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Abstract


The m/n=2/1 neoclassical tearing mode onset and mode structure studies in the National Spherical Torus Experiment [M. Ono, et al., Nuclear Fusion 40, 557 (2000) ] are described. At least three different mechanisms can trigger the mode: energetic particle modes (EPM), edge localized modes (ELMs), and “triggerless” cases, where the mode appears to grow from small amplitude without a seeding perturbation. In all cases, the 2/1 mode is coupled to a 1/1 mode, increasing the performance degradation beyond that expected for a large single-helicity island. Little or no correlation is found between the required drive at onset and the plasma rotation, either in absolute terms or in the ER=0 rotation frame. However, for each triggering type, the required drive increases when the flow shear at the q=2 surface is increased. For fixed rotation shear, the required NTM drive at onset (at the q=2 surface) is smallest with EPM triggered cases and largest in the trigger-free cases, with the ELM triggered cases triggering at intermediate values.  A comparison is made to published theories regarding the affect of flow shear on tearing modes.
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1: Introduction 


The neoclassical tearing mode [Chang 1995, Gates 1997, LaHaye 1997, Zohm 1997, Sauter 1997, Huysmans 1999] is a prominent b-limiting instability in any positive-shear tokamak plasma. The driving agent for this mode is the pressure flattening inside a magnetic island due to rapid parallel transport, which leads to a local loss of the pressure driven bootstrap current [Peters 2000]. This loss of current acts like a helically perturbed current in the direction opposite the bootstrap current, and drives a “neoclassical” magnetic island. This island can lead to large confinement degradations [Chang 1990], rotation damping due to interaction with the resistive wall and error fields [Fitzpatrick 1993], and sometimes disruptive termination of the plasma pulse. Furthermore, these modes have been observed in spherical torus (ST) plasmas [Peng 1986], despite enhanced pressure-curvature effects at low aspect ratio [Kruger 1998, Hegna 1998]. A comprehensive recent review is given in [La Haye 2006].


Much progress has been made in understanding and controlling these modes (see Ref. [La Haye 2006]) for a recent review), but many outstanding issues remain. One important issue is with regard to plasma rotation: most studies of NTMs have been made in plasmas with dominant co-injection providing rapid plasma rotation, while future burning plasmas, whether at conventional aspect ratio like ITER [Shimada 2007] or an ST [Najmabadi 2003], will not have this torque source. Hence, assessing NTM physics at low-rotation (or rotation shear) is important when assessing the stability of these next-step devices. Furthermore, this paper demonstrates that even rapidly rotating ST plasmas must contend with these instabilities, a result of importance for ST component test facility (CTF) [Peng 2005, Peng 2008] designs.

A second issue comes up with regard to the NTM triggering mechanism, as the NTM is often considered to be metastable (i.e. “small” perturbations decay, while “large” ones grow, where “small” and “large” are determined by the mode physics [La Haye 2006]). In order to avoid NTMs, it is often thought wise to operate conventional aspect ratio tokamaks with either a rapid sawtooth cycle [Sauter 2002], or in a “hybrid” configuration [Luce 2001, Sips 2002, Joffrin 2003, Wade 2005, Brennan 2005, La Haye 2008] with qmin(1 and no sawtooth triggers. However, many modes other than sawteeth can destabilize an NTM, and it is important to assess the trigger types available in different plasma regimes, including qmin>1 cases.

In order to address the issue of rotation and the m/n=2/1 NTM (here, m is the poloidal mode number and n the toroidal mode number), a devoted experiment was carried out in DIII-D [Buttery 2008]. These experiments utilized that devices unique ability to control the plasma rotation through a mixture of co- and counter- injected neutral beams. It was shown that the value of bN​​  (bN=baBT/IP) at mode onset was reduced as the net co-directed torque was reduced to zero.  An analysis of various NTM physics mechanisms lead to the hypothesis that it was actually rotation shear, not rotation, that modified the threshold. However, in those discharges, rotation and rotation shear increased or decrease together, so it was impossible to prove that shear was the dominant effect.


The above discharges were designed to always have a 3/2 NTM proceed the 2/1 onset, allowing an opportunity to study the impact of flow or flow shear on the saturated 3/2 island [La Haye 2009].  It was found that the width of the 3/2 island increased as the toroidal flow-shear was reduced. This result was explained by the viscous distortion of the island leading to a stabilizing coupling of magnetic shear to rotation shear. The measured island widths and pressure gradients were used to determine the classical tearing stability index (’r as a function of flow shear as 
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where Ls=qLq/e, tA=R0(momini)1/2/BT0, and d(/dR is the outboard midplane angular rotation frequency derivative in rad/sec/m.


A similar m/n=2/1 mode experiment was run in the National Spherical Torus Experiment [Ono 2000]: n=3 non-resonant braking [Zhu 2006] was used to reduce the plasma rotation, and the bN value at mode onset was recorded as a function of the rotation frequency at q=2 for two different values of the elongation k. A reduction in the onset bN was indeed found with reduced rotation. However, there was a strong correlation between flow and flow shear for this small dataset, making it difficult to determined which parameter was more important. A search was then made for similar discharges with 2/1 modes, allowing an expanded database. However, the apparent scatter in the data began to increase as more discharges were added. After detailed analysis, it became clear that a number of factors were contributing to the scatter: i) the mechanism by which the mode is triggered influences the onset threshold, ii) the more relevant drive parameter for an NTM in NSTX is the bootstrap drive at the rational surface, not the global normalized-b, and iii) flow shear is a better parameter than flow for determining the onset. It is the purpose of this paper to summarize these results.

It is found that at least three types of mode-onset occur: NTMs triggered by energetic particle modes (EPMs), triggered by edge localized modes (ELMs), or growing after no discernable trigger. The NTM drive at onset is lowest for the EPM cases, and highest for the “triggerless” cases, with the ELM cases triggering at intermediate drive. Within each trigger type or for the data set as a whole, there is a better correlation of the onset drive with rotation shear than with rotation. A comparison with the published literature on NTMs and tearing modes (TMs) and rotation does not yield a clear explanation of the results, although some models do predict increased stability with increasing flow shear. These results offer the first ever discussion of NTM triggers in a q​min>1 ST plasma, and provide the strongest evidence yet that rotation shear, and not simple rotation, plays an important role in setting the NTM onset threshold.


