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Abstract
We present observations, numerical simulations, and analysis from experiments in the Lithium
Tokamak Experiment-Beta (LTX-β) in which the electron temperature profile (Te(r)) shifts
from flat to peaked and a tearing mode is also destabilized when the average density (neave)
exceeds ∼1019 m−3. Flat Te(r) is obtained routinely in LTX-β, with a lithium coated,
low-recycling first wall, once the external fueling is stopped and density decays [Boyle et al
2023 Nucl. Fusion 63 056020]. In the present experiment, flat Te profiles can be sustained while
maintaining constant neave below a line averaged density threshold (neaveth) of ∼1019 m−3.
Above neaveth, Te(r) shifts from flat to peaked and a tearing mode is destabilized. Due to low
recycling, the achieved neave can be controlled precisely by external fueling and hence, a certain
threshold of the edge neutral inventory from the external fueling is experimentally manifested
through neaveth. The goal of the present work is to investigate the role of edge neutrals in
determining Te(r) and MHD stability in the unique low-recycling regime of LTX-β. Our
hypothesis is that the peaking of Te(r) beyond neaveth is due ultimately to the edge cooling by the
cold neutrals beyond a critical fueling flux. At lower fueling flux, flat Te(r) results in broader
pressure profile and lower resistivity, which in turn stabilizes the tearing mode. This hypothesis
is supported by edge neutral density estimation by DEGAS 2 code. Mode analysis by singular
value decomposition confirms the tearing mode structure to be m/n = 2/1 (m and n being the
poloidal and toroidal mode numbers). Linear tearing stability analysis with M3D-C1 predicts
that plasmas with neave > 1019 are highly susceptible to a n = 1 tearing mode. ORBIT
simulations, however, confirmed that the tearing modes do not contribute to the loss of fast ions
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from neutral beam injection. This study shows for the first time that the neutral inventory at the
edge could be one of the deciding factors for the achievability of the unique operation regime of
flat Te(r) and the excitation of tearing activity that could be disruptive for the plasmas.

Keywords: edge cooling, density control, tokamak, low recycling, MHD stability

(Some figures may appear in colour only in the online journal)

1. Introduction

It has been reported that flat electron temperature (Te(r)) pro-
files were obtained in Lithium Tokamak Experiment (LTX)
[1] and later in the upgraded Lithium Tokamak Experiment-
Beta (LTX-β) tokamak [2, 3], with a lithium coated first
wall. Due to strong hydrogen retention and lower recycling
of lithium, edge cooling can be minimized, and the plasma is
thermally decoupled from the wall, permitting the edge tem-
perature to approach the core temperature [4]. The resulting
low or zero temperature gradients eliminate thermal conduc-
tion, and energy losses become limited by particle diffusion
[5, 6]. Reduction or elimination of the core temperature gradi-
ent removes the temperature gradient driven instabilities like
micro-tearing mode [7–9], electron and ion temperature gradi-
ent modes [10–14]. Remaining sources of instability drive
include the density gradient [15, 16], and velocity space aniso-
tropies due to trapped particles [17–19]. With temperature
gradient driven instabilities being minimized and a bigger and
hotter temperature core, one can expect better confinement and
larger fusion volume, which can aid the viability of the com-
mercialization of fusion power.

In order to avoid the edge cooling effect by the cold edge
neutrals from wall recycling (which is suppressed in LTX-β)
and/or from the external fueling, flat Te profiles were obtained
earlier with very low density once the external fueling is
stopped [1]. However, for better plasma performance and for
any attempt of coupling neutral beam power to the plasma,
higher density operation is desirable. But, with increased fuel-
ing for increasing the plasma density, one can expect a reduc-
tion in the edge temperature due to edge cooling by the cold
neutrals puffed at the edge.

Edge cooling can pose another challenge for achieving bet-
ter performing plasmas. In the scenario of edge cooling and
associated current profile contraction, excitation of m/n = 2/1
tearing modes, where m and n are poloidal and toroidal mode
numbers respectively, has been reported in several tokamaks
worldwide [20–30]. Often the 2/1 mode is coupled with 3/1 or
3/2 modes. If these modes are allowed to grow and lock, that
can cause sudden loss of confinement and eventually plasma
disruption [20, 21, 28]. Rebut and Hugon [31] proposed a
plausible explanation of this phenomenon of tearing mode
excitation by edge cooling by invoking an extension to the
classical model of tearing modes where the modes are being
solely driven by current gradients. This extension considers a
thermal instability that can cause island cooling by radiation
and that in turn increased resistivity inside the island. As a
result, the island grows due to an enhancement in the helical

perturbation current. Later the Rutherford equation is extended
[32] with a radiation term and exponential growth of the island
is predicted. This phenomenologywas confirmed by the exper-
iments on Rijnhuizen Tokamak Project [33].

The goal of the present work is to investigate the role of
edge neutrals in exciting the tearing activity and achieving
flat Te profiles in LTX-β. It is observed in LTX-β that bey-
ond a line averaged density threshold (neaveth) of ∼1019 m−3,
the Te profile shifts from flat to peaked and a tearing mode
is also destabilized. Due to low recycling, the achieved neave

can be controlled precisely by external fueling by either high
field side gas puffing (HFS-GP) and/or supersonic gas injec-
tion (SGI) and hence, essentially a certain threshold of the
edge neutral inventory from the external fueling is experiment-
ally manifested through neaveth for tearing mode destabiliza-
tion. Understanding the criteria for the excitation of the tear-
ing modes is important as there are ongoing efforts in LTX-β
to optimize the achievability of the novel operation regime of
flatter Te profile, at higher and sustained densities with suit-
ably tailored fueling. As one of the objectives of operating at
higher density is to ensure better coupling and efficient heat-
ing by neutral beam injection (NBI), loss of the fast ions from
the neutral beam, due to the tearing activity, is also evaluated.
Once it is established that indeed the edge cooling through cold
neutrals at the edge, provided via edge fueling, is responsible
for the destabilization of the tearing mode as well as shift of
the Te profile from flat to peaked, scenarios where core fuel-
ing is achieved by either NBI or pellet injection may suggest
achievability of flat Te profile at reactor relevant densities.

