious, see Fig. 10 (a).
It should be mentioned that the global neutron emission seems not very sensitive to some settings.
For example, when the fraction of reconnection (FPORC ELLI) is changed from 1.0 to 0.5, the
change of the drop of neutron emission at the sawtooth crash is less than 10%. In the TRANSP
simulation, the NUBEAM module is called to calculate and dump out the fast-ion distribution
every 2 ms in the time windows with sawtooth crashes. Figure 11 (a) shows the difference of the
spatial distribution of fast ions before and after the sawtooth crash at ¢ = 0.643s. It shows a strong
reduction ( 20%) of fast ion density inside the sawtooth inversion radius and a modest increase
(5%) at the edge. Figure 11 (b) compares the fast ion density as a function of energy before and
after the sawtooth crash. It indicates that passing fast ions, which have large pitch, are strongly
affected although TRANSP/NUBEAM treats all the fast ions and thermal ions the same way. This
is mainly because the fast ions in the core region are dominated by passing fast ions. With the fast
ion distributions from the TRANSP simulation, FIDAsim[33] code is used to calculate synthetic
FIDA signal before and after the sawtooth. As shown in Fig. 12, the simulated t-FIDA signals
after the sawtooth in most channels except the two edge channels are lower than the signals before
the sawtooth crash. It is obvious that the FIDASIM simulation results are not entirely consistent
with the FIDA experimental measurements: although they predict the depletion of FIDA signals
in the core region, they fail to predict the signal increase at the edge. The experimental t-FIDA

data in Fig. 5 show that the FIDA signal increases after the sawtooth at edge channels. This
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discrepancy may reflect the limits of the Porcelli model in TRANSP. One of the main caveats of
Kadomtsev and Porcelli models implemented in the TRANSP code is that they treat all the fast
ions and thermal ions the same way and they do not include the kinetic effects of fast ions. In
other words, fast particles are always attached to a magnetic flux surface, and the fast ions are
redistributed according to the rearrangement of flux surfaces at the sawtooth crash. Thus, there is
no energy or pitch dependence. Early simulations[34] have shown that full orbit effects may play
an important role in a low magnetic field because the cyclotron resonances can enhance the level of
stochasticity in fast ion orbits, thereby increasing the extent to which the fast ions are redistributed.
In addition, other transport mechanisms, such as the resonant interaction between fast ions and the
electromagnetic fields of the sawteeth[35, 36], can also affect fast ions during sawtooth.
According to the sawtooth theory in Ref. [18, 19], there are three characteristic time scales
that determine the property of fast ion transport during a sawtooth crash: (1) the crash duration
Ters (2) the toroidal precession time 7,,; and (3) longitudinal motion time 77, which is the period
around the perturbed the flux surface. The toroidal precession tends to keep the particles at a
constant minor radius through de-correlation of the particle motion from the sawtooth and phase
mixing. The longitudinal motion tends to move the particles along the displaced flux surfaces. If
the sawtooth crash is sufficiently fast (7., << 7,,), fast ions move together with the evolving flux
surfaces, and this leads to significant fast ion transport. However, when 7, < 7,, the influence of
sawtooth crash on a particle’s dynamics depends on the competition of 7, and 77,. Strong fast ion
transport can still occur when 7, >> 7. The conditions for strong redistribution are 7., << 7,
and 77, << 7,,, and they can be expressed in energy and pitch. In other words, there exists a pitch-
dependent critical energy E.,.;;. The particles with energy less than E,,;; are strongly redistributed
at the sawtooth crash. For the discharge 204163 shown in this paper, the critical energies for
passing and trapped particles are 65 and 15 keV respectively. The calculation of E.,.; qualitatively
reproduce the observed results that a large population of passing particles are strongly redistributed

by sawteeth and that trapped particles are weakly affected.
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4. Summary

Repetitive sawteeth are observed in long L-mode discharges on the NSTX-U in the 2016 run
campaign. These sawtooth crashes can result in neutron rate drops as large as 15%, followed
by an increase of edge D,light. The temporal evolution of plasma profiles can account for as much
as 50% of the measured neutron rate drop at the sawtooth crash. Changes of fast ion diagnostic
signals are strongly correlated with the sawtooth events. Analysis of the signal changes of three
SSNPA instruments shows that passing fast ions in the whole detectable energy range are strongly
redistributed from the plasma core to the plasma edge, but trapped particles are weakly affected.
This observation is also confirmed by the tangential- and vertical- FIDA systems. This observation
is very similar to what has been seen in conventional high field and large aspect ratio tokamaks.
The observed difference in the transport of passing and trapped particles can be well explained
by the pitch-dependent critical energies only under which fast ions are strongly redistributed. The
standard Kadomtsev and Porcelli sawtooth models within the TRANSP code have been used to
simulate the sawteeth on NSXT-U. The Kadomtsev model generally overestimates the sawtooth
drops at the sawtooth crashes. When tuning the input parameters, the Porcelli model can reproduce
the neutron rate drops and FIDA signal drops in the core region, but it fails to produce the FIDA
signal increase at the edge. Although the TRANSP simulation with the Porcelli sawtooth model
shows that passing fast ions are mainly affected by the sawtooth, this is a coincidence since the
most affected region is the core region where passing particles dominate. A new sawtooth model is
being developed to include energy, pitch and orbit width and will be implemented in TRANSP[37].
This new capability and more fast ion diagnostics in the coming NSTX-U run campaigns will
enable more quantitative comparison between measurements and theory and help sawtooth model

development and validations.
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Figure 1. (Color online) Plan view of the NSTX-U vessel with neutral beam centerlines, tangential-
and vertical- FIDA sightlines, tangential-, radial- and passive- SSNPA sightlines. The original NSTX
beams are labeled 14, 1B and 1C, and the new added three beam sources are label 24, 2B and 2C.
In most discharges analyzed in this paper, only the neutral beam source 1B is used, and the shaded
light blue region represents the nominal beam width. The normal directions for the plasma current

and toroidal field are counter-clockwise and clockwise, respectively.