Additionally, the fluctuating ultra-soft X-ray emission was utilized to constrain models for the mode eigenfunction. While a simple m/n=2/1 island model can reproduce the emission fluctuations for chords in the vicinity of the q=2 surface, there is significant disagreement between the measurements and modeling for the core chords. This problem is resolved by adding an m/n=1/1 kink eigenfunction to the island model. The consequences of this coupled mode are briefly discussed.

The organization of this paper is a follows. Sect. 2 provides the formulation of the NTM physics utilized in this manuscript, while Sect. 3 provides some technical details about the experiments. Sect. 4 illustrates the three trigger varieties for the 2/1 mode in NSTX, and briefly indicates the effect of the mode on plasma performance. A study of the mode eigenfunction is provided in Sect. 5. Sect. 6 presents the main result: the dependence of the onset NTM drive on trigger type and rotation shear. A comparison to published simulation results regarding rotation shear is provided in Sect. 7, and a summary concludes the paper in Sect. 8.


Note that these results appeared in abbreviated form in [Gerhardt 2009]. The present paper greatly expands on the analysis presented there, while presenting additional new information.

2: Formulation of NTM Problem 


A key focus of the present manuscript is in understanding how flow or flow shear impact NTM onset. In order to assess this physics, it is useful to start with the Modified Rutherford Equation [Rutherford 1978], written as:
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Here, w is the island width, rs is the minor radius of the resonant surface, and tR is the resistive time. 

The first term on the RHS represents the classical tearing stability of the current profile [Furth 1963, Furth 1973]. Much theoretical and modeling work [Einaudi 1986, Einaudi 1989, Chen 1990 A, Chen 1990 B, Ofman 1993]. Chandra 2005, Sen 2005, Chandra 2007, Coelho 2007] has indicated that plasma flow can affect the classical tearing stability, a point to be discussed in greater detail in Sect. 7 below.

The second term represents the drive due to the lost bootstrap current (djBS) inside the magnetic island. For the analysis described here, the missing bootstrap current is calculated from the formulas in Ref. [Sauter 1999] as
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where the terms I((), L31, and L32 are defined in that reference. However, as indicated in appendix A1, the approximation
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with all terms evaluated at the outboard midplane, is a reasonable approximation to the full calculation, even at low aspect-ratio The third term on the RHS includes stabilizing effect due to toroidal geometry [Glasser 1975, Hegna 2008], which can also be enhanced by flow or flow shear [Chandra 2005].

The terms wd, wpol, and wb describe stabilizing effects relevant to small islands.  wb is the ion banana width e1/2I, and signifies the stabilizing effect that the bootstrap current is not flattened when the island size is comparable to the ion banana width [Poli 2002]. wd describes the incomplete flattening of the pressure inside a small magnetic island due to finite perpendicular transport [Fitzpatrick 1995].  

The term wpol is a characteristic size for the polarization current effect [Wilson, 1996] and is given by:
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where “g” is a function of collisionality given by g=1 for n<<1 and g=e-3/2 for n>>1 with n=ni/ewe*, wi,e* are the electron diamagnetic drift frequencies, and  is the frequency of the mode in the ER=0 frame (
[image: image6.wmf]. The most interesting feature of this term is the clear rotation dependence: the polarization term is predicted to be stabilizing for 0< wi*, but destabilizing in the regime . This term will be discussed in more detail in Sect. 6 as a possible source of the observed rotation dependence of the NTM drive at mode onset.


These small island terms have a stabilizing effect on small islands, i.e. they force dw/dt<0 for islands below a certain width, even in the presence of a large bootstrap drive. Hence, the neoclassical tearing mode is often said to be metastable in that sufficiently small islands do not grow; the islands width must exceed a critical value for the island to grow. However, following Ref. [Brennan 2005] and the observations of “spontaneous” NTMs [Gude 1999, Fredrickson 2002, Brennan 2003], we take the definition that any large magnetic island in a high-b tokamak will have a neoclassical drive, and thus is an NTM.

This discussion of triggers suggests another mechanism, not explicitly included in the MRE, by which rotation could impact the stability of NTMs: differential rotation between the NTM rational surface and the triggering instability surface could reduce the size of the seed islands [Hegna 1999], preventing them from exceeding the metastable threshold. This effect has been used to explain the reduced bN​​​ threshold for the 3/2 NTM is JET when neutral beam injection, which injects both energy and momentum, was replaced by ICRH, which only adds energy [Buttery 2001].


In addition to the definitions of the terms in the MRE, it is important for this study to define with appropriate metrics for the flow shear. The flow shear here is defined as [Buttery 2008, La Haye 2009] 2(LstA(dFT/dr), where as above Ls=qLq/e, tA=R0(momini)1/2/BT0, and the derivative with respect to minor radius is defined as
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where ( is the poloidal flux and a is the minor radius defined as half the distance between the inboard and outboard separatrix points on the midplane. 


One consequence of the MRE is that for large saturated islands, the island width is expected to be proportional to bP [take (1), use the bootstrap drive from (2b), and ignore the small island and DR terms)]. That this is measured to be so is shown in Fig 2. The square-root of the fluctuating poloidal field at the wall, proportional to the magnetic island width [La Haye 2000], is shown as a function of the global bP, as computed from the EFIT equilibrium code. The observed linear dependence is exactly that expected from a neoclassical island. The MRE also predicts that for small enough islands, the island width will decouple from bP and go rapidly to zero. This behavior has also been observed in NSTX, and will be reported in a future publication.
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Fig 1. Dependence of the island width 
[image: image9.wmf] on the global poloidal beta.

3: Diagnostics and Discharges Utilized in This Study

The research presented in this manuscript attempts to utilize the complete NSTX diagnostic set to generate a complete picture of the NTM onset. The mode time evolution is generally studied with a toroidal array of 12 Bp detectors, digitizing the raw sensor voltage at 4 MHz. The signals from multiple sensors are typically decomposed into the various toroidal mode numbers as a function of time, and confirm the n=1 toroidal structure of the mode under study here. 