It is worthwhile to note here that lithium as a first wall
will be liquid in a reactor. Hence, extremely high edge
temperatures would indeed be part of the proposed low-
recycling reactor approach, while the unique properties of
liquid lithium would make it feasible, as discussed in previous
works [5, 6, 34].

The paper is organized as follows. The experimental setup
is detailed in section 2 with emphasis on the LTX-β toka-
mak machine components, diagnostic suite available for the
study, fueling options and the plasma parameters of the rep-
resentative shots. In section 3, observation of the tearing mode
excitation and the mode characteristics are described. Neutral
inventory at the edge is evaluated with the DEGAS 2 code
in section 4. MHD stability analysis in different operation
scenarios of the experiment is performed using the M3D-C1
code in section 5. The effect of the tearing activity on the fast
ions is investigated with the ORBIT-Kick code in section 6
and finally the results are summarized and discussed in
section 7.
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Figure 1. Elevation of LTX-β. The shell is visible, with the inner
and outer toroidal gaps indicated, as well as one of the two poloidal
cuts (the two poloidal cuts are 180◦ apart). The poloidal field coils,
other than the Ohmic coil system, are color coded as blue, yellow,
red, green etc.

2. Experimental setup

2.1. The LTX-β tokamak

The LTX-β spherical tokamak, upgraded from its predecessor
LTX, has major radius R0 = 40 cm, minor radius a = 26 cm
(for an aspect ratio A = 1.6), elongation κ = 1.6, and modest
triangularity δ = 0.2–0.4. It has a toroidal field of 3 kG on the
axis. The maximum plasma current achieved so far is 135 kA
with the help of an expanded Ohmic power supply [3]. A shell,
constructed in four segments of a 1.5 mm stainless steel liner
explosively bonded to 1 cm thick copper, serves as the first
wall to the plasma. The shell is designed to accept interior,
plasma-facing coatings of lithium over the high-Z stainless
steel substrate. No low-Z materials (e.g. carbon) are employed
in the construction. The LTX-β plasma is not magnetically
diverted, but limited on the high-field side, lithium-coated sur-
face, of the shell. Primary access for diagnostics is through
the outer toroidal gap between shells. Full poloidal access is
provided at the two poloidal gaps in the shell structure. An
engineering view of LTX-β is shown in figure 1.

2.2. The relevant diagnostic suite for this experiment

There are 10 Mirnov probes in the toroidal array to measure
the poloidal magnetic fluctuations [35]. Further, there are 20

three-axes probes in the poloidal Mirnov array [36]. All the
probe signals are digitized at 100 kHz rate. One of the probes
from the toroidal array is acquired simultaneously at 3 MHz
rate. This probe will be referred to as ‘fast magnetic probe’
henceforth in this paper. The poloidal array probes are com-
missioned in the tokamak through re-entrant tubes inserted
from a top port, a bottom port and amid-plane port. Installation
of the probes in re-entrant tubes is required to accommodate
the probes in the presence of the LTX-β shell. These three-axes
probes are meant for simultaneous measurement in the axial
(to the re-entrant tube), perpendicular (to the axial probe) and
toroidal components of the magnetic fluctuations. Apart from
the Mirnov coils, there are flux loops, diamagnetic loops and
Rogowski coils for measuring the loop voltage, stored energy
and plasma and coil currents respectively [37].

The single Langmuir probe (SLP) [38] is mounted off-
midplane, away from possible interaction with runaway elec-
trons whose distributions typically peaked at the midplane.
The SLP is also mounted on a bellows drive, allowing the
probe to be inserted to different radial positions in the scrape-
off layer (SOL) past the PFC shells. Probe I–V traces are fit
to a four-parameter expression to account for sheath expan-
sion that results in non-saturation of ion current evident in the
probe data [38].

The LTX-B Thomson scattering (TS) system laser fires
once per shot and data from multiple repeated shots are gen-
erally averaged to measure electron density and temperature
profiles. The TS system is also used to measure time evolu-
tion while data from multiple shots are averaged at the same
time point to improve statistics. The profiles used in this work
are from the core TS system that measures up to 11 radial
points in the low field midplane, spanning from the nominal
major radius at 40 cm out to 62 cm, which is typically past
the last closed flux surface of an inboard limited discharge.
The density profiles are re-normalized based on the line aver-
aged density from the 1 mm microwave interferometer meas-
urement along the radial midplane.

An array to sample hydrogen Lyman-α emission is installed
in LTX-β for recycling and neutral density estimations [38].
The array comprises a commercial 20 element AXUV photo-
diode array and a 122 ± 2.5 nm VUV/UV narrow-band fil-
ter. The array is installed in the mid-plane and provides nearly
reflection-free measurements from the fan-geometry covering
more than half of the poloidal extent of the plasma.

2.3. Fueling techniques

There are two different fueling techniques available on the
LTX-β: a HFS-GP system and a supersonic gas injector SGI
system [38]. Unlike the HFS-GP system, which delivers a pro-
longed trail of cold neutrals following the actual puff, the SGI
system is capable of sharper, sub-millisecond gas pulses, as
evident from the sharper density rise following the SGI pulse
and instantaneous density fall due to wall pumping by the Li
coated shell. HFS-GP is mounted on the center stack a few cm
above midplane. SGI is mounted on a top port and is located
just outboard of themajor axis at 44.5 cm and the nozzle nearly
flush with PFC shell.
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Figure 2. Left: line averaged density and plasma current for the three cases; right: ne and Te profiles measured by TS system. Magnetic axis
and LCFS are marked with solid and broken vertical lines. Green bar on the left shows the time for the profiles. Te profile is reasonably flat
for the low and medium cases. Extreme low field side points for the medium case might be error prone. Error bars on the profiles represent
the multi shot standard deviation and fitting error for the TS data. Last Te point on the blue curve may be neglected as it is very close to the
LCFS and low signal level.

