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Abstract

Internal kinks are a common magneto hydro-dynamic (MHD) instability observed in tokamak
operation when the g profile in the plasma core is close to unity. This MHD instability impacts
both the transport of the bulk plasma (current, particle and energy transport) and minority species,
such as fast ions. In TCV (Rg/a = 0.88m/0.25m) the fast ion population is generated in the plasma
by neutral beam tangential injection of energies up to 28 keV. TCV features 16 active shaping coils
permitting a great flexibility in plasma shape, including negative triangularity (4) configurations
that show surprisingly high confinement.

This study focuses on the transport of fast ions induced by sawteeth, by comparing two trian-
gularity cases and simulation results with experimental data. Comparison of two equilibria with
opposite d shows that the fast ion drifts are larger for 6 < 0. Furthermore, the sawtooth-induced
transport in this case is larger than 6 > 0 in similar conditions.

Comparison with experimental data confirms the dominance of the modification of thermal
kinetic profiles following the sawtooth crash in explaining drops in the neutron rates and FIDA
signals. Additional fast ion diffusion, however, improves the interpretation of the experimental
data. For § < 0, the amplitude of the perturbation better representing the experimental data is
larger. Finaly, an exploratory study for 50keV particles (soon available in TCV) shows that the
situation does not worsen for such particles.

1 Introduction

Fast ions are a key ingredient to reach nuclear fusion in a magnetic confinement device. Fusion
a-s will be the main actors to heat an ignited plasma and neutral beam injection is a common
actuator for plasma heating in existing and future tokamak devices like TCV, JT-60 SA and ITER.
A common instability in tokamak plasmas is the so-called sawtooth, which is a periodic magnetic
reconnection event in the plasma core [1], [2]. It has a dramatic effect on bulk plasma confinement,
resulting in a drop in central density and temperature. They also interact with fast ions, where
the sawtooth period is seen to be modified in the presence of fast ions [3], [4], [5] and, conversely,
where the fast ion transport deviates farther from neoclassical theory as shown theoretically and
experimentally [6], [7], [8], [9].

The electric field caused by sawtooth crash is expected to induce additional fast ion transport.
The electric field induced by the reconnection is expected to have a marginal role in the additional
transport [10]. This transport leads to a drop in the fast ion content in the core, causing a decrease
in fast ion density and stored energy, together with all the expected consequences (such as a drop in



the neutron rate). Three characteristic times are involved. 7cr, the crash time, 7, the precession
time of the fast ion around the toroidal direction and 7y, the longitudinal time (the time the particle
orbits around a given flux surface). Toroidal precession tends to keep the particles at a constant
radial position, whereas longitudinal motion moves them with displaced flux surfaces. If 7¢g is the
shortest (i.e. the crash is the fastest event) then the particles are frozen in the flux surface and
suffer high transport. This is the case for low-energy trapped particles. This criterion can be put
in terms of the particle energy, defining a so-called critical energy [11], obtained by comparing the
crash duration to the period of the toroidal precession of a well-trapped ion

Eeg = 27ersrsR0w—B (1)
TCR

where M is the fast ion mass, k the flux-surface elongation, r the normalized minor radius, s
labels the last surface with ¢ = 1, Ry the major radius, wp = ¢Bg/M the cyclotron frequency and
Tor the crash duration. For the cases considered in this work (wg = 72MHz, ks ~ 1, 7y ~ 0.2,
Tcr ~ 300 1s), we obtain a critical energy of < 10keV. For comparison, a JET-sized experiment
has a critical energy of ~ 300keV. If E < E.;, Tcr dominates and thus fast ions are strongly
transported away from the plasma core. In the case of particles with E > E.,, two separate cases
must be considered. If 7,, > 71, toroidal precession is too weak to decorrelate particle motion and
the electric field, and fast ions suffer transport. When 7,, < 7cr and 7, < 71, (mainly trapped
particles), precession dominates and particles are decorrelated from the MHD-induced electric field,
reducing such effects. Fast ion transport may also be induced by a fast ion-kink mode resonance,
but this occurs at energies of the order of MeV.

Negative triangularity plasma configurations in a tokamak are becoming a possible reactor-
device solution as access to H-mode, with the accompanying ELM events, is strongly reduced
whilst retaining good energy confinement [12]. To date, TCV is the only device studying impact of
extreme shaping on sawtooth instability [13], [14], where sawtooth period is seen to decrease with
negative triangularity, that is related to the ideal nature of the mode. In this work we will assume
that the magnetic reconnection associated to the sawtooth is negligible in causing additional fast
ion transport [10].