While the analysis of edge magnetic fluctuations can provide much useful information about mode dynamics, the actual mode structure cannot be resolved. For this reason, internal measurements of the island structure are of great interest. Many past studies of NTMs have utilized electron cyclotron emission (ECE) diagnostics to study the temperature perturbation associated with the island [Ren 1998, Meskat 2001, Fredrickson 2003, Hender 2005]. Indeed, the details of the island separatrix shape have even been used to ascertain the value of the classical tearing index D’ [Ren 1998, Meskat 2001]. However, ECE measurements are not possible in the overdense ST plasmas. Instead, we rely here on measurement of the chord-integrated ultra-soft X-ray (USXR) emission [Stutman 1999].  The present USXR measurement system on NSTX includes two 15-chord diode arrays, each with selectable 100mm, 10mm, 5mm beryllium filters (there is also the option to operate the system in bolometry mode without filters). Further details on the use of this system for mode-structure studies are given in Sect. 5. 

With regard to equilibrium profile measurements, the C VI toroidal rotation, ion temperature, and deuteron and CVI density are measured with 10 msec time-resolution at 51 points across the outboard side of the plasma. The electron density and temperature are measured with a 30 point Thomson Scattering system [Le Blanc 2003], with time resolution of typically 8 msec. The magnetic field pitch angle is measured via the motional Stark effect (MSE) at 12 points on the midplane with 10 msec time resolution. These MSE measurements, coupled to external magnetics and the requirement that the electron temperature be a constant on a magnetic surface, are utilized to constrain the Grad-Schafranov equilibrium by the LRDFIT code. 

All data presented in this paper come from discharges similar to the high-k, high-d equilibrium illustrated in Fig. 2, which is used for the morning reference shot and for many different experiments. As noted in the introduction, some of the data originated from a devoted experiment to study the dependence of the NTM onset on rotation or rotation shear. With this data as a foundation, similar discharges were found, for a total of 49 in the present database. The parameter ranges present in these discharges are indicated in Table #2. Approximately 1/3 of these discharges use n=3 braking to slow the rotation. Here, ri* and ni*=ni/ewbi are calculated as in Ref [Hender 2004], where, for consistency with previous work, the quantities are evaluated at the outboard midplane:
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The range of those two variables in the database is deliberately restricted, although the shape variation may be larger than is typical in an NTM study. This is a consequence of selecting discharges from a wide variety of experiments. However, since NTM stability is anticipated to be largely a local phenomenon, it is anticipated that this will not pose a problem.

	Quantity
	Units
	Minimum Value
	Maximum Value

	Plasma Current (IP)
	kA
	900
	1000

	Internal Inductance (li)
	None
	0.57
	0.8

	Elongation (()
	None
	2.05
	2.5

	Lower Triangularity (l)
	None
	0.5
	0.83

	Toroidal Field (BT)
	T
	0.43
	0.46

	q95
	None
	6.5
	9

	Injected Power
	MW
	4
	6

	bT
	%
	11
	19

	bN
	%(mT/MA
	3.25
	5.0

	(i*
	None
	0.05
	0.11

	((,i*
	None
	0.05
	0.09


Table #1: Range of parameters allowed in the present database. The quantities are taken at the time of the 2/1 mode onset.
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Fig 2. Example high-k, high-d equilibrium utilized for this research. Also shows are the USXR chords utilized in for the study of the island eigenfunction.

An example set of profiles included in the database is demonstrated in Fig. 4, where data for three discharges at mode turn-on is shown. The rotation profiles in Fig. 4a) are dramatically different, owing to the use of different n=3 braking levels in the red and green cases. The electron pressure profiles in 4c) virtually overlay, and the ion temperatures in the vicinity of q=2 (Rq=2~1.35m) are very similar (Fig. 4d). There are subtle differences in the reconstructed q profiles in Fig 4b) that will lead to variation in the NTM drive. However, this is accounted for in the formulation presented above and does not impede the analysis of flow or flow shear effects.


With these profiles in mind, figure 5 shows the range of rotation and rotation velocity achieved in the database. There is some co-linearity in the data set, especially for the ELM triggered modes represented with blue points, and care must be taken in attempting to separate the effects of flow and flow shear on the NTM onset. This will be done in Sect. 6 using simple statistical arguments.  For the EPM and “triggerless modes”, there is reasonable separation between these two variables.
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Fig 3. Example profiles at the time of mode onset. Shown are the a) rotation frequency, b) safety factor, c) electron pressure, and d) ion temperature.
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Fig 4. Rotation at q=2 vs rotation shear at q=2, for all discharges in the present database. The color scheme is explained in Sect. 6.

4: Examples of Triggers

In this section, the early time evolution of three example m/n=2/1 modes is shown. All of the modes in these three examples, and this paper generally, have a number of distinguishing characteristics. They are of course n=1 modes, as determined from the mode phase measured by a toroidal array of Mirnov coils. The mode frequency at onset is either very near to or quickly approaches the rotation frequency of the q=2 surface, and the frequency of the saturated mode is always tied to the q=2 rotation frequency. Furthermore, the rotation evolution just after the mode strikes typically shows a flat spot near q=2. Flat spots are observed in the electron temperature profile at q=2 (for at least some time-slices, depending on the phase of the O-point with respect to the Thomson scattering laser pulse timing). Each of these points will be elucidated further below and in the following section, in the context of discussing three discharges

A common mechanism by which these NTMs are triggered in NSTX involves seed island formation by energetic particle modes, as illustrated in Fig. 6. A series of chirping modes are observed starting at t=0.55, and continuing until mode onset at 0.605. These modes are visible in the spectrogram in frame a) as near vertical stripes with multiple simultaneous n-numbers, and result in substantial drops in the D-D neutron emission (indicative of the loss of fast particles.) The two n=1 bursts near t=0.55 in particular result in large drops in the neutron rate and plasma rotation. However, it is the large chirping mode at 0.605 that finally results in the mode striking; the chirping behavior is then eliminated for the remainder of the discharge. Note that the rotation in Fig 5e) is observed to drop quickly once the mode strikes, with the rotation inside the q=2 surface falling first. In the final state, the rotation profile is uniform and slow, and is extremely prone to locking followed by disruption.