2.4. Plasma profiles

Line averaged density is progressively scanned on a shot-to-
shot basis in this experiment to study the excitation threshold
of the tearing mode and the flatness of the Te profile. Three
main densities are compared in this paper. One is much higher
than the threshold density below which the tearing activity
ceases. We call this the high-density case. The other one is
near the threshold density limit. We call it the medium-density
case. Finally, in the low-density case, the density is below the
threshold density. This density threshold is further detailed in
section 3. Plasma profiles, obtained from the TS diagnostic [3],
in the density flat-top phase, sufficiently away from the gas
puff are shown in figure 2. Note that the ne profile is always
peaked with not much change in the peaking factor, which is
the ratio of the maximum density in the radial profile to the
line averaged density. However, the average density can be
controlled precisely with fueling from the edge. In both the
low and the medium density cases, Te profiles are reasonably
flat, while in the high case it is peaked. This variation in the ne
and Te profiles provides a significant variation in the pressure
profiles for the high and low cases. Further, the flat Te profile,
and peaked ne profile also provides an appreciable variation in
the plasma resistivity (∝ T−3/2

e ) and collisionality (∝ ne/T2
e)

profiles across the plasma volume.

3. Tearing mode activity and density threshold

As stated in section 2.4, the line averaged density (neave) is
varied progressively from 2.2 × 1019 m−3 to 0.5 × 1019 m−3.
We are now looking mainly at the density quasi-flat-top phase.
Figure 3(a) shows the progressive neave decrease achieved by
adjusting the HFS-GP pulse length and frequency. The corres-
ponding Ip evolutions for these representative shots are shown
in figure 3(b). Evolution of Ip is similar for all the shots except

a small dip in the high-density shots. Figures 3(c)–(g) shows
the magnetic fluctuation spectrograms obtained from the fast
magnetics probe. It has been observed that at higher densit-
ies a strong tearing mode activity is excited in the frequency
range of 5–10 kHz just after the plasma current ramp-up phase
is completed. At higher densities, often multiple harmonics of
the mode are also visible in the spectrograms. As the density
is lowered in subsequent shots, the tearing mode activity turns
more and more intermittent and eventually ceases to appear
when neave goes below ∼1 × 1019 m−3. Similar results with
the same neave threshold for tearing mode destabilization is
observed with SGI fueling (not shown here) as well. However,
the tailoring of the HFS-GP and the SGI pulse trains is dif-
ferent for maintaining similar neave with these two types of
fueling techniques. It can be noted that the high-density cases
are susceptible to strong mode growth and mode locking with
subsequent disruptions as seen in the high neave plots and the
spectrograms in figure 3.

These experiments are done with partially passivated lith-
ium on the machine. Lithium coating on the shell is passivated
by previous plasma operations and residual gas, mainly form-
ing compounds with hydrogen (H) and/or oxygen (O). Later
the entire set of experiments are repeated with fresh lithium
coating too, but the threshold for the tearing modes to appear
seems to be robust at ∼1 × 1019 m−3. With fresh lithium,
the wall recycling is expected to be lower [39] and it requires
much more gas puffing or SGI pulses to achieve the compar-
able neave.

Once the density level for exciting the tearing mode is
determined, three specific neave cases are selected for further
analysis. A high-density case (neave ∼ 2 × 1019 m−3), a low-
density case (neave ∼ 7.4 × 1018 m−3) and a marginal density
case (neave ∼ 1 × 1019 m−3) near the threshold. As stated in
section 2.4, these will be referred to as the high-, low- and
medium-density cases respectively from now on.
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Figure 3. (a) line averaged density neave scan for studying the tearing mode evolution and threshold; (b) corresponding Ip evolution for the
representative shots; (c)–(g) magnetic spectrograms for the different density cases show that the tearing activity ceases once the line
averaged density goes below 1 × 1019 m−3. The red broken rectangle shows the relevant portion of the discharge evolution just after the
completion of Ip and neave ramp-up and up to the neave ramp-down or disruption.

Next, we attempt to determine the mode structure of the
observed tearing activity. Mode structure of the tearing activ-
ity is determined by singular value decomposition (SVD)
[40]. Implementing the SVD technique for the toroidal mode
number is straightforward as there are 10 probes in the tor-
oidal Mirnov array, well-aligned for the required measure-
ment. However, poloidal mode number analysis is not trivial
as several of the three-axes probes in the poloidal Mirnov
array are not specifically aligned to measure only the poloidal
component of fluctuations. This is because of the re-entrant
geometry of these probes. Hence, the poloidal component of
the magnetic fluctuations for each probe in the poloidal array
is obtained by vector addition of the axial and perpendicu-
lar components depending upon their orientation on the ves-
sel wall. In this way 12 of the 20 poloidal array probes are
usable as others are discarded either due to malfunctioning
of either the axial or the perpendicular probes at that loca-
tion or poor signal quality. Thus, time series from the 10 tor-
oidal and 12 usable poloidal array probes are used in the SVD
analysis. Prior to the SVD analysis the hardware integrated
Bθ signals are first corrected for any drifts by subtracting a
portion from the ‘without plasma’ phase and then subtracted
with a running average over 2 ms to isolate the fluctuating part
of the acquired signals. Thus, the frequency resolution avail-
able now in the pre-processed data is greater than 500 Hz.
Figure 4(a) shows the magnetic spectrogram of a represent-
ative high-density case (shot #104463). Corresponding time
evolution of the Ip, neave and the pulse train of the HFS-GP are
shown in figure 4(b). Figure 4(c) shows the singular values

