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Abstract The onset conditions for the m/n=2/1 neoclassical tearing mode (NTM) are studied in
terms of neoclassical drive, triggering instabilities, and toroidal rotation or rotation shear, in the
spherical torus NSTX [M. Ono, et al., Nuclear Fusion 40, 557 (2000)]. There are three typical
onset conditions for these modes, given in order of increasing neoclassical drive required for
mode onset: triggering by energetic particle modes, triggering by edge localized modes, and
cases where the modes appear to grow without a trigger. In all cases, the required drive increases
with toroidal rotation shear, implying a stabilizing effect from the shear.

PACS #s: 52.35.Py, 52.55.Fa

1: Introduction

The neoclassical tearing mode (NTM) [1] is a beta-limiting instability in tokamaks: when
a magnetic island forms, rapid parallel transport causes pressure flattening across the magnetic
island, leading to a reduction in the pressure driven bootstrap current which then further increases
the island size. NTMs are likely to be a dominant performance limiting instability in large
tokamaks like ITER if mitigation techniques are not implemented [2]. Experimental results in
NSTX and MAST [3] show that these modes also exist in a spherical torus (ST) [4] despite more
favorable field-curvature effects [S], and must be accounted for in ST performance predictions as
well.

There are many issues in extrapolating our present understanding to larger and more
slowly rotating plasmas, either at conventional aspect-ratio or in a ST, two of which are addressed
in this letter: 1) what instabilities can trigger the nominally metastable NTM, and ii) what is the
role of rotation or rotation shear in setting the onset threshold? With regard to triggers, many
advanced operational scenarios in the ST or conventional tokamak rely on sawtooth avoidance
(with gmir>1) or control [6] to avoid triggering these modes; however, other modes such as fish-
bones [7] or edge localized modes (ELMs) [8] have been seen to trigger NTMs in conventional
aspect ratio tokamaks. With regard to rotation, its role in setting the 2/1 NTM onset threshold in
DIII-D was presented in Ref. [8], which utilized that device’s unique ability to control the plasma
rotation through the co-/counter- neutral beam injection mix. It was found that with all other
parameters fixed, the value of By (Bn=PaB1/Ip) at mode onset was reduced as the plasma rotation
slowed. While data analysis indicated that the toroidal rotation shear at q=2, rather than the
rotation magnitude, was likely the relevant parameter, the strong co-linearity between rotation
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and rotation shear made it difficult to separate the relative contributions. It is the purpose of the
present letter to describe similar experiments in the National Spherical Torus Experiment (NSTX)
[9], where analysis of a large number of discharges allows the demonstration that flow shear
plays the important role in influencing the 2/1 onset threshold.

2: Definitions and data set selection

The formulation in the NTM problem in this letter is based on the Modified Rutherford
Equation (MRE) [10], which describes the time evolution of a width w island, with r, the radius
of the resonant surface and tR=u0rs2/ 1.22Mueo (Mueo 18 the neoclassical resistivity):

Ty dw , CBSMOL({ . ( w ww;ol ) 6D R

— =A% Fps| — 2T 3 o

r’odt B, wr+wr whew) \/WZ +0.2w3
Here, A’ is the classical tearing stability index [11]. The term proceeding the parenthesis
represents the drive due to the lost bootstrap current (djgs) inside the magnetic island. For the

analysis described here, the missing bootstrap current is calculated from the formulas in Ref. [12]
as

)

1 dp 1 dT
I — <+ L, ——=
5 (W)Pe( 31pe dy 32Te dw) , (2)
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where the terms I(1), L3, and Ls, are defined in that reference, p. and T, are the electron pressure
and temperature, and ¢ is poloidal flux. Defining the drive as oL, Ol , compared to the global fx

Bﬂ
or local Bp, is a more accurate representation of the local NTM physics when discharges with
varying profiles are compared, provided that high-quality equilibrium calculations exist. The Dy
term represents the stabilizing effects of field line curvature [1].