In this work, the impact on fast ion confinement on TCV of positive and negative triangularity
configurations is modeled in an attempt to interpret the experimental data. The stabilization of
sawtooth crashes, provided by fast particles in different plasma configurations, is left for future
activities.

The paper is structured as follows. Section 2 shows the orbit drifts in axisimmetric positive and
negative triangularity, section 3 compares the additional fast ion transport from the internal kink
mode for the two triangularities, section 4 presents the experimental data used to apply the model
and a comparison of modelling and experimental data. Finally, section 5 presents the results for
diffusion with injection of 50keV particles.

2 Fast ion dynamics in axisimmetric positive and negative
triangularity

In this first section, the features of the fast ion orbits of opposite § axisimmetric equilibria is
described.

The equilibria are designed to compare the fast ion behaviour in plasma configurations having
same profiles, but opposite triangularity. In this way, the effect of shaping in the orbit drift is
isolated. The CHEASE code [15] is used to construct the equilibrium for the plasma with positive
triangularity (§ > 0) from the experiment. The safety factor profile from this case is then used
as input for an equilibrium with negative triangularity (§ < 0). Equilibria with the same By,
I, q profiles (mapped on the normalized poloidal flux variable), but opposite triangularity, were
obtained (see figure 1a). The main difference lies in the poloidal flux function (F'), as the plasma
volume is distributed differently by the two shapes, that spans different regions of the toroidal field
strength. This plasma current density distributions results in different F'.

Three particles in passing orbits (- Bo/E = 0.2, E = 20keV) at different starting ¢ (0.2, 0.5
and 0.8) are tracked in an axisymmetric simulation, neglecting collisions, figure 1b. The particle
bounce time for § < 0 (black) is longer than for ¢ > 0 (red). This can be explained by the change
in plasma axis location. In the cases here explored, R°>? = 0.90m while R°<? = 0.92m. This
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Figure 1: (a) Equilibria used to compare the additional fast ion diffusion in opposite triangularity.
(b) the normalized toroidal flux ¢ explored in the plasma by particles starting at different positions
(point at t=0), in different equilibria (red: 6 > 0, black: ¢ < 0)

change is only ~ 2% in the plasma axis location, with an impact of ~ 4% on the fast ion orbits
bounce time as 75 ~ RZ [16].

3 Modelling of the fast ion transport using the kick-model

3.1 Modelling of the magnetic perturbation

The ideal MHD perturbation has been modelled using the KINX code [17]. The perturbation in
the cases here explored is assumed ideal as previously studied in [13] and we assume the linear
MHD is sufficient to capture the interaction between sawteeth and fast particles. The equilibria
(as in section 2) feature a ¢ < 1 region from a kinetic equilibrium reconstruction for 6 > 0 case,
engendering a the (1,1) mode. Its normalized radial displacement & - V1) (toroidal mode number
n = 1, poloidal mode number m = 1) obtained by KINX for the two triangularities are shown
in figure 2a. The perturbation maximum in § < 0 is slightly shifted inwards than § > 0 for the
same ¢ profile. The difference in plasma axis position (i.e. the magnetic field) and the current
redistribution can explain the mode structure differences.
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Figure 2: (a) Normalized & - V4 for the (1,1) mode computed by KINX in opposite triangularities
(black solid: § < 0, black dotted: § > 0), at the same q profile (red). (b) radial magnetic field
amplitude (normalized to the on-axis magnetic field) for the two different triangularities, with
A=10"3

As introduced earlier, the relevant quantity for fast ion transport is the radial electric field,



which is computed from the the magnetic perturbation. Following the conventions in [18], a
perturbed magnetic field (normal to the magnetic surfaces) can be expressed as:

mg + nl

0B -Vipp =Y S

m,n

mn (Yp) cos(n¢ — mb — wt) (2)

where ¢ and 6 are the toroidal and poloidal angles, w the mode frequency and J the jacobian for
boozer coordinate conversion.
The « function is related to the radial displacement £ - Vi) obtained by KINX as follows

_ m/qg—n
amn(d’p) = mg +7nlfmn(¢p) (3)

where v, is the poloidal magnetic flux, m and n label respectively the poloidal and toroidal mode
numbers, ¢ is the safety factor, g and I are poloidal and toroidal current functions, following the
same notation as [18].