plotted in log scale as a function of channels for the represent-
ative shot. Figures 4(d) and (e) show the spatial structure of
first two principal axes vs. channels, indicating the m/n = 2/1
mode structure for the observed tearing activity, wherem and n
are the toroidal and poloidal mode numbers respectively. The
toroidal and poloidal mode structures are shown by a single
peak and double peaks for the toroidal and poloidal array chan-
nels. As stated earlier, the poloidal mode number analysis is
non-trivial as a truly poloidally oriented Mirnov garland is not
available in LTX-β. In figure 4(e) the spatial structure of the
first principal axis suggests m = 2, while the spatial structure
of the second principal axis suggestsm= 3. Thus, we infer that
the toroidal mode number is certainly n = 1. However, given
the complexity in the diagnostics layout and thereby uncer-
tainty in the poloidal mode number analysis, the poloidal mode
number could be 2 or 3. An extreme case of m= 4 is also con-
sidered later in the M3D-C1 scans.

4. DEGAS 2 simulation of edge neutral density
variation

The neutral density profile at the edge is calculated by DEGAS
2 [41] simulations with the help of data from the TS, low field
side SLP, Lyman-α array, and magnetics. Toroidal, radial and
vertical magnetic field information (Bt, Br and Bz) are obtained
from PSI-Tri [42] equilibrium reconstructions. Profiles of ne
and Te are obtained from the TS data and Ti is assumed
to be Te/3. This assumption is based on the experimental

5
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Figure 4. (a) Magnetic spectrogram of one of the representative high-density shots; (b) time evolution of Ip, neave and HFS-GP pulses.
Shaded bar on the spectrogram indicates the time window for the analysis. Note that SGI and NBI are not applied in this shot; the broken
black horizontal line in (b) denotes the threshold neave of 1 × 1019 m−3 (c) the singular values are shown; (d)–(e) toroidal and poloidal
mode numbers (n and m) are estimated from the peaks in the spatial structures of first two principal axes corresponding to the first (red) and
the second (blue) singular values vs. toroidal and poloidal channels.

measurements of ion temperature by C VI spectroscopy in
similar shots. Here multiple similar discharges are averaged
for the TS data to minimize fitting uncertainties. Brightness
data for all the diodes in the Lyman-α array are used to con-
strain the DEGAS2 simulations. The ne and Te profiles in open
field lines of the SOL are interpolated from the TS data at
the edge and the SLP in the SOL. Finally, the geometry file
is constructed to represent the wall, last close flux surface
and the flux surface coordinates respectively. Figure 5 shows
the time evolution of the brightness in two channels of the
Lyman-α array, one more towards the core and the other more
towards the edge. These two channels are shaded in purple in
the diagnostic viewing geometry on the left. It can be observed
that the core channel shows a fast rise and saturation in the
brightness signal, while the edge channel shows a steady rise
with time. The increase in emission after 460 ms denotes the
increase in density. Further, the rise in brightness for the high-
density case (magenta) is significantly higher compared to the
medium (blue) and low-density (green) cases respectively.

DEGAS2 simulation shows significantly high neutral
inventory buildup in the high-density case compared to the
medium and low-density cases, as shown in figure 6. This sup-
ports our hypothesis that the excess neutral inventory in the
high-density case is causing the edge cooling and peaking of
the Te profile. This edge cooling might be a plausible explan-
ation of the excitation of the tearing mode [20, 28] as well.

These discharges were initiated on partially passivated lithium
PFCs, with at least 4 months old lithium coatings, plenty of
time for the lithium on the shells to passivate [43]. Flat temper-
ature profiles were observed in-spite of that, indicating some
reduction in recycling. Further, analyses comparing discharges
with partially passivated Li and fresh Li PFCs indicate a rel-
ative reduction of ∼70%–80% in recycling coefficient from
passivated to fresh Li PFCs [39].

5. Tearing stability with M3D-C1

The classical tearing stability of these shots is analyzed with
the M3D-C1 extended-MHD code [44] using a linear, single-
fluid resistive model including a model of the conducting wall.
Here the two extreme cases (high- and low-density) are con-
sidered. First, the equilibrium reconstruction obtained from
the PSI-Tri code is solved again using the internal Grad–
Shafranov solver within M3D-C1 to ensure a smooth equilib-
rium. Figure 7 shows the equilibrium toroidal current density
(Jϕ) distributions, the safety factor (q) and the pressure (p) pro-
files of the reconstructed equilibria for the two cases. Because
the Grad–Shafranov solution depends on the pressure but not
on the density and temperature separately, the experimental
Ti, Te, and ne profiles need to be provided to M3D-C1 in order
to get an accurate resistivity profile. This step is particularly

6
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Figure 5. Left: viewing geometry and line of sights (LOS) for the Lyman-α array overlaid on a poloidal cross section of the LTX-β and the
medium density shot’s equilibrium reconstruction during the density flat-top. The magenta LOSs denote the core (D10) and edge channel
(D20); right: time evolution of the line integrated Lyman-α signal in the core (top) and edge (middle) chords and their difference (bottom).
The above, near and below labels correspond to high, medium and low-density cases.

Figure 6. Neutral distribution calculated from the DEGAS2 for the three cases shows significantly higher neutral inventory at the edge for
the high-density case. The discharges primarily limit on the high field side. DEGAS2 predicts neutral density buildup at the top and bottom
where open field lines intersect with the shells at oblique angles.

important to represent the nearly flat Te profile scenario for
the low-density case. Figure 8 shows the adjusted profiles for
the M3D-C1 simulations and the experimental profiles for the
high and the low-density cases.

In the first set of simulations a single-fluid resistive MHD
model with no equilibrium rotation and no conducting shell
are considered. Further, Spitzer resistivity is assumed. In these
calculations, we only consider the n = 1 modes, which are
independent from other toroidal mode numbers because the
equilibrium is axisymmetric. In this model both equilibria are
observed to be unstable to a n = 1 mode as shown in the
toroidal current density (Jφ) and p contours in figure 9. The
growth rate of the n = 1 mode is ∼10 times more in the high-
density case compared to the low-density case.