The terms wq, Wpo1, and wy, describe stabilizing effects relevant for small islands (see Ref
[1] and references therein). Of particular interest in this rotation-oriented study is the wy, term, a
characteristic size for the polarization current effect [13] given by:

., QQ-o))
Woot ®Pip = 53 3)
Here, Q=0umimov-WE—o 1 the frequency of the mode in the E,=0 frame and w,;* are the
diamagnetic drift frequencies of electrons and ions (see Ref. [14] for details and definitions). This
term is predicted to be stabilizing for 0<Q< w;*, but destabilizing in the regime Q<0, indicating a
means for rotation to impact the stability at onset.

Rotation can enter the NTM problem through three additional routes [8]: i) the absolute
value of toroidal rotation may play a role through coupling to error fields and the resistive wall,
ii) differential rotation between surfaces can modify coupling to triggers and iii) both rotation
shear and differential rotation may modify the classical tearing stability, through either A’ or
inner-layer effects. Here, the normalized toroidal rotation shear is defined as -2mLto(dF1/dr)
[15], where Fr is the toroidal rotation frequency in Hz, Li=qL,/e, Ly=q/(dq/dr), € is the difference
in magnetic fields strengths between the inboard and outboard midplane normalized to their sum,
‘cA=R0(uomini)1/ 2/Byo with Ry the geometric axis, Bro the vacuum toroidal field on axis, and m; and

n; the ion mass and number density, and rea / ¥-v,, Wwith a the minor radius.
UJM/& - Ipedgc

The results presented here come from high-elongation (x), high-triangularity (8) lower-
single-null plasmas, heated by neutral beams injecting parallel to the plasma current, and
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satisfying the following parameters: 900k A<Ip (plasma current)<1000kA, 2.1<k<2.4, 0.6<8<0.8,
0.55<]; (internal inductance)<0.8, 4<Pj;; (injected power, MW) <6.5. Furthermore, the

collisionality, defined as . _ 520n,(10"m™)Rq [16], is limited to the range 0.05< v, *<0.1. There

i 83/27;2(6‘/)
are no sawteeth, with qu;, greater than, but approaching, 1 through the discharge; 2/1 modes
triggered by sawteeth have not been observed, though this may result simply from the general
avoidance of sawtoothing discharges due to the rapid flux consumption in those cases. A large
variety of rotation profiles are present in the 47 shot database, due to a wide range of applied non-
resonant magnetic field n=3 rotation braking [17] and varying neutral beam input powers.

3: Examples of triggers

A common set of features distinguish these n=1 modes in NSTX. Although the mode
frequency immediately at onset may not match the q=2 rotation frequency inferred from charge
exchange spectroscopy and equilibrium reconstruction, the two frequencies quickly approach
each other and the saturated mode frequency closely tracks the q=2 rotation frequency thereafter.
Flat spots become visible in the electron temperature profile at the q=2 surface, and in the fully
evolved state, the initially peaked rotation profile becomes flat inside of q=2.

There are, however, multiple mechanisms responsible for the onset of the mode. NTM
growth has been observed in NSTX from at least three mechanisms: chirping energetic particle
modes (EPMs), ELMs, and “triggerless” cases where the mode grows with no discernable trigger.
Examples of each case are illustrated in Fig 1, where each column corresponds to a different
discharge and trigger type. The spectrograms in the top row are computed from the frequency
content of a single Mirnov coil signal, while the toroidal mode number identification is done by
phase analysis of toroidally separated coils. The mode amplitude evolution in the middle row is
determined by following the zero-crossings of the filtered difference of two Mirnov coils
separated toroidally by 180°, i.e. discrimination for odd-n pickup. The bottom row shows the
divertor D, emission and D-D neutron emission, along with the value of By at mode onset; the no-
wall n=1 By limit is typically in the range 3.8-4 for this class of discharges.