As the perturbation £ - V4 by linear MHD codes is obtained with normalized amplitudes, there
is a free scaling factor (amplitude) to determine. In this section, the amplitude will be set to
A =107 in order to simplify comparisons for opposite triangularities. The resulting perturbation
(see figure 2b) is large enough to model its impact on the fast ion confinement whilst retaining the
base magnetic configuration. For the comparison with experimental data, a sensitivity study with
amplitude will be performed.

3.2 Modelling of the additional fast ion transport

The model for additional fast ion diffusion chosen for this work is the so-called kick-model [19],
[20]. This model is implemented within TRANSP that allows the inclusion of fast ion transport
induced by MHD modes in integrated transport modelling. This model was employed in previous
works to correctly estimate the sawtooth additional fast ion diffusion on NSTX-U [8], [21].

In computing the diffusion matrix, we superimpose the equilibrium magnetic field with the
magnetic perturbation computed by KINX and using equation 2, but only considering m=1 mode
component. In this way the magnetic field is a snapshot of the maximal perturbation during a crash.
To compute the effective transport, we do not include the mode evolution nor any stochastization
of the magnetic field lines.

The relevant fast ion quantities which are perturbed by MHD are P, (normalized canonical
angular momentum Py = (mRvg — Ze) /1edge) and the energy. Using orbit tracking codes (in this
work, ORBIT [22]), fast particle orbits are then computed, and the probability for a particle to
receive a kick in energy or Py is recorded. For each point in the E, Py and p (normalized adiabatic
invariant p = (mv? /2B,) - Bo/E) space, the probability distribution for an orbit to be perturbed
in energy or Py is described by a 5-D matrix, which can then be used within tools like TRANSP.
For the cases of interest in this paper, an orbit-tracking time-step of 6 ns was chosen and the time
over which to average the kicks is around 1 ps.

In figures 3 the poincare plots for the two configurations are shown, at the same amplitude
A =1073. Figure 3a shows a field-line mapping, where the island width is large, but not enough
to destroy the magnetic field structure. In figure 3b a Poincaré plot for particles with £ = 20keV
and pBy/E = 0.6 (in this case, passing particles) is shown. Here, the islands in the topology
develop, and are larger for § < 0.

The diffusion matrices are then computed with the same amplitude A = 1073. The average
kick in energy close to the injection energy is shown in figure 4, in the constants-of-motion space.
As expected, the perturbation lies close to the plasma center (i.e. close to the second order curve
with axis in 0, representing the particles crossing the magnetic axis), and impacts mostly passing
particles.

For § < 0, the perturbation is strongest for 0.3 < p < 0.7 and P, > 0.3. It features a secondary
band where the amplitude is large, further from the plasma center (P, ~ 0.2). For § > 0, the band
close to the core appears to vanish, whereas the perturbation further from the core is similar to
the § < 0 case.

A simplified understanding of the impact on the fast particle transport is shown in figure 5,
where several of the fast ion-related profiles (density, current drive profile and power coupled to
the mode) are shown. The decrease in fast ion density in the core in 6 < 0 is twice that for § > 0,
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Figure 3: (a) Field line mapping of the perturbation in positive and negative triangularity. (b)
Kinetic poincaré plot for a particle with F = 20keV and puBy/E = 0.6.
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Figure 4: Intensity of the kicks in energy in positive and negative triangularity, considering only
m = 1 component and an energy close to the injection energy. The black lines represent the

constant of motion orbit boundaries.



and a similarly scaled effect is seen for the current density profile. The power coupled to the mode
is larger (in absolute terms) across the whole plasma radius, consistent with the decrease in fast
ion density profiles.

The impact on the fast ion profile is determined mainly by the modified magnetic perturbation.
In support to this view, the equilibrium plasma shapes and the perturbation were mixed. The blue
line in figure 5 shows the case for § < 0, but where the £ - Vi for § > 0 was used. The transport
remains similar to the § > 0 case.
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Figure 5: NB-related profiles before (solid) and after (dotted) the crash, for § < 0 (black), § > 0
(red) and a mix between negative delta shape but perturbation coming from the positive delta case
(blue). Left figure is the fast ion density, center figure is the fast ion current drive, right figure is
the power coupled between the fast particles and the mode.