This example is typical of the EPM triggered modes, in that the final onset of n=1 fluctuations slightly proceeds the drop in the neutron emissions, and the mode frequency at onset is close to the reconstructed q=2 frequency; indeed, these are the two characteristics which will be used to define this trigger type. However, not all cases with an EPM trigger show the island striking at near saturated width as in this example. 

Examination of the core USXR data during these triggering EPM modes indicates that they are typically core localized modes, with the USXR signatures localized to r/a<~0.4. They sometimes show a clear phase inversion across the magnetic axis, as would be expected for modes with a strong 1/1 component; other examples show more detailed structures. One can hypothesize that the toroidal coupling of the core 1/1 component to the 2/1 surface produces the observed seed island. Further studies are required in order to verify this hypothesis.
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Fig 5. Example case with EPM trigger. Shown are a) the spectrogram of a single Mirnov coil, b) the mode amplitude, c) li, the global bP and IP, d) the waveforms of both the Da and neutron emission.

Another common onset mechanism involves triggering by an ELM. These repetitive instabilities are common in many, but not all, high-k, high-d discharges in NSTX. While the causes for ELMs are beyond the scope of the present research, the consequences of ELMs in terms of NTM triggering are quite relevant.

An example ELM triggered NTM is shown in Fig. 6. The top frame shows the spectrogram from a single Mirnov coil; the mode is seen to grow from low frequency and low amplitude at t=0.545. Note the series of low-frequency bursts in the spectrogram; these are coincident with the ELMs visible in the Da frame in frame d) and the edge USXR signal in frame e). The neutron rate and core USXR chord show no perturbation at the time of mode onset, indicating a lack of perturbation in the plasma center. Hence, we conclude that the trigger in this case is apparently the ELM at 0.546. A key observation is that the early mode frequency, i.e. just after it strikes, is dramatically slower than the rotation frequency of the q=2 surface (indicated by the yellow line in the spectrogram). The mode then spins up, reaching the q=2 surface frequency in about 10 msec. The onset of the mode coincident with an ELM, and slow initial frequency followed by dramatic spin-up, are the key signatures of this trigger type.

The evolution of the rotation profile for this case is shown in Fig. 7, where the vertical bar shows the reconstructed location of the q=2 surface for those time slices. Although the mode first shows in the Mirnov spectrogram at t=0.545, the first response in the rotation profile is seen 10 msec later, where a small flat region at q=2 develops. This flat region then expands, with the core rotation dropping and the edge rotation increasing. The final state of this process is a rotation profile which is flat inside of q=2. As noted above, this process of rotation decay appears in every case discussed in this paper. However, the flattening at q=2 and increase in edge rotation is typically most prominent for those cases that are ELM triggered. This damping will be discussed again in Sect. 5.
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Fig 6. Example case with ELM trigger. Shown are a) the spectrogram of a single Mirnov sensor, b) the mode amplitude, c) the plasma current and global bP, d) the D-D neutron emission and the divertor D​a emission, and e) core and edge chords from the USXR diagnostic.
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Fig 7. Rotation profile evolution for the shot in Fig. 6, as well as the predicted location of the q=2 surface for the selected time slices.

.


For both the ELM and EPM triggers, the exact nature of the triggering mechanism remains obscure. It seems that the ELM case may be an example of “mixed seeding”, as discussed in Ref. [Brennan 2005], where the initial island growth is classical ((’>0), but the initial island is due to reconnection driven by another instability [Brennan 2003]. In the same language, the EPM case may then be an example of “forced seeding.” Proving these hypotheses to be true will require accurate calculations of tearing stability, a challenging proposition [Brennan, 2002] that is only beginning for NSTX

. 
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Fig 8. Example case with no apparent trigger. The quantities plotted are the same as in Fig. 6.


Finally, it is not uncommon to see these modes grow with no apparent seeding instability. An example of this behavior is shown in Fig. 8, where the 2/1 mode begins to grow at about t=0.63. The key observation is that there are no perturbations visible on the neutrons emission or the divertor Da.  The mode frequency at onset is very close to that of the q=2 surface, which it subsequently tracks as the rotation decays. Further analysis of this discharge will be presented in the next section.

 
Note that apparently “seedless” NTMs have been observed in many other devices, including ASDEX-Upgrade [Gude 1999], TFTR [Fredrickson 2002], DIII-D [Buttery 2008, Brennan 2003], and TCV [Reimerdes 2002]. Many explanations have been forthcoming, including the hypotheses that the modes are initially ideally unstable [Fredrickson 2002], that microturbulence provides a stochastic trigger [Itoh 2003, Itoh 2004], that the triggers are present but of undetectably small amplitude in high-b plasmas with low critical island widths [Gude 1999], or that they modes are (’ unstable at onset [Reimerdes 2002, Brennan 2003, Brennan 2005]. While the last explanation appears to be a likely candidate for the NSTX cases described here, confirmation will again require the same accurate (’ calculations as for the nominally triggered cases.
5: Studies of the Mode Eigenfunction Using Ultra-Soft X-rays 

 As noted in the introduction, the signals from the edge-magnetics contain limited information on the structure of the mode. For the discharges described in this manuscript, the sole window into the internal structure of the modes come from ultra-soft X-ray emission; this section describes the insights acquired in that way. Given the limited number of chords, tomographic reconstruction of the mode structure, as demonstrated in, for instance, Ref. [Huysmans 1999] is not possible. Instead, the measured USXR emission is utilized to constrain model eigenfunctions.