The first column shows an example EPM trigger case. A series of sharp neutron-rate
drops is visible near t=0.56, indicative of the rapid loss of fast ions, and a weakly growing mode
is apparent at t=0.58, though it dies away. The final 2/1 mode strikes at t=0.605 seconds,
coincident with a final rapid drop in the D-D neutron rate. The spectrogram for this example
shows that chirping n=1 & 2 fishbone modes are present at each of the neutron-rate drops. These
chirps are extremely rapid, taking approximately 1 msec. in total. In the case of the triggering
mode, it appears that an n=1 mode chirps down to ~14 kHz, i.e. slightly below the core rotation
frequency, while the 2/1 mode then grows from at or just slightly under then 2/1 surface rotation
frequency. Analysis of the soft X-ray data is missing for this discharge; however, it is typical to
find a core perturbation with odd parity across the magnetic axis during these chirps. This is the
signature of a 1/1 mode, and it is possible that toroidal coupling of the 1/1 mode drives a seed
island at the 2/1 surface; however, the rapid nature of the interaction obscures the details. Note
that n=1 fishbones have been observed in NSTX even in the absence of a g=1 surface [18].

The center column of figures shows a case where the mode is triggered by the ELM at
0.54 sec. When it first strikes, the mode frequency is significantly less than the q=2 rotation
frequency, as might be anticipated when the trigger-perturbation comes from the plasma edge. It
is likely that the ELMs have a broad spectrum, including an n=1 component than can couple to
the 2/1 surface and drive the seed island; these perturbations are quite transient, however, and are
not resolved with the Fourier analysis techniques utilized in this paper. These modes often grow
from very low amplitude; the presence of a large ELM at the onset time and the low initial mode
frequency are the distinguishing feature of this onset mechanism. Note that due to the small size
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of the seed islands in these cases, it is possible that these are examples of “mixed seeding” [19],
where the modes are weakly linearly unstable at onset, but the initial island is provided by
another instability.

40

=2 Rotation q=2 Rotation q=2 Rotation

Frequency (kHz)
S

10

ol Al :
0.55 0.60 0.65 0.50 0.55 0.60 0.60 0.65 0.70
T 8 8 .2
d Mode Amp. (G),'. e) Mode'Amp. (G) /| n Mode Amp. (G)
f /i /
6 PR I, : R [
/| r /
= I / IJN |
4k f i a4t I rh" 4+ \ Ve
/ [ J [
| ;’ |
2k ’ » 4 1 2t IW‘/ 1 2t [
I \"r" |
oV "”" L»-WJ/ . 0L LI\'WV? 0 WM/
0.55 0.60 0.65 0.50 0.55 0.60 0.60 0.65 0.70
10 y 10 10
g D, (Arb.) By=3.85 n D, (Arb.) By=4.0 p D Arb ) Pn=3.9
8- Neutrohs (Arb.) { 8} Neuti*ons (Arb.) { 8} r\!eutrons (Arb.)
u W\
s-\{]-f””ﬂu “ﬂ‘ﬁ e Tt e S (N S
W e U . lll l ———
4-1,\}4., | 1 / 4t | 4t e ——_]
.r‘L’ N f" v \’ﬂw ] Jb ‘ | | ‘ | -
\’ \ J \ c" LAY A "v \
2k 2t/ \/ wl ~ \J 2t A_,V.N\_,[,,,WWW A M
0 0 1 0 1
0.55 0.60 0.65 0.50 0.55 0.60 0.60 0.65 0.70
time (sec) time (sec) time (sec)

Fig 1.Time traces and spectrograms of typical triggers. Each column corresponds to a single discharge,
with an EPM triggered case on the left, an ELM triggered case in the center, and case with no visible
trigger on the right. The upper row shows single-coil spectrograms for each case, where the mode numbers
have been determined by phase analysis from toroidally separate coils, the middle row shows the mode
amplitude, and the lowest row shows the divertor D, and neutron emission.