The transport in (E,\), E being the energy and A the pitch angle (projection of the fast ion
velocity on the magnetic field line) is shown in figure 6, at the position (R,z) = (0.9,0)m. The
phase space is filled using TCV NBH injected particles, thus regions at A < —0.5 have a low number
of markers. In subfigure (a) and (b) the equilibrium shape and the perturbation are consistent
with each-other, showing that the perturbation is larger for § < 0 case. The perturbation impacts
the same regions |A| ~ 0.5, but in § < 0 it covers a larger energy range. In subfigure (c), the
equilibrium plasma has § < 0, the perturbation is computed in § > 0 case. It can be noted the
similarity between cases (c¢) and (b), confirming that also in this phase-space the perturbation (and
not the equilibrium plasma shape) has the dominant effect on the additional fast ion transport.
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Figure 6: Difference in energy, pitch phase space at (R, z) = (0.9, 0)m, after and before the sawtooth
crash, with three different perturbation. In cases (a) and (b) the perturbation is consistent with
the plasma equilibrium, respectively § > 0 and ¢ < 0. In case (c) the equilibrium has § < 0, the
perturbation is computed in § > 0

Sawtooth crashes impact on fast particles is stronger for § < 0 rather than § > 0. The results
here presented suggest that the fast ion sawteeth-induced transport is not determined by the
plasma configuration, but rather by the magnetic perturbation. The larger magnetic perturbation
is caused, in turn, by the change in plasma coverage of the toroidal field and changes in the current
distribution profile. The deterioration of the fast ion confinement in the two different configurations
is slightly linked to different neoclassical diffusion. The larger effect comes from the nature of the
MHD perturbation, and not by a different interaction between fast ions and MHD activity.



4 Experimental observations

4.1 Experimental setup

Tokamak & Configuration Variable (TCV) [23] is a medium-size device (Ry/a = 0.88m/0.25m)
capable of flexible plasma shaping due to 16 independent poloidal field coils and an over-sized
vacuum chamber. Available heating systems include electron-cyclotron resonance heating and a
1.3MW tangential neutral beam injector [24], [25] of D atoms with energies < 30keV (see figure
7a).

TCV is equipped with a large set of diagnostics. Electron density and temperature are measured
by a Thomson scattering diagnostic, while the ion temperature and toroidal velocity by charge-
exchange recombination spectroscopy. Interferometry is used to measure the line-averaged electron
density with a time resolution capable to resolve the crashes. To study the fast ions, we focus
on measurements taken with neutron detectors, fast ion D-a spectroscopy (FIDA) [26] and a
compact neutral particle analyzer (CNPA). Figure 7a shows the lines-of-sight of CNPA and FIDA
diagnostics together with the NBH central chord. The FIDA system has 10 lines of sight (LOS)
with spatial resolution of ~ 1 cm in radial direction observing the plasma high-field side midplane.
The time resolution for the system is 1.3 ms which is fast enough to resolve the sawtooth-induced
dynamics, that, with NBH injection, have a crash period of 10ms. For each LOS (i.e. different
radial position) we calculate FIDA intensity integrating the spectrum over the spectral range
[6524 A, 6545 A] This range contains mainly D, emission from CX between NBH atoms and fast
ions (defined as the ‘active signal’). Through NBH modulation, a reference spectrum in the ‘NBH-
off’ phase is subtracted from the spectrum obtained during the ‘NBH-on’ phase, such that the
plasma conditions for both spectra match as well as possible. The CNPA was set to its most
radial LOS for these experiments, with the plasma configuration chosen to avoid saturating of the
high-energy (> 20keV) channels.