The n = 1 mode is found to be unstable (the energy grows
exponentially) and has broad poloidal mode spectrum and
broad radial extent in both these cases as shown in figure 9

(bottom panels). This broad poloidal spectrum is not evid-
ent from the experimental observations. It might be the case
that the saturated state is dominated more by a single pol-
oidal mode number, but this will require nonlinear simula-
tions. It is also the case that the magnetic diagnostics will pref-
erentially detect lower-m components since these components
decay more slowly with distance from the plasma. In general,
the internal poloidal mode spectrum is challenging to meas-
ure with magnetics diagnostics in toroidal devices, especially
at low aspect ratio, due to the radial dependence of the spec-
trum. The mode is calculated to grow on resistive timescales,
with growth rates significantly lower than an inverse Alfvén
time. In the high-density case, the mode seems to have an
ideal-like character at the 2/1 surface, with the normal, reson-
ant component of the perturbed magnetic field nearly vanish-
ing at the mode-rational surface, but the eigenmode is funda-
mentally resistive, with nonzero resonant components at other

7
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Figure 7. Left: reconstructed equilibrium Jϕ of the high and low-density cases in the M3D-C1 code; the green and red contours represent
the outer and inner surfaces of the copper shell in the M3D-C1 model. Note that while these regions are continuous, the poloidal breaks are
included in the model by introducing a large resistivity at the position of the breaks. Right: safety factor (q) and pressure (p) profiles as a
function of the normalized flux coordinate (ψN) for the high and low-density cases. Note that the q-profile shows significant variation,
though available measurements do not provide any local constraints on the current density profiles.

mode-rational surfaces and with a resistive-timescale growth
rate that scales with the plasma resistivity.

In the next set of simulations, a conducting shell is added.
The conducting shell in the model is modeled as axisym-
metric and does not include the toroidal cuts (the poloidal
gaps at the midplane are included by treating these as wall
regions with very high resistivity). Therefore, this model likely
overestimates the stabilizing effect of the shell. Indeed, it is
observed that the presence of the conducting shell is stabil-
izing in both cases. However, the growth rate of the n = 1
mode is still more than twice as large in the high-density case
compared to the low-density case. Finally, rotation is added
in the third set of simulations. The plasma rotation velocity
is not well diagnosed in LTX-β, so here we arbitrarily con-
sider the case in which the kinetic energy density from rota-
tion is 1% of the thermal energy density at the magnetic axis:
1
2miniR2

0ω
2 = 0.01p. Thus,ω (ψ )∼

√
p(ψ )
n(ψ ) . Heremi is the ion

mass, ni is the ion density, R0 is the major radius, ω is the tor-
oidal angular rotation frequency, and p is the pressure. In dis-
charges 105 923 (high-density) and 105 931 (low-density) this
yields a rotation frequency at the magnetic axis of 32 krad s−1

and 6.2 krad s−1, respectively. Note that, since LTX-β does not

have data from rotation diagnostic at present, we chose these
rotation profiles to explore the potential effect of rotation on
the stability of these modes. We picked a value for the mag-
nitude of the rotation that we expected to be fast enough to
have an impact on resistive modes but not so large as to affect
the equilibrium. However, to put this choice of rotation into
perspective, it can be mentioned here that the mode rotation
frequency observed in figure 3 is ∼6 kHz (or ∼38 krad s−1).
In this case, the mode in both the high- and low-density cases
stabilizes with the addition of rotation. Both the cases appear
to be in the ‘resistive plasma/resistive wall’ regime. Figure 10
shows that the stabilizing eddy currents become visible with
the addition of the conducting wall and rotation.

Table 1 shows the scans performed with the conducting
shell and plasma rotation for both of these cases. Both cases
have decent growth rates of the n= 1 mode in the ‘no conduct-
ing shell’ and ‘no plasma rotation’ simulations. However, the
growth rate in the high-density case is about an order of mag-
nitude higher compared to that in the low-density case. This
indicates that the flatter Te profile, which is achieved due to
lesser edge cooling, might be stabilizing the mode growth in
the low-density case. This is consistent with the experimental
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Figure 8. Left panels show the input profiles for the M3D-C1 simulations. Right panels show the experimental profiles from the TS system.
LCFS is at 63 cm.

Figure 9. Top row: mode structure visible in both the high (left) and low-density (right) shots in the respective current density and pressure
perturbations; bottom row: amplitude of the various poloidal Fourier components of the normal component of the perturbed magnetic field
as a function of radius. Mode rational surfaces are indicated by the vertical dashed lines.

findings. Given that the growth rate of the n = 1 mode is sig-
nificantly lower in the low-density case and the added rotation
is also significantly lower in the low-density case, compared

to the high-density case, the low-density case is more likely to
get stabilized with the addition of the conducting shell and the
plasma rotation.
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Figure 10. Mode structure in the current density perturbations.
Stabilizing eddy currents are visible in the simulation that includes
conducting shell and plasma rotation.

Table 1. Detail of the scans with conducting shell and plasma
rotation.

Conducting shell Plasma rotation

Growth rate

High-density Low-density

No No 5.6 kHz 0.6 kHz
Yes No 0.7 kHz 0.3 kHz
Yes Yes <0 (stable) <0 (stable)

Destabilization of the tearing activity can be due to the
difference in either the pressure profile, or the q profile or
both and resistivity. To ascertain further the effect of q pro-
file in terms of the stabilizing effect on the tearing activity, we
scanned down the q profile of the high density shot to match
the q profile of the low density shot as closely as possible. In all
the scans henceforth, the cases shown in figure 9 are taken as
starting points and the effects of conducting wall and rotation
are excluded. This is done using the Bateman scaling which
essentially scales the toroidal field while keeping the current
profile fixed [45]. Also, in the process, the ne, Te, Ti and total
pressure profiles did not change.