Effect of sawtooth crashes on fast-ion distribution in NSTX-U 20

140F (a) shot# 204163 Mirnov —|
1201
100} .

8L g -

f [kHzZ]
g

60 i ]
i [ no data_ |
! : B

40 { ! —
3 e T i g
201 !lllm . iu:ll“'“[ || '|I| ' } §
¥ 'é l! ﬂ. 7!\ ||.| | | ]
0 e L L L 1 1 1
< 1.2E(b ey
s 35
= 08¢ 254
m 0.4F 129
g 04F 08X
Z 00 X
0 500 1000 1500 2000

Time [ms]

Figure 2. (Color online) (a) Spectrogram of Mirnov coil signal and (b) temporal evolution of neutron

rate and neutral beam injection power. Repetitive sawtooth crashes occur between 0.5 and 1.5 s.
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Figure 3. (Color online) Temporal evolution of (a) Mirnov coil signal, (b) neutron emission and
D,radiance from the edge of the plasma, (c) signal of channel 7 of passive-SSNPA, (d) signal of
channel 7 of tangentially-viewing SSNPA and (e) signal of channel 7 of radially-viewing SSNPA. In
each detector array, one detector is blocked as a blind” detector to monitor EM noise and neutron

induced noise. The signals on those blind” detectors are also shown in green curves in (c)-(e) .
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Figure 4. (Color online) Relative change of edge D,and SSNPA signals vs the neutron rate drop at
the sawtooth crashes. For the tangentially-viewing and radially-viewing SSNPA instruments, each
instrument has three arrays with directly deposited foils of different thickness. The corresponding
energy threshold for 100 nm, 200 nm and 300 nm filters are > 25 keV, > 45 keV, and > 65 keV
respectively. In the discharge 204163, the data were only available for two arrays of r-SSNPA due to
lack of amplifiers for the third array at that time. The error bar of the neutron rate drop represents the
statistical error of neutron measurements, while the error bar of SSNPA signals is calculated with

the noise observed on the ’blind” detector.
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Figure 5. (Color online) Comparison of t-FIDA spectra before and after the sawtooth crash for (a)
a core channel with R,,,; = 108 cm and (b) a edge channel I,,,; = 135 cm. (c) Comparison of
t-FIDA spatial profiles before and after the sawtooth crash. (4) Relative change of t-FIDA radiance
before and after the sawtooth crash. Note the FIDA data are conditional averaged over several

sawtooth events.
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Figure 6. (Color online) (a) Spectrogram of Mirnov coil signals. Temporal evolution of (b) injected
neutral beam power, (c)neutron emission, (d)signal of channel 7 of passive-SSNPA, (e)signal of
channel 7 of tangentially-viewing SSNPA and (f) signal of channel 7 of radially-viewing SSNPA.

The signals on those “’blind” detectors are also shown in green curves in (d)-(f) to represent the

typical noise level.
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Figure 7. (Color online) Temporal evolution of profiles of (a) thermal ion density, (b) thermal
electron density, (c) ion temperature, and (d) electron temperate. These profiles are obtained by
conditionally averaging over all sawtooth events between 0.5 and 1.5s and are re-sampled on 1 ms

time intervals. They are used as input plasma profiles for TRANSP sawtooth simulations.
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Figure 8. (Color online) (a) Fast ion density and (b,c) neutron emission calculated by TRANSP
simulation 204163L16 in which sawtooth model is turned on for q profile evolution, but it is
turned off for fast ions. The measured neutron rate is shown red curve in panel (b) and (c) for
comparison. The TRANSP simulation predicts that the neutron rate drop caused by thermal plasma

profile evolution can be as much as 50% of the measured neutron rate drop at the sawtooth crash.
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Figure 9. (Color online) TRANSP/NUBEAM calculated global neutron emission compared
with the measured neutron rate. The standard Kadomtsev sawtooth model is employed
in these TRANSP/NUBEAM simulations with (aQ)XSWFRAC_BEAM = 1.0 and (b)
XSWFRAC_BEAM = 0.5, where XSWFRAC_BEAM is the fraction of fast ions

participating in sawtooth mixing. The standard Kadomtsev sawtooth model overestimates the

neutron rate drop at the sawtooth crash.
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Figure 10. (Color online) (a) Fast ion density and (b,c) neutron emission calculated by TRANSP

simulation 204163L10 with Porcelli sawtooth model. The measured neutron rate is also shown red

curve in panel (b) and (c) for comparison. The predicted neutron emission and neutron drops at the

sawtooth crashes can reasonably agree with the measurement.
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Figure 11. (Color online) Difference of fast ion distribution function before and after the sawtooth

crash in (a) (R, Z) space and (b) pitch (V, /v) relative to plasma current.
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Figure 12. (Color online) Comparison of simulated t-FIDA spatial profiles before and after the
sawtooth. The synthetical t-FIDA signal is calculated by FIDAsim using the plasma profiles and fast
ion distribution from TRANSP with the Porcelli sawtooth model. The t-FIDA spectra are integrated
over [651,653.4] nm, whose corresponding energy range is [15, 60] keV, to get the t-FIDA spatial
profile.