This wide set of TCV fast-ion diagnostics allows the study of confinement in different phase-
space regions.
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Figure 7: (a) Top view of TCV device. Magenta lines represent FIDA lines of sight. Black solid
line is the approximate NBH injection line. (b) Plasma shapes used for this study. Dotted line at
z = 0m is the injection geometry of the NBH, corresponding to the midplane

Two shots (#70307 with § < 0, #70281 with 6 > 0) were developed to compare the fast
ion additional diffusion related to sawtooth crashes. The plasma current for both was 230kA
(figure 8a). Both shots have a symmetric shape in the poloidal plane (figure 7b), with an absolute
triangularity [6] = 0.3. Both have the same NBH injected power (figure 8a) to simplify the
neutron rate comparison. This choice, however, has the undesired consequences of non matched



kinetic parameters, due to the increased confinement with negative triangularity. Figure 8b plots
the profiles as solid lines (black for § < 0 at ¢t = 1.3, red for § > 0 at ¢ = 0.7 s), with dotted black
line reporting the 6 < 0 profiles at ¢ = 0.7s (lower NBH injected power). In the latter a better
match is achieved within the two configurations, in particular concerning plasma electron density
and ion temperature. In order to maximize neutron rates and compare similar fast ion populations,
the selected time instants will feature the same NBH power in both configurations (t5<o = 1.3s).
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Figure 8: (a) time-traces for shots at positive (black) and negative (red) 6. Vertical dotted lines
represent the instants for the profiles on figure (b). (b) kinetic profiles of the two shots showing
Ne, Te/i> Vg at the two instants with different NB power (solid line). The dotted line is the § < 0
case at the same time point of § > 0 case.

We establish the relative changes caused by the sawtooth crashes in the FIDA and CNPA signals
by calculating the fractional changes Apipa and Acnpa between pre- and post-crash intensities.
In the case of FIDA, for example, we define

Ipost - Ipre
AFIDA Toost + Iore) /2 (4)
with the FIDA intensity, I, is obtained by integration of part of the FIDA spectra, as described
above. The uncertainties in the FIDA measurements are calculated by considering both uncertainty
due to the photon statistics and the detector read-out noise. Figure 9 shows the measurements of
FIDA, CNPA and neutron rates. For both triangularities, the FIDA intensity decreases in the core
after the sawtooth crash (figure 9a). An increase of roughly 10to 40 % is seen also in the CNPA
energy spectrum, at all the energies at the crash (figure 9b). Neutron rates have a higher time
resolution with respect to CNPA and FIDA, so we can observe the drop in neutron rates much
closer to the crash. A decrease of roughly 15% for 6 > 0 and 10% for § < 0 is seen following the
crash (figure 9¢), where the acquired signal maximum is normalized to 1.

4.2 Measurement of the (1,1) internal mode

The amplitude of the magnetic field perturbation was estimated from the standard pick-up coils
and LTCC-3D diagnostic [27], [28]. The estimated radial magnetic field will be compared to that
obtained using equation 2. To perform this estimation, we will assume only a m = 1 component
(as in [8], [21]), that the magnetic field propagates in vacuum and a linear relation between the
magnetic field’s vertical and radial components.

In each experimental case, over a time window of 1ms width enclosing a selected sawtooth
crash, the MHD mode frequency is estimated by finding the related peak in the power spectral
density. The field amplitude is then estimated by integrating the power spectral density in the
selected frequency range. The toroidal mode number is determined with the phase of the fast
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Figure 9: Experimental fast ion transport. (a) Apppa for each FIDA LOS plotted against the
tokamak major radius (b) Acnpa (c) is the neutron drop given by the sawteeth.

fourier transform of the coil arrays. From the frequency of the selected MHD mode, the radial
magnetic field amplitude is computed in the same frequency range using the LTCC-3D signal.

The estimation of the mode structure employs the pick-up coils because of their larger coverage
of the tokamak vessel (8 toroidal locations, while LTCC-3D are at only 3 toroidal locations). The
dominant toroidal mode number, estimated from the pick-up coils, is n = 1, as expected. The
selected mode frequency for § < 0 is 33kHz, and 25kHz for § > 0. As expected, this frequency
is close to the measured plasma rotation from CXRS. From the reasoning above, the peak in the
frequency range selected is taken to come from the sawtooth perturbation, so the peak identification
will also be used for the LTCC-3D coils.

In order to compare the estimated amplitude with the simulated one and since the probes are
not at the last close flux surface (last point where the field can be simulated with the available

tools) but at the vessel wall, the magnetic field at the last close flux surface is computed with the
vacuum approximation (formula 5).