The right column illustrates a case where there are no clear NTM triggers present. Both
the D, and neutron emission show no features when the mode strikes, and there are no trigger
signatures on the multi-chord ultra-soft X-ray (USXR) system. In addition to the lack of any
visible perturbation, the modes in these cases always grow with an initial frequency near to that
of the =2 surface rotation. NTMs without a trigger have been observed in the past [7, 20, 21]; a
likely yet untested hypothesis in the present case is that the modes are linearly unstable at onset.

The mode eigenfunction has been studied with the 30-chord USXR detector system. This
system typically sees the inversion layer associated with the magnetic island, and use of a 2/1
island model and the inverted USXR data is capable of reproducing the measured emission
fluctuations from chords whose tangency radius is near g=2. However, the emission from the
plasma core is typically inconsistent with a pure even-m eigenfunction (for instance, the
measured emission is odd across the magnetic axis), implying the presence of a coupled odd-m
mode, likely 1/1. Any effect of this inner mode on the 2/1 mode stability is not reflected in an
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analysis based on equation 1. Note that the coupling of m/n NTMs to m-1/n modes has been
observed in TFTR [20] and ASDEX-Upgrade [7], and predicted by theory [22].

4: Onset threshold vs. rotation and trigger type

As noted in Sect. 2, the mode frequency at onset may be an important parameter in
determining the onset threshold. Fig. 2a) illustrates this initial mode frequency, compared to the
toroidal rotation frequency of the q=2 surface. When the mode is triggered by an ELM, the mode
frequency at onset is always significantly slower than the q=2 surface rotation frequency. The
cases with EPM triggers can rotate either faster or slower than the q=2 surface. Those cases with
no visible triggers are typically observed to grow with a frequency only slightly less than the q=2
surface rotation. For reference, the inset in Fig. 2a) shows the mode and q=2 surface rotation
frequencies at a later time, when the mode amplitude has saturated; the frequency match is then
quite good.
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Fig 2. a) Mode frequency at onset compared to the q=2 surface rotation frequency at onset, with a similar
figure for the mode frequency at saturation in the inset, and b) the mode frequency in the E,=0 frame,
normalized to the ion-diamagnetic drift frequency.

Given that the modes most often travel more slowly than the q=2 surface and the
arguments in Sect. 2, it appears that the polarization term might be a candidate for providing a
rotation dependence in the onset drive. The method used here to assess this physics is essentially
that in Ref. [14]. The rotation frequency of the Ezg=0 frame is calculated as

_anJ,C(” + n dpcb* , (4)

R RZC6+enC6+Bg dr

where the density, temperature, and pressure of fully ionized carbon are measured with charge
exchange spectroscopy (note that poloidal rotation measurements are not available for this
dataset). The NTM-drive at onset is plotted against the normalized Ezx=0 frame rotation in Fig.
2b); if this were the important physics in setting the mode onset, we would expect that the

w

Eg=0 =
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required NTM drive would be less at the more negative normalized rotation. However, neither
this nor any other trend is observed, and we infer that ion-polarization effects do not play a role in
determining the rotation dependence of the onset threshold (a similar observation was made on
DIII-D [8]).

Next, consider the possibility that the absolute rotation magnitude modifies the onset
threshold. The NTM drive at mode onset is plotted against the q=2 rotation frequency in Fig. 3a.
Also indicated in the figure are linear regression coefficients, used as a measure of the trend. In
this case, the dataset as a whole shows no trend (1°=0.1); only the ELM triggered modes show any
correlation of the onset drive with rotation magnitude. These and other correlation coefficients
are given in Table #1 for comparison.

All Cases EPM ELM “Triggerless”
Triggered Triggered

Fr @ q=2 0.09 0.05 0.40 0.00
-dFr/dr @ =2 0.07 0.01 0.15 0.02
-2nLgta(dFr/dr) 0.45 0.61 0.61 0.42

T3 ° " (Frgo-Fros) 0.19 0.00 0.42 0.18
T ™ (Frg=2-Fr.ped) - - 0.40 -

Best Fit Line Slope - 0.16+0.05 0.2+0.04 0.26+0.09

Table #1, Statistical analysis of the dependence of the NTM onset threshold on rotation, rotation
shear, and differential rotation. All numbers are correlation coefficients 1, except for the final
row, which gives the slopes of the best-fit lines in Fig. 3b.