 The procedure utilized here for using USXR emission to study the island structure is as follows. First, the equilibrium helical flux, 
[image: image19.wmf], is calculated from the MSE constrained equilibrium. It is then assumed that the USXR emissivity ( is a function of helical flux of (h,0 alone: (=(((h,0).  The equilibria is divided into between 20 and 30 concentric shells equally spaced in physical space, and a matrix Li,j is computed, containing the distance that the ith chord is between the shells j and j+1. The emissivity of the shells can then be calculated from the equation L(=M, where M is a vector containing the measured emission along the various chords after averaging over many periods of the emission oscillation. Directly inverting this matrix equation to solve for (((h,0), however, can lead to large emissivity oscillations between adjacent shells as well as negative values of emissivity. In order to avoid this, the “Phillips-Twomey” regularization method [Press, 1992] is used when doing this inversion. The regularization parameters are typically adjusted by hand to achieve a good fit to the measured chordal emission while preserving a reasonably smooth profile.

One or more non-axisymmetric perturbations are then added to (h,0, resulting in the formation of magnetic islands and modifications to the flux surface shape. It is assumed in these studies that the emission in the presence of these features remains the same function of helical flux as before; the emission is further assumed to be constant within a magnetic island. Finally, the emission is integrated along the USXR array lines-of-sight for multiple toroidal phases of the applied perturbation, simulating plasma rotation and providing a direct comparison to the measured emission fluctuations.
In order to create a magnetic island, a perturbation of the following form is added to the equilibrium helical flux (See the appendix of Ref. [Menard 2005] for details regarding this island model):


[image: image20.wmf]                                   (X)

In order to fix the amplitude of the perturbation, and thus the width of the magnetic island, a time is chosen when the Thomson Scattering (TS) electron temperature profiles show a clear flat spot at the location of the q=2 surface. Of course, not every TS time slice will have the TS viewing locations overlapping the O-point of the magnetic island. However, for cases where the duration of the rotating NTM is >100ms, it is generally found that one of the MPTS time-slices will demonstrate strong flattening. One such time slice is shown in Fig 9a), where the flat region in the Te profile spans 1.25<R<1.34 (the predicted location of the q=2 surface is R=1.3 meters in this case). The perturbation amplitude, and thus island width was then adjusted to match this measured width, as shown in frame b).
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Fig 9. a) Simulated USXR island eigenfunction, and b) Te profile data used to constrain the magnetic island width.


A comparison between the measured and simulated chord-average emission is shown in Fig. 10. Note that the DC level has been removed in all cases. The measurement in Fig. 10a) shows an inversion layer across chord #4, as expected given this chords near tangency to the q=2 surface. However, there is an additional inversion layer across the magnetic axis, which is incompatible with the emission being due to a purely odd-m mode.


The simulated emission in Fig 10b), derived from the island model described above, also shows the inversion-layer across chord 4. Furthermore, the emission oscillation amplitude on either side of the inversion layer in the simulation is comparable to that in the measurement. Hence, this aspect of the simulation tends to confirm the island eigenfunction in Fig. 9b). However, the simulated emission for chords 7-14 are totally inconsistent with the measurements: the simulated inversion layer predicted near chord 9 is not present in the measurement, while the measured inversion layer across the magnetic axis is not present in the simulation.
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Fig 10. Measured (a) and simulated USXR emission, assuming a 2/1 island only (b), or an island coupled to a 1/1 ideal kink (c). The yellow dashed line indicates the approximate magnetic axis location and the color scales are identical. While both models can achieve good agreement with measurements for the outer chords (0-7), only the 2/1+1/1 model simulates the core emission fluctuation correctly.

In order to resolve this disagreement, an ideal m/n=1/1 perturbation to the plasma core with the following form was added to the already perturbed equilibrium:


[image: image23.wmf]                                             (X)
Here rc, rf, and (0 are parameters to be adjusted. Note that the 1/1 perturbation “rotates” around the plasma magnetic axis twice as fast as the 2/1 island. The phase of the kink and island perturbations was chosen such that the kink perturbation is a radial outward shift at the midplane when the island X-point is at the outboard midplane. When the parameters rc, rf and (0 of this 1/1 kink are correctly chosen, the measured and simulated emission patterns can be made to agree quite well, as illustrated by comparing  Fig. 10c) to Fig 10a). The coupled mode structures are illustrated in Fig. 11.  In the case shown here, the typical shift of the core is ~4 cm, while the island full width at the outboard midplane is ~9cm. We caution, however, that the actual core-eigenfunction could be more complicated than that given by eqn. (X); this form for the core mode should be interpreted as only a simple mode which is consistent with the measure emission fluctuations.
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Fig 11. Eigenfunctions of the coupled m/n=1/1 + 2/1 modes. The blue curves represent the nested surfaces of the perturbed equilibrium, the red curves are the surfaces internal to the islands, and the green curves are the core surfaces of the unperturbed equilibrium. The latter are included in order to illustrate the core 1/1 mode more clearly.


Fig. 12 illustrates that the frequency of the coupled modes, as determined from the odd-n Mirnov signal (shown in red), is in near perfect agreement with that determined from the core USXR signal (shown in blue). The signals are plotted from the earliest time when the mode amplitudes are large enough for zero-crossing analysis. This time is generally somewhat earlier for the Mirnov sensors than the USXR chords. Chord 9 from the USXR system is chosen for the analysis, as inspection of the data in Fig. 12 shows that it‘s signal is likely to be dominated by the core 1/1 mode. Also shown are the core and q=2 rotation frequencies. Examples are shown for all three types of triggers.


The key observation is that the 1/1 and 2/1 modes are absolutely locked to each other, for all times and trigger types. This is even true for the ELM trigger case, where the initial frequency is much less that the core or q=2 frequency. As described in detail in Sect. 2.4 of Ref. [Menard 2005], the differential rotation between the core plasma and the MHD perturbation leads to large damping of the core plasma rotation from neoclassical toroidal viscosity (NTV) [Lazzaro 2002], which tends tend to bring the plasma to a state of rigid rotation inside the radius of the large perturbations. Interaction of the island  with static error fields or the resistive wall could then lead to further damping of the plasma rotation.  