Figure 11(a) shows the original (solid black) and scaled
(broken black) q profiles for the high-density case and the q
profile from the low-density case (red). The scaled q profile
for the high-density case and the q profile of the low-density
case matches well in terms of q0 and q95 but not exactly in
the rest of the normalized flux coordinates. This is the best
that can be done while keeping the current profile fixed and
keeping q0 > 1 to avoid introducing an internal kink mode.
Figure 11(b) shows the magnetic shear (S= rdq

qdr ) for the same
three cases. The S profiles from the original low-density case

and either of the original high-density or the q adjusted high-
density cases match closely with each other till ψN = 0.7. This
close match in S profiles ensures that the q-scan performed
here addresses the dependence of the growth rate on the q pro-
file (and hence S) adequately. It can be noted here that the mag-
netic shear itself cannot be varied independently in the simu-
lation and hence, a magnetic shear scan is not trivial. Further,
the ne, Te and p profiles of these cases are also shown in
figures 11(c)–(e). Note that the ne, Te and p profiles for scaled q
profile high-density case (broken black) coincide exactly with
the original high-density case (solid black). The growth rates
of the three cases are shown in the table in inset. With the
scaled down q profile for the high-density case, the growth rate
increases even more and now the growth rate in the scaled q
profile high-density case is ∼15 times that of the low-density
case. This further suggests that the stabilization of the tearing
mode in the low-density case is indeed due to the change in
the resistivity or the pressure profile, mainly influenced by the
achievement of the flat Te profile.

To investigate further the effect of the flat Te profile on the
growth rate of the tearing mode, another scan is done with the
low-density case where the Te profile is modified to a peaked
profile. In this case, the p profile and the q profile are kept con-
stant. Consequently, the ne profile also changed to accommod-
ate for the peaked Te profile with lower central electron tem-
perature. Figure 12 shows the original (red. solid) and modi-
fied ne and Te (red, broken) profiles and a comparison of the
growth rates. Growth rate of the tearing mode increases by
∼5 times when the Te profile is modified to a peaked pro-
file from the original flat profile. Note that this is a resistive
tearing mode as discussed earlier and hence, is expected to
grow with resistivity. With flatter Te and lower ne, one can
expect a weaker growth of the mode as resistivity decreases
substantially. However, there are still two effects that appear to
destabilize (stabilize) the tearingmode in the high-density case
(low-density case), like the flatness of the Te profile (and hence
the pressure profile) and the resistivity. Both these factors
could be responsible for this effect and inter-related, while one
could be more dominant than the other.

To demonstrate the dominant factor between the change in
resistivity and Te profile variation (peaked or flat) and hence
pressure profile variation, another scan is performed. Here the
low-density case is taken, and the resistivity is scanned arti-
ficially without modifying the q-profile or the ne, Te profiles.
First, we tried to match the resistivity of the low-density flat
Te case with the low-density peaked Te case from the last scan
shown in figure 12. Resistivity is matched at ψN = 0.61 which
is the q = 2 surface for the low-density case. The growth
rate obtained (2.8 kHz) matches exactly with the low-density
peaked case. Hence resistivity variation is indeed a major
factor as expected.

To determine whether the pressure peaking affects the
growth rate separately from the resistivity, we scanned the res-
istivity of the low-density flat Te case, such that the resistiv-
ity matches at ψN = 0.54 and ψN = 0.7 with the resistivity
of the high-density case. Note that ψN = 0.54 and ψN = 0.7
are the q = 3 and 4 surfaces of the high-density case respect-
ively. The q = 4 match is included to account for the extreme
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Figure 11. (a) and (b) The original and scaled q profiles and magnetic shear (S) profiles for the high-density case and the q and S profiles
from the low-density case; (c)–(e) ne, Te and p profiles of these cases. Note that the ne, Te and p profiles for scaled q profile high-density
case (broken black) coincide exactly with the original high-density case (solid black).

Figure 12. Original (solid) and modified (broken) ne and Te profiles to show the change in tearing mode growth rates as an effect of the shift
Te profile from flat to peaked. The growth rates are shown in the bottom panel.
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Figure 13. Resistivity (η) for low-density and high-density original cases are shown along with low-density peaked Te case and η—scans of
the low-density case while match at different mode rational surfaces. Inset shows the legend of the plots and the respective growth rates of
these cases.

uncertainty case in determining the poloidal mode number of
the tearing mode as discussed earlier in section 3. Note that
in these scans, the resistivity is significantly larger than in the
high-density case at ψN = 0.2, which is the location of the
q = 2 surface. Figure 13 shows the resistivity scans and the
growth rates in the inset. When the resistivity is matched at
the q= 3 surface (ψN = 0.54) the growth rate is only 2.8 kHz,
a factor of 2 lower than the growth rate for the high-density
case (5.6 kHz). Even for the extreme case of resistivity match-
ing at q = 4 surface the growth rate is 5.2 kHz, which is still
lower than the high-density case. This shows that the flatten-
ing of the pressure profile resulting from the flat Te profile sta-
bilizes the tearing mode independently from the reduction of
resistivity.