Ry — R
0Brcrs = 6 Byall - €xp (allaLCFS(

) 5)

This is used to estimate the magnetic field component given by the internal kink mode, as
shown in table 1. The first two rows display the poloidal magnetic field estimation by the two
coil set. The LTCC estimation is clearly lower in the two cases. In the same frequency range, the
LTCC-3D perpendicular field is computed (row 3). Assuming the m = 1 component dominates,
it is possible to compute the field at the LCFS (row 4). Lastly, assuming proportionality between
BY'KUP (LFS) and BYTCC (LFS), the radial magnetic field at the LCFS is corrected (row 5). The
last row shows the simulated radial magnetic field for m = 1 and A = 10~%, which is of the same
order of magnitude as the estimated one.

The estimated magnetic field amplitude in vacuum approximation (and assuming proportional-
ity between the coil fields in different locations) is of the same order of magnitude as that computed
from equation 2 with A = 10~%. It is to be noted that the magnetic field perturbation is in general
larger for § < 0 case, which would tend to imply a higher mode amplitude.

70307 (§ < 0) 70281 (6 > 0)
Bpik-up(LFS) 240.6 mG 92mG
BETCC(LFS) 148 mG ~ (BPRUP(LFS)/1.6) | 75 mG ~ (BPI<-UP(LFS)/1.2)
BITCC 18.35mG 7.2mG
BYCFS(m=1) 29mG 13mG
BYCFS(m=1) corrected 18 mG 11mG
BYCFS(SIM, m=1,4 =10"%) | 6.5mG 6.2mG

Table 1: Qualitative estimation of the edge magnetic field caused by a selected sawtooth crash



4.3 Results and comparison with experimental data

Interpretative modelling of other experimental data is carried out with TRANSP and the kick-
model’s additional fast ion diffusion. The output distribution functions taken by the synthetic-
diagnostic tool FIDASIM [29], [30] and compared to experiment. The combination of neutron rates
measurements, FIDA and CNPA signals allows to validate the accuracy of the fast ion diffusion
model and provide another estimation of the amplitude of the magnetic perturbation induced by
sawtooth activity.

Changes to plasma bulk are included to help isolate the additional fast ion transport. Condi-
tional averaging of the experimental Thomson scattering data points was performed on canonical
crashes, (figure 10a), where the electron density is shown. The line-average shown is normalized
to the fast interferometer measurement, in order to account for drifts in the line-averaged elec-
tron density. The profiles are similar and the densities are the same before and after the crash at
py = 0.35 for both cases. We note that the drop in the core density for 6 > 0 (red lines) is larger
than for § < 0 case. In the simulation, the background plasma modification is synced with the
experimental sawtooth crashes and assumed to to remain the same throughout.

The magnetic perturbation is included within the simulations. The model can set a time-
dependent mode amplitude and, in this case, we apply a step function of 200 ps width around the
experimental sawtooth crash time (initiated before the sawtooth crash). An example is shown in
figure 10b. The fast ion diffusion matrices are taken similar to those shown in section 3.
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Figure 10: (a) fitted electron density (normalized to line-average density) before and after the saw-
tooth crash. Colors and symbols in the legend; (b) Amplitude of the perturbation as implemented
in TRANSP

In figure 11 the neutron rates (normalized) from simulations are compared to experiment (black
lines). The kinetic profile drops contribute greatly to the neutron changes (see curves with A = 0).
The best match of the drop intensity for § < 0 is obtained with a magnetic field perturbation
amplitude of A = 107, whereas for 6 > 0 107 is sufficient. These values are in agreement
with the estimated amplitude from section 4.2. The kinetic profiles are obtained by conditional
averaging over a series of crashes, thus for some single events the simulated neutron rate might have
a different timescale with respect to the experiment, but on average there is sufficient agreement. A
value of A = 1073 overestimates the neutron drop in both cases (in § < 0, reproduces the neutron
drop without background plasma modification, see blue line in figure 11a).

The neutron drop rate alone can not be taken as conclusive, as several combinations of n. and
magnetic perturbation amplitude would give the same result. FIDA and CNPA signals are now
compared to resolve this duality.

The sensitivity of FIDA and CNPA to the fast ion distribution function can be computed with
FIDASIM. In figure 12 the diagnostics weight functions can be seen. It can be noted that they are
mostly observing the passing particles high energy region.