However, a correlation becomes immediately clear, and improved for each onset
mechanism or the dataset as a whole, when the onset drive is plotted against rotation shear as in
Fig 3b). This conclusion is reinforced by the correlation coefficients in Table #1, where the
correlation with normalized flow shear is clearly best. Furthermore, the data and linear fits reveal
that for fixed flow shear, the EPM cases in orange are typically triggered at lower values of
bootstrap drive. The ELM triggered cases in blue are triggered at intermediate levels of drive, and
the “triggerless” cases in purple typically occur at the highest drive levels. There is significantly
more scatter for the “triggerless” cases, possibly due to effects not related to rotation shear such
as proximity to the ideal kink limit [21] or go to 1 [22]; however, even in this case, the correlation
is better with rotation shear than rotation. The slopes of the best-fit lines (Table #1, bottom row)
are, to within admittedly large error bars, equal, implying that rotation shear is not entering
directly through the triggering physics, and must therefore be influencing the underlying tearing
stability. Importantly, both the trigger type and rotation-shear effects are important in discerning
the underlying trend.

Some simulations and measurements of tearing-mode onset in the presence of flow shear
have indicated that differential rotation between adjacent rational surfaces [23] can be stabilizing,
or that differential rotation with respect to the triggering surface reduces the seed island size. The
onset NTM drive data above has been analyzed as a function of the differential rotation between
g=2 and both the q=3 surface and, for the ELM triggered modes, the top of the pedestal (the
differential rotation is normalized to the tearing time as per Ref. [1]). These results are also
included in table #1, and it is clear that none of these measures are as clearly correlated with the
onset drive as the local normalized rotation shear.

A more promising explanation of these results lies in possible stabilizing effects on the
classical tearing stability due to flow shear. In slab geometry, flow shear has been found to be
either stabilizing or destabilizing, depending on its magnitude relative to magnetic shear [24,25]
and the plasma viscosity [26,27]. A similar result was found for cylindrical plasmas with axial
flow shear [28], where negative flow shear could be stabilizing in the presence of viscosity. A

NF/297078/LET/137491 6




second cylindrical geometry study [29] also showed that flow shear (helical flow in this case)
could modify the tearing outer-region, leading to stability or instability depending on the flow
profile. Finally, a heuristic model for the effect of flow shear interacting with magnetic shear is
given in Ref. [15], where the stabilizing effect of magnetic shear is enhanced by flow shear; it is
this model which gives rise to the Lty normalization used in this letter. Comparing the 2" and 3™
lines of table #1 indeed shows that this normalization to the flow shear is critical in achieving a
good correlation, and enhances this explanation of the experimental results presented here. Note,
however, that none of these theories or simulations match the profiles and geometry of the NSTX
plasmas; further theoretical and/or computational work is necessary to fully explain these results.
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Fig 3. Onset bootstrap drive at mode onset vs. a) rotation and b) rotation shear. Linear correlation
coefficients (’) are indicated in each frame, sorted by trigger type.

5: Conclusions

The present results demonstrate multiple mechanisms that can lead to 2/1 NTM onset in a
spherical torus. For fixed rotation shear, energetic particle modes can trigger NTMs at lower
values of NTM drive, while ELMs lead to mode onset at intermediate values; triggerless modes
typically, but not always, begin to grow at the highest drive values. Importantly, the inclusion of a
wide variety of discharges, including many with magnetic braking, allows the roles of rotation
and rotation shear to be separated. Within each subset of trigger types, it is shown that the
required NTM drive at onset, and thus the intrinsic stability, increases with increasing rotation
shear, but is not strongly correlated with either the absolute magnitude of rotation or the rotation
in the Eg=0 frame. These results are the clearest evidence yet that rotation shear-plays an
important role in determining the 2/1 NTM onset threshold, probably through the role of the
classical tearing stability in governing mode onset.
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