This coupling of 1/1 & 2/1 modes is quite common in NSTX, and represents an additional means for the plasma performance to be deleteriously impacted. In addition to the damping physics noted above and described in detail in Ref. [Menard 2005], these coupled modes can impact the plasma performance in other ways. For instance, these core-modes can lead to fast ion redistribution [Menard 2005, Menard 2007]. This can be deleterious in some contexts (for instance, by reducing the NBI torque), but may be advantageous in maintaining a core safety factor >1. [Menard 2007]. Note also that the coupling of m/n NTMs to m-1/n modes has previously been reported in ASDEX-Upgrade [Gude 1999, Meskat 2001] and TFTR [Fredrickson 2002].
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Fig 12. Overlays of the frequency evolution of the odd=n Mirnov frequency (red), the filtered core USXR frequency (blue), and the core (green) and q=2 (black) rotation. See text for more details.

6: Onset Thresholds vs. Rotation, Rotation Shear, and Trigger Type


As indicated from the discussions in Sect. 4, it is clear that the initial mode frequency is a strong function of the triggering mechanism. This observation is reinforced by the observation in Fig 12a.), where the mode frequency at onset is plotted against the q=2 rotation frequency at that time. The mode frequency is determined by an algorithm that tracks the zero-crossings of the filtered odd-n Mirnov signal. For the EPM cases indicated by orange points, the modes can trigger with frequencies either above or below the local rotation frequency. The ELM triggered cases are typically traveling significantly slower than the q=2 rotation at mode onset, and the triggerless case only slightly slower than q=2. The inset to that figure shows the mode frequency at onset plotted against the core rotation frequency at the same time; these two quantities are clearly unrelated. 


The same analysis is shown in Fig. 12b), but for a later time when the mode amplitude has saturated. The match between the q=2 surface rotation and the mode frequency is excellent in this case, providing confidence in the reconstruction and analysis methods. The match between the mode and core rotation frequencies is shown in the inset, demonstrating again that the core slows dramatically once the mode strikes. 
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Fig 13. Mode frequency at a) onset and b) saturation, compared to the q=2 frequency. The insets show the mode frequency vs. the core rotation frequency. The colors correspond to different trigger types, while the symbols correspond to different magnetic braking schemes.

As noted in Sect. 2, the polarization threshold mechanism is a function of the island propagation frequency in the ER=0 rest-frame: 
[image: image27.wmf]. Following Ref. [La Haye 2003], we utilize the NSTX CHERS diagnostic to compute the frequency of the ER=0 frame as


[image: image28.wmf]                                        (X)

Note that NSTX did not have a measurement of poloidal rotation for these discharges, so the 
[image: image29.wmf] term is not included in the present analysis. However, subsequent measurements of Vq in similar discharges show it to be in the vicinity of 5-10 km/s in these type of plasmas, compared to V​f of typically 50 km/s. Hence, for Bf/Bq~1 as in an ST, this would be a small correction to the calculation in (X).  Furthermore, the 
[image: image30.wmf] term is generally a small correction to the dominant 
[image: image31.wmf] term. The diamagnetic frequencies, defined as 
[image: image32.wmf] with 
[image: image33.wmf], are calculated for j={e,i}  as


[image: image34.wmf]                                        (X)

The outcome of this analysis is shown in Fig. 14, where the required NTM drive at mode onset is plotted against the normalized propagation frequency. This term is expected to be most stabilizing at 
[image: image35.wmf], and destabilizing for 
[image: image36.wmf]However, as in DIII-D [Buttery 2008], no clear trend is observed. Thus, it is necessary to look for other trends that might determine the onset threshold.
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Fig 14. The NTM drive at onset, as a function of the rotation frequency in the Er=0 frame. No clear trend is apparent.

While figure 14 demonstrates that the local NTM drive is not a function of the mode frequency in the ER=0 frame, Fig. 15 a) demonstrates that the NTM drive at onset is not a strong function of the lab-frame frequency either. The ELM triggered points (blue) do indeed show a trend of increased drive required at high rotation, though with great scatter. The EPM triggered and trigger-free modes, however, show no clear trend with rotation. The lack of correlation between onset drive and rotation frequency is manifest in the very low linear correlation coefficients indicated in the figure. These and other correlation coefficients are listed in Table 2.

	
	All Cases
	EPM Triggered
	ELM Triggered
	“Triggerless”

	FT @ q=2
	0.10
	0.05
	0.40
	0.00

	dFT/dr @ q=2
	0.07
	0.01
	0.15
	0.02

	LstA(dFT/dr)
	0.45
	0.61
	0.61
	0.45

	 (FT,q=2-FT,q=3)
	0.02
	0.00
	0.41
	0.17

	tA2/5 tR3/5 (FT,q=2-FT,q=3)
	0.19
	0.00
	0.42
	0.18

	tA2/5 tR3/5 (FT,q=2-FT,Ped)
	---
	---
	0.403
	---

	tA2/5 tR3/5 (FT,core-FT,q=2)
	---
	0.01
	---
	---


Table 2. Correlation coefficients (r2) of 
[image: image38.wmf] with various measures of rotation or rotation shear, for both the entire data-set and separated by onset condition. The best correlations are highlighted with bold fonts.


The same onset data, but plotted against rotation shear, is shown in Fig 15b). The improved correlation is immediately apparent, both through visual inspection of the data and in the correlation coefficients. For the EPM triggered and triggerless cases, the correlation coefficient increases from essentially zero to r2=0.608 and 0.421 respectively. The increase in correlation for the ELM-triggered cases in blue is not as dramatic, due to the co-linearity between rotation and rotation shear for those cases [see Fig. 4b], but is still statistically significant. In general, when comparing within the different trigger types or the data set as a whole, the NTM drive at onset is better correlated with rotation shear than rotation. Table 1 repeats these correlation coefficients, as well as the correlation with un-normalized flow shear; it is clear that the tALS normalization is important for achieving the present good correlation.