Finally, to emphasize the effect of profile flatness on the
growth rate, we started with the high-density case where the q-
profile is adjusted to resemble the q-profile of the low-density
case. This case is shown earlier in figure 11 and has a growth
rate of 8.7 kHz. Now we decreased the resistivity of this case
such that the resistivity matches with that in the original flat Te
profile low-density case at the mode rational surface of q = 2.
The obtained growth rate in this η-adjusted case turns out to
be 2 kHz. Hence, the growth rate is 4.5 times less than the
modified-q high-density case (8.7 kHz) but 3 times more than
the original flat Te profile low-density case (0.6 kHz). This res-
ult emphasizes the observations as: (1) the decrease in resistiv-
ity shows a 4.5 time decrease in the growth rate, so, for a given
q profile, resistivity is an important factor for the stability of
the tearing more, as expected for resistive tearing modes and
(2) since the main difference is in the pressure profile, due to
the difference in the ne and Te profiles and more precisely, the
flatness of the pressure profile, mostly due to the flatness of
the Te profile, once the q profile and the resistivity at the mode
rational surface are similar, the flat Te profile is even more sta-
bilizing for the tearing modes as the growth rate in this new
resistivity-adjusted high-density case is still three times more
than the flat Te low density-case.

To summarize the scans, growth rate depends on three main
factors: the q profile, the resistivity at the mode rational sur-
face and the flatness of the pressure profile. Now, Te and the
corresponding ne can influence two of these three factors as
the resistivity and the flatness of the pressure profile. For the
same pressure profile and resistivity at the mode rational sur-
face, a flatter q profile will provide higher growth rate (refer to
figure 11). Given the q profile and the resistivity at the mode
rational surface are similar, a more peaked pressure profile can
result into higher growth rate (refer to the comparison of ori-
ginal low-density case and the q- and η-adjusted high-density
case). Finally, if the q profile and the pressure profile are sim-
ilar, higher resistivity at the mode rational surface will result
into higher growth rate (refer to the η-adjusted low-density flat
and peaked Te cases). A flatter Te profile will provide a flatter
pressure profile and/or a lower resistivity at the mode rational
surface, thus stabilizing the tearing mode.

6. Study of fast-ion loss due to the tearing activity

Loss of fast ions by tearing modes is a matter of great con-
cern in future reactor grade plasmas as fast ions are expected
to play a vital role in self-sustaining ignition. In LTX-β, how-
ever, the concern is solely about the confinement of the fast
ions produced by the neutral beam and hence the efficiency of
the neutral beam heating. To study the possible effect of tear-
ing mode activity on the fast ion confinement we started again
with the PSI-Tri generated kinetic equilibria and generated the
magnetic field perturbation (δBr/B) representing a 2/1 mode in
the ORBIT code [46], as shown in figure 14(a).

The mode amplitude is scaled in ORBIT to quantify the
fractional loss of fast particles as a function of the mode
strength. The initial fast-ion distribution is taken from the
NUBEAM-TRANSP [47] run for a representative neutral
beam injected shot. It has been observed that very few
fast particles (<5%) are lost even at large mode amplitude,
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Figure 14. (a) Poloidal cross section with contours of the radial magnetic field perturbation normalized to the background field for a 2/1
tearing mode. Amplitude corresponds to a normalized A = 1 in ORBIT. Green crosses indicate fast ions lost on the wall. The dashed line
shows the LCFS and the solid line the shells. Colored lines indicate orbits for co-passing (red), stagnation (black) and trapped (light blue)
NB ions with energy ∼12 keV. While ORBIT computes the particles’ orbit using a guiding-center approach, reconstructed full-orbits are
shown including the instantaneous particle location accounting for finite Larmor radius. (b) Lost NB ion fraction as a function of the
normalized tearing mode amplitude. (c) Core fast ion distribution from NUBEAM (contour lines). Green crosses indicate fast ions that are
eventually lost following interaction with the 2/1 tearing mode.

corresponding to a perturbation of the radial magnetic field
δBr/B ∼ 10−3 with respect to the equilibrium magnetic field
(see figure 14(b)). This is mainly due to the large orbits of the
fast ions because of the low magnetic field, which is a charac-
teristic of spherical tokamaks like LTX-β. Hence, even if the
fast ions are affected locally by the mode islands, they are not
thrown out of the plasma.

Based on ORBIT simulations, co-passing and stagnation
orbits are the most affected by tearing activity, while trapped
particles are not because of the limited spatial overlap between
fast ion orbits and peaks of the perturbation. Incidentally, finite
orbit width (FOW) effects, captured by the guiding-center
formalism adopted in ORBIT, seem to be more important than
finite Larmor radius (FLR) effects for this scenario. For the low
magnetic field of LTX-β, fast ion orbit widths can be compar-
able to the extent of the radial perturbation caused by tearing
modes, while the Larmor radius—although it is a significant
fraction of the minor radius—typically remains smaller than
that (figure 14(a)). Future simulations will further explore the
relative significance of FOW vs. FLR effects in LTX-β and
other compact ST configurations. Only for relative perturb-
ation amplitudes δBr/B ∼ 10−2 or larger significant fast ion
losses are observed, mostly affecting co-passing particles with
energy>7–8 keV (see figures 14(b) and (c)). However, should
the mode achieve such a large amplitude, those amplitudes
are likely to result in locking and disruption of the plasma,
which is clearly of greater concern than fast ion confinement.
In future studies, loss and redistribution of thermal ions due
to tearing activity will be also evaluated in the same way with
the ORBIT code by suitably replacing the fast ion distribution
with bulk ion distribution.

7. Summary and discussions

The role of neutrals in determining the MHD stability of the
plasma in LTX-β is investigated. Further, the role of neutrals is
documented for the first time at the edge/SOL of the plasma in
determining the achievability of the flat Te profiles. Note that
the achievability of the flat Te profiles is a unique feat demon-
strated earlier by ultra-low wall recycling regime of operation
in the LTX-β tokamak. Strong interplay between theMHD sta-
bility and achievability of flat Te profile, in response to the edge
neutral inventory is established. It has been observed that bey-
ond a critical limit of fueling, the Te profile tends to peak and
the neutral inventory at the edge grows significantly as con-
firmed by DEGAS2 simulations. As a result of the enhanced
neutral inventory of the edge, the edge Te cools off consider-
ably resulting in a peaked Te profile. Further, the edge cool-
ing phenomena excites strong resistive tearing activity which
has the potential to cause confinement degradation and even-
tually disruptions. The tearing mode characteristic is analyzed
with SVD technique to indicate the m/n= 2/1 structure. It can
be noted here that the toroidal mode number is inferred cer-
tainly as n= 1. However, due to the complexity in the poloidal
Mirnov array layout and thereby uncertainty in the poloidal
mode number analysis, the poloidal mode number could be 2
or 3. An extreme case of m = 4 is also considered later in the
M3D-C1 scans.