In figure 13, simulated Apipa Vs Rmajor are compared to measurements. The simulated values
are obtained by integration of synthetic spectra (generated by FIDASIM) in the same wavelength
range as for the experimental spectra. Figure 13a shows § < 0 results for the same cases as the
neutron drop rates described above. Here, the simulation with A = 10™% and an appropriate
background plasma agrees well with experiment. Without the magnetic perturbation, A = 0,
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Figure 11: Drop in neutron rates after the sawtooth crash, compared to modelling. Black lines are
the experimental data, colored lines are labeled in the legend

increases the simulated data closer to the core, as expected. The case with A = 1072 results in a
too small fast ion content after the crash. A similar picture for § > 0 is presented in figure 13b,
where A = 0 overestimates the post-crash FIDA signal in the core, A = 10~2 underestimates the
post-crash FIDA signal, while A = 10~° remains within the experimental error-bars even close to
the plasma core.

FIDA - CH8 CNPA
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0.2
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-0.8

5 10 15 20 25 30 5 10 15 20 25 30
E [keV] E [keV]
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Figure 12: Example of fidasim weights for fast ion diagnostics. left: one FIDA channel; right:
CNPA diagnostic. It can be noted that the diagnostics are mostly sensible to the passing particles
high energy region

Finally, CNPA data is shown in figure 14. For § < 0 (figure 14a), the model with optimal neu-
tron and FIDA matching slightly underestimates the CNPA signal difference. No large differences
are seen with varying mode amplitude. A similar conclusion can be drawn for § > 0 case (subfigure
b), where experiment is best reproduced for energies below 20keV and A = 107°.

CNPA data are sensitive to the bulk neutral density, which varies because of the sawtooth
crashes. FRANTIC [31] model implemented in TRANSP can model 1D transport of neutrals,
and the differences in the neutral content before/after the crash are shown in figure 15. In this
context, the difference arises because of changes in the bulk plasma, and it is larger for § > 0
case as the difference in background plasma profiles. Being included in TRANSP, this difference is
included also in FIDASIM simulations when computing the FIDA spectrum. Unfortunately there
are some effects that cannot be included so far in TRANSP simulations, and it is out of the scope
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Figure 13: Difference in FIDA signal after the sawtooth crash, compared to modelling results
obtained with FIDASIM. Black lines are the experimental data, colored lines are labeled in the
legend
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Figure 14: Difference in CNPA signal after the sawtooth crash, compared to modelling results
obtained with FIDASIM. Black lines are the experimental data, colored lines are labeled in the
legend

12



of this work to do so. The wall neutral source is included in our simulations by fixing the edge
neutral density to the one estimated by baratron gauges. This gauge cannot capture edge neutral
pressure modification because of the fast timescales of sawtooth crashes. In addition, the poloidal
distribution of neutrals (in particular, between low-field side and high-field side) may be different
for the two triangularities because of differences in machine wall clearances that will directly impact
the CNPA signals. D-« signal spikes synchronized with sawteeth crashes were detected, but being
the signal line-averaged it was not possible to include it in the simulations. Nonetheless, even if
these effects can not be included in the simulations so far, the agreement with experimental data
is satisfactory.

—_—§<0
—§>0 |

0 0.2 0.4 0.6 0.8 1

Py

Figure 15: Neutral density difference before/after the crash as modeled by 1D FRANTIC model

The experimental data confirm additional fast ion diffusion resulting from the sawtooth crashes
for § > 0 and § < 0. In similar conditions, the simulated radial magnetic field with A = 107% is
of the same order of magnitude as the estimated radial magnetic field, in both cases. Synthetic
diagnostic modelling of neutron rates, CNPA and FIDA signal are also in qualitative agreement
with the experimental data. A best match is obtained accounting for the main plasma variations
with a perturbation amplitude of A = 10~ for § < 0, whereas A = 10~° is sufficient for § > 0.
The background plasma is more modified by sawtooth crashes for § > 0, but fast ions suffer higher
additional transport for § < 0 because of the nature of the interaction and the amplitude of the
perturbation.

The presence of the additional fast ion transport caused by the sawtooth activity improves
the agreement between experimental observations and modelling. However, for 25keV particles in
TCV, the dominant effect on synthetic diagnostic modelling comes from the modifications of the
main plasma.

5 Extrapolation to 50 keV particles

TCYV is being upgraded with a second NBI at 50keV, with a similar injection direction and power
as the first NBI (but opposite toroidal direction). In this section, predictive modelling of the dete-
rioration of fast ion confinement for 50 keV particles is explored. The same beam configuration is
retained, but the beam energy doubled. The kinetic profiles and magnetic perturbation amplitudes
are assumed to be identical to those that best represent experimental data of section 4.3.