In addition to the correlation coefficients, linear fit lines are also draw in Fig 14b). The slopes for the EPM-triggered, ELM-triggered, and trigger-free lines are 0.16(.05, 0.2(.04, and 0.26(0.09, respectively. Hence, within the rather large error estimates, the three different trigger types show a similar dependence on rotation shear, a commonality that seems to imply that rotation shear is not impacting the trigger mechanisms directly. Note that the linear fits here do not necessarily imply that the underlying physics has a linear dependence on flow shear. Rather they simply reflect the fact that higher order fits cannot be justified by the data alone, given the number of points and relative scatter.


The data in Fig. 15 b) also shows that for fixed rotation shear, the EPM-triggered modes tend to appear at the lowest levels of NTM drive, and the trigger-less modes at the highest drive levels. The ELM triggered-cases appear at intermediate levels of drive. Note that a similar observation was made of 3/2 NTMs in AUG [Gude 1999], where sawtooth triggered modes had the lowest threshold, followed by fishbone triggered modes and then modes with no apparent trigger.
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Fig 15. Comparison of the NTM onset drive with a) rotation and b) rotation shear at q=2.


It is observed that the correlation between drive and flow shear is considerable worse for the “triggerless” modes than other cases. If these modes are indeed classically unstable with no trigger, then it is anticipated that the onset would be very sensitive to parameters beyond only flow shear, including the proximity of q0 to 1 [Brennan 2007] and bN to the ideal kink limit [Brennan 2002, Brennan 2003, Brennan 2005]. Hence, the rotation effects are likely only one of many mechanisms determining the onset. 

7: Discussion 
As was noted in Sect. 2, a possible source for a rotation dependence of the onset threshold is from increased dynamic shielding with increasing differential rotation between the triggering and rational surface. For the cases here, one might expect that the differential rotation between the q=2 surface and the edge would effect the ELM triggered onset, while that between the q=2 surface and the plasma core would might effect the EPM triggered cases. An analysis along these lines is presented in Fig. 16. Frame a) shows the onset NTM drive for the ELM triggered cases, plotted against the differential rotation between the q=2 surface and the pedestal top. The differential rotation here and in the following discussion is normalized to the tearing time tA2/5 tR3/5 [La Hay 2000]. The pedestal is defined here to be 4 cm inside the outboard separatrix, as determined by EFIT [Sabbagh 2001]. Note that the database has significant colinearity between this difference frequency and the local toroidal flow shear at q=2. However, the correlation between the onset drive with local rotation shear is significantly better than the correlation with q=2/edge differential rotation. 


A similar conclusion can be drawn from Fig. 16b), where the onset NTM drive for EPM triggered modes is plotted against the q=2/core differential rotation. As described in Sect. 4, USXR analysis indicates that these triggering modes are often localized to the core of the plasma. The correlation between the onset drive and q=2/core differential rotation is quite poor. Hence, we infer that for both the ELM and EPM triggered modes, differential rotation between the triggering surface and the NTM rational surface is unlikely to be the dominant effect in setting the drive threshold.

In the late 1980s and early 1990s, a series of investigations of tearing mode (TM) stability in slab geometry were carried out [Einaudi 1986, Einaudi 1989, Chen 1990 A, Chen 1990 B, Ofman 1993]. The inviscid numerical modeling of the linear TM in Ref. [Einaudi 1986] showed that for small values of flow shear, the growth rate of the mode increased as the flow shear increased. However, for flow shear larger compared to magnetic shear, the TM was either stabilized or became a Kelvin-Helmholtz like mode modified by magnetic shear, depending of the parity of the flow profile across the magnetic null line. This work was extended to include viscosity in Ref. [Einaudi 1989], where it was confirmed that for the TM without flow shear, viscosity slowed the mode growth. However, depending on the magnitudes of the flow compared to the Alfven velocity and the flow shear length compared to the magnetic shear length, viscosity could be either stabilizing or destabilizing. In the inviscid modeling of the linear TM in Ref. [Chen 1990 A], it was emphasized that flow shear could modify tearing stability through changes to both the inner resistive layer and outer ideal region. For flow shear small compared to magnetic shear, the TM was destabilized, while flow shear large compared to magnetic shear lead to TM stabilization. These studies were also extended to include viscosity [Chen 1990 B], where for small flow shear, it was demonstrated that viscosity slowed the mode growth, but did not stabilize it. Furthermore, it was confirmed that the TM was still suppressed when flow shear dominated magnetic shear. Finally, a numerical study of the nonlinear evolution of the TM was presented in Ref. [Ofman 1993]. It was demonstrated that shear-flow reduced the magnetic island width, though the extent of the reduction depended on the details of the flow profile. 

 In the full toroidal simulation in Ref. [Chandra 2005, Sen 2005], the effects of rotation shear at the rational surface and differential rotation between surfaces on the stability of the TMs and NTMs was studied. For the classical tearing mode, it was demonstrated that small positive rotation shear is destabilizing, in agreement with the analytic modeling noted above [Chen 1990 A], while negative rotation shear is stabilizing [Sen 2005]. Differential rotation, on the other hand, was found to be stabilizing, due to both enhancements of the pressure-curvature term and reduced coupling between the TM rational surfaces. Also, the stabilizing pressure-curvature term increased, due to flow-induced changes in the equilibrium. Similar effects were found for the classically stable NTM case. Note, however, that these simulations were done for Alfven mach-numbers significantly smaller than in NSTX.
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Fig 16. Comparison of NTM drive at mode onset with differential rotation: a) Difference between q=2 and pedestal rotation, for ELM triggered modes, and b) difference between core and q=2 rotation, for EPM triggered modes. The correlation coefficients are plotted as well, for comparison with those in Fig. 14.


In order to asses a possible dependence on differential rotation between rational surfaces, the NTM drive at mode onset is plotted in Fig 17, as a function of the differential rotation between the q=2 and q=3 surfaces, where the frequency difference is again normalized to the tearing time. For NSTX profiles, the there is strong co-linearity between this differential rotation and the local rotation shear. Nevertheless, the degree of correlation is reduced in Fig. 17 compared to the correlation with local flow shear. Note that there is no q=1 surface in the plasma in these cases.
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Fig 17. Comparison of the NTM drive at mode turn on, as a function of the differential rotation between then q=3 and q=2 surfaces. 