The unique low recycling operation regime of LTX-β
provides the opportunity to comprehensively document the
role of neutrals, which is otherwise difficult in present-day
tokamaks operating with high recycling coefficients. The
reason behind this success is that in LTX-β, density can be
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evolved in a much more controlled fashion with external fuel-
ing techniques when the wall with low recycling coefficient is
pumping out strongly. Due to low recycling from the walls,
the critical fueling limit for edge cooling, Te profile shift from
flat to peaked and excitation of tearing mode is manifested
much more precisely as a neave threshold in the experiments
in LTX-β, in contrast to other operational present-day toka-
maks. Fueling the reactor grade plasmas, which manifests
collision-less or low collisionality (and high opacity) regime,
from the edge is a challenge and the behavior of the edge
and pedestal in response to edge fueling under these con-
ditions is an outstanding issue. Earlier, integrated core-edge
plasma simulations of ITER scenarios showed that at higher
electron density, reduced ionization inside the separatrix will
strongly limit the formation of the pedestal density profile [48].
However, recently, SOLPS-ITER simulations for Alcator C-
Mod in ITER-like opaqueness conditions revealed that elec-
tron density pedestal structure will not be affected by increased
edge fueling [49]. Our results of destabilization of the tearing
mode and change in the Te profile due to edge fueling might
add to the perspective of MHD stability of low-collisionality
regime of operation with edge fueling.

M3D-C1 simulations predict that both the high and the low-
density plasmas are prone to the excitation of the m/n = 2/1
tearing mode and thus supporting the experimental observa-
tions. Consistent with the experimental findings M3D-C1 pre-
dicts that the high-density case is ten times more susceptible to
the mode growth compared to the low-density case. Resistive
character of the tearing mode is established as the growth
rate scales with plasma resistivity. Further, the stabilizing
role of conducting wall and plasma rotation is also observed.
However, since the growth rate is∼10 times lower for the low-
density case, compared to the high-density case, even when
the conducting wall and plasma rotation are not included, sev-
eral scans are performed with M3D-C1 to untangle the effects
of the other major factors that can influence the growth rate.
These factors include, the pressure profile, the q profile (and
hence the magnetic shear) and resistivity.

A q profile scan for the high-density case shows that the
growth rate of the mode is even larger if the q profile of
the high-density case is scaled as closely as possible to the
low-density case. Note that in this q profile scan, the mag-
netic shear is matched appreciably well (up to ψN = 0.7)
between the high-density case (both original and q-adjusted)
and the low-density case. The magnetic shear itself cannot
be varied independently in the simulation and hence, a mag-
netic shear scan cannot be performed. Further, the scan show-
ing a shift of the Te profile from flat to peaked results in a
five-fold increase of the tearing mode growth rate in the low-
density case. Hence, the difference in the pressure profile for
the low-density case, mostly influenced by the flatness of the
Te profile, could be a plausible reason behind the stabilization
of the mode in the low-density case, compared to the high-
density case. The mode growth in the high-density case could
be strongly enhanced by the peaked Te profile, observed due
to edge cooling by the larger neutral inventory at the edge.

To gain further insight into this observation, a few more
scans are performed. First the resistivity of the original flat

Te profile low-density case is increased artificially to match
the resistivity of the peaked Te profile low-density case at the
mode rational surface and the growth rate was found to match
the peaked Te profile low-density case. This shows that res-
istivity is indeed a governing factor as expected for the resist-
ive tearing modes. Then the resistivity of the original flat Te
profile low-density case is increased to match the resistivity of
the high-density case at mode rational surfaces at q = 3 and
q= 4. Here the resistivity is much higher than at the q= 2 sur-
face. Themode growth in this scan increases but remains lower
than the high-density case. This indicates the importance of
the flatness of the pressure profile, mainly due to the flatness
of the Te profile. Finally, the case where the q-profile of the
high-density case is adjusted to match that of the low-density
case is taken and the resistivity is adjusted to match that of
the low-density case at the mode rational surface (q = 2). In
this case the growth rate decreases but remains much higher
compared to that in the low-density case. We can infer from
these scans that the flatness of the Te profile not only lowers
the resistivity at the mode rational surface but also provides the
flatness of the pressure profile. Thus, a flat Te profile is more
likely to stabilize the tearing mode growth rate through these
two factors.

These observations might lead to the conjecture that if the
edge cooling via edge neutrals can be minimized, say by some
means of core fueling like pellet injection, flat Te profile can
be achieved even in the high-density case and consequently
tearing modes can be stabilized. Core fueling via pellet injec-
tion is not trivial in LTX-β, given the small volume of the
plasma. However, achieving flat Te profile and stabilization
of tearing activities through broader pressure profile could
very well be possible in bigger tokamaks or reactor grade
machines via core fueling, if the low wall recycling route
is explored. As stated earlier, this route can then serve as a
game changer for compact fusion endeavors like the proposed
fusion pilot plant [50, 51] because flat temperature profiles
will ensure reduced temperature gradient driven turbulence
and turbulence driven transport, and hence improved con-
finement and bigger plasma volume conducive for fusion to
happen.

Last but not the least, even though these tearing activ-
ities could be disruptive in the high-density plasmas, yet
they pose no significant threat to the fast-ion population
from the neutral beam as confirmed by the ORBIT-Kick
simulations. This is attributed to the large fast-ion orbits
due to the low magnetic field of the spherical tokamak
LTX-β.
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