Figure 16 shows the fast ion density profiles before and after the crash for both triangularities.
The density drop is larger for 25keV particles with both §. For 50keV particles, for 6 > 0 there
is little additional fast ion transport, and for § < 0 it is strongly reduced. For the latter the
precession time is reduced together with the additional transport. Furthermore, energetic particles
loss is significant from charge-exchange in TCV, so many particles do not slow down enough to
interact with the mode.

A similar picture can be shown by looking at the maximum variation of the canonical angular
momentum AP, in figure 17. With a similar perturbation amplitude, the maximal APy in both
cases is in the order of 10~%. For § < 0, figure 17a, the perturbation also has a large amplitude at
E = 50keV so that the perturbation acts before the particle is lost. In 6 > 0 case, the perturbation
is relevant below 20keV. Here, fast ions are lost through charge-exchange before their interacting
with the perturbation.
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Figure 16: Predictive modelling of 50 keV particles. (a) npr at 25keV for both § before and after
the crash (b) same figure with 50 keV particles
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Figure 17: Maximum AP, as function of (i, E). In § < 0 case (a), the perturbation reaches the
injection energy (50keV). In ¢ > 0 case (b) the perturbation has its maximum below 20 keV.
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This result is promising for future operation with high-energy neutral beam for TCV, where
any increase in fast ion transport is predicted to be small. With the TCV NBH upgrade, an
additional validation of the model will be possible based on the procedures outlined herein. The
assumption of similar mode amplitude for the two beam energies requires confirmation with the
help of experimental data, not yet available from TCV.

6 Conclusions

In this paper, additional fast ion transport generated by sawteeth crashes in TCV has been modelled
using the kick-model in TRANSP, and the simulations compared against experimental data in cases
with opposite triangularity.

Fast ion orbit bounce times in § < 0 are larger than for § > 0 with the same plasma equilibrium
profiles. This results from differences in the Shafranov shift. This impacts the resonance condition
that is of immediate interest when studying energetic particle resonance driven modes, such as
toroidal Alfvén eigenmodes.

The (1,1) ideal magnetic perturbation, modeled using KINX code, shows an innermost peak
for § < 0. This peak is closer to the core with respect to § > 0 configuration, and it may be caused
by changes in plasma current density distribution and changes in the plasma axis location. This
larger perturbation implies a larger fast ion transport for § < 0 that, in turn, impacts largely on
the fast ion plasma content. In similar conditions, but opposite ¢, the magnetic perturbation - V1)
dominates the fast ion transport, whereas the changes in equilibrium appear to play a marginal
role.

Two plasma discharges were developed and diagnosed for comparison of the modelling results
with experimental data. Difficulties in interpreting the FIDA data were seen due to strong mod-
ification of the D — « light induced by the sawtooth crash, partially invalidating the background
subtraction correction for the FIDA spectrum. The neutron drop rates with § < 0 are smaller
than § > 0 as the smaller background plasma changes. The estimation of the radial magnetic field
amplitude from pick-up and LTCC-3D probes gave a qualitative trend that was close to a simu-
lated scaling factor A = 10™%. Including modifications of the plasma background resulting from
sawteeth activity and this mode amplitude, it was possible to reproduce the experimental neutron
drop rates and the FIDA radial profile drop for § < 0, while a smaller amplitude of A = 107° was
sufficient for 6 > 0. The results herein suggest that (a) crashes for § < 0 impact less on plasma
performance (smaller neutron drop); (b) in TCV, the fast ion transport by sawtooth crashes is low
in both cases, but for 6 < 0 the interaction between the mode and the fast particles is stronger.
It is of interest to extend the results here obtained to other § < 0 devices, where the impact of
the sawteeth on background plasma and the energetic particle phase-space filled through NBH will
vary significantly.

In the final section, predictive simulation for 50keV ions were performed, that indicate that
the change in kinetic profiles again dominates for the neutron rates, whereas fast ion transport is
marginal. The magnetic perturbation has no time to impact on the fast ions, that are soon lost
to other processes. In 6 < 0, AP, is larger at higher energies, leading to the conclusion that fast
ion transport induced by sawteeth is higher in such conditions. The results obtained for 50 keV
particles will be validated against future experiments in TCV device.
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