The same authors also utilized a generalized Newcomb equation to study the effects of flow shear on the classical TM in cylindrical geometry [Chandra 2007]. This model in particular shows that flow shear can be stabilizing to the TM, depending on the shear in both the magnetic field and velocity profiles. 


A final important study was presented by Coelho and Lazzaro [Coelho 2007], again for the classical linear TM in low-b cylindrical geometry with toroidal rotation shear. It was found that flow shear is destabilizing in a plasma without viscosity, but stabilizing for large values of viscosity. It was demonstrated that for flow shear exceeding a threshold value, an otherwise unstable TM could be stabilized; that threshold depended on the ratio of the resistive time to the viscous time (the Prandtl number).

In summary, this brief survey above demonstrates that there is rich physics involved in the stability properties of TMs/NTMs in the presence of flow. Many of these theoretical/numerical results are encouraging in light of the NSTX data, in that they show means by which flow shear can be stabilizing for the TM. However, given that only one of these calculations was done in toroidal geometry with neoclassical destabilization [Chandra 2005], and that it indicated a destabilizing effect of flow shear on the NTM, it is clear that further theory and modeling is required in order to understand the NSTX results presented in this manuscript.

8: Summary


This paper has focused on the m/n=2/1 neoclassical tearing mode in the spherical torus NSTX. Important conclusions include:

· There are at least three mechanisms by which the mode is triggered: EPM triggers, ELM triggers, and cases where there is no apparent trigger. These cases are easily distinguished by the Da emission, D-D neutron emission, and frequency evolution just after mode initiation.

· The 2/1 island appears to be coupled to a 1/1 core mode in essentially all cases, as was seen in ASDEX-Upgrade [Gude 1999] and TFTR [Fredrickson 2002]. The effects of this core mode on the 2/1 mode stability are as yet unstudied. However, this core modes contributes strongly to the observed plasma rotation damping [Menard 2005].

· Although there can be a substantial frequency difference between the mode and the q=2 rotation and mode initiation, there is no trend to imply that the polarization threshold provides a rotation dependence for the NTM drive at onset.

·  The NTM drive at mode onset is highly correlated with the local rotation shear. This is true for entire data-set, and when the data-set is broken into different trigger mechanisms.

· For fixed rotation shear, the EPM triggered modes are initiated at the lowest level of NTM drive and the “triggerless” cases at the highest drive levels. The ELM triggered cases onset at intermediate levels of NTM drive.

· A review of the published literature shows that mechanisms related to both flow shear and differential flow are possible candidates for the observed trends. However, as the simulations typically do not match NSTX conditions and the data has not-insignificant scatter, it is as yet difficult to pin down the exact mechanism.

These conclusions lead to many clear research tasks for future study. A high priority is to do simulations with the relevant geometry, flow profiles, and plasma parameters. These simulations will hopefully elucidate the importance of various effects described in Sect. 7 (toroidal coupling, viscosity, enhancement of the pressure-curvature term). Additionally, addressing the influence of the coupled 1/1 mode on the 2/1 mode stability is important for understanding the dynamics of these discharges.


Experimentally, an important task is the learn to operate NSTX without these deleterious modes. The use of ECCD to stabilize m/n=2/1 NTMs by driving current in the island is now established in DIII-D [Petty 2004, Prater 2007], JT-60 [Isayama 2008] and AUG [Maraschek 2005], and is planned for NTM stabilization in ITER [Hender 2007, La Haye 2008 B]. This technology is not available in NSTX, due to the low magnetic field and high density, and other control techniques must be sought. One clear option is to maintain qmin>2, although the deleterious effects of m/n=3/1 modes must then be addressed. Another option becomes apparent from the work in Ref. [Warrick 2000], where lower-hybrid current drive was utilized to modify the current profile in order to make D’ more negative. If future STs have flexible neutral beam current drive systems, similar manipulation of the current profile might be possible, opening a route to stabilization with qmin<2. 
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Appendix: Comparison of the various bootstrap current definitions. 


The definition of bootstrap drive utilized in this paper, Eqn. (1) is based on a formulation of the bootstrap current that is accurate over a variety of plasma shapes and aspect ratios [Sauter 1999]. However, many studies of NTMs have utilized simplified large-aspect ratio formula. It is the purpose of this appendix to compare these different definitions, in order to clarify the relationship between these and previous results.


Figure A1 a) shows various definitions of the NTM drive terms in the MRE. Two approximations for the drive are plotted against the simplified large-aspect ratio approximation in Eqn. X: the drive using the full Sauter formulation after mapping all variables to poloidal flux (Eqn. X), and a simplified drive using a large aspect ratio approximation to the Sauter model:


[image: image42.wmf]                          (X)

It is clear that the two drive definitions based on the Sauter model have very similar values, and tend to be about 20% higher than the simplest definition. Note that some of the scatter is due to differences in how the radial derivatives are calculated in the two formulation. In general, this result indicates that previous work at large aspect ratio formulated in terms of Eqn X. can be directly compared to the present NSTX results.


Fig A1 b) compares the simplified NTM drive term to three other common surrogate for the drive: the global b N and b P, as determined by equilibrium reconstruction, and the local electron poloidal-b. It is clear that these simpler definitions do not scale well with the local bootstrap drive; the wide variety of magnetic braking, heating powers, and mode onset times leads to a substantial variety in the local gradients for the present database, and so the full local formulation must be taken into account.
[image: image43.png]0.4

0.3

0.2

0.1

1.2
1.0

0.8

0.6

0.4

0.2
0.0

0.1

a) "L Bpo( 1.32(14T/T)Ly, + 1.14L7, )
Hobdlas,saue/Bo

E o E
° ° 9

&

°
% E|

3
o8
e
°®

.00 0.05 0.10 0.15 020 0.25

e PLofed2Les

b)

/10 Global Bp, EFIT f,, @ g=2

00 0.05 0.10 0.15 0.20 0.25
e PLofed2Les





Fig A1. a) Comparison of the simplest bootstrap drive definition with more two implementations of the Sauter model, and b) comparison of the simplest bootstrap drive definition to various global and local b values.
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