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Abstract. The theoretical framework for dependence of Neoclassicalnbe®tode (NTM) stability
on rotation is reviewed and tested against the latest developrimeritee experimental field.
Theoretical models indicate a number of mechanisms through whichomotdépendence is
introduced, making this a critical parameters for extrapolatioflTER. Experimentally, a rotation
dependence in NTM onset thresholds is identified for two types of NJiNy a range of techniques
on DIII-D and JET. Generally NTM thresholds are observed to dighificantly as rotation is
reduced, and this is consistent with a number of mechanisms playotg a such as decreases in
magnetic shielding and changes to ion polarization current effentshé most serious mode, the 2/1
NTM, g thresholds are observed to fall by a third as net momentum amjestiremoved from the
plasma. Of theoretical interest is the observation that thresfaldsirther as counter rotation and
rotation shear is increased. In addition error fields are obseoviedver thresholds, although on at
least one device this does not act to induce locked modes, even @lagma rotation. The form of
behaviour suggests a significant role for the ion polarization mumedel, indicating that modest
changes in island rotation could have strong effects on NTM syatiliesholds. Further work is
needed to quantify these effects better, and ascertain how they can be used to impretalNity.

1. Introduction - Issuesand Impact of NTMs

A key issue for ITER is the extrapolation of the onset thresholdcanuiol requirements for
the Neoclassical Tearing Mode (NTM) - the principal expectefbpeance limit of both the
ITER baseline and hybrid scenarios [1]. However, the behaviour of th&bility remains
challenging to understand, with many uncertainties in the theory govebeimaviour, in
particular to understand which theoretical models are dominant, and tohgtiaem. These
difficulties are exacerbated in the prediction of ITER, which meguextrapolation in two key
variables -0 and rotation — that are fundamental to the behaviour of much of the ungderlyi
physics. Of concern is that ITER will operate at lowwhere contributions from small island
stabilisation effects will be reduced, and it will not benefirirthe stabilising influence of
high plasma rotation, driven by the strong neutral beam momentum onjected in most
present devices.

The main elements of uncertainty come from the initial islamghering process (the
‘seeding’) and the NTM threshold physics. For example, if the seeslidge to magnetic
coupling [2,3] then differential rotation between resonant surfaces \ptayd strong role in
influencing NTM S threshold. But if islands appear due t@ eelated pole in delta prime [4],
then mode thresholds would be less dependent on rotatign .aviariations in the underlying
NTM drives can also contribute. For example, the commonly obsgrvecaling of NTMS

thresholds [3, 5, 6, 7] arise from the mechanisms involved in stabilisin i at small

island size [8, 9, 10]. But if these small island terms are domibgtexzh polarisation current
effects, then a strong dependence is also expected on island rotation in the ExBIfame [
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In this paper we explore these issues, summarising in sections?atbe of the theoretical
models, describing how the variops and rotation dependencies arise, and considering the
implications for experimental behaviour. We then discuss the expeeamabservations in
section 3, highlighting key recent results, in order to draw out the lyimgdemphysics
mechanisms involved, and ascertain the implications for ITER. Wergrear conclusions in
section 4.

2. Formalism

To understand how the various physical mechanisms combine to trigheénit is useful
to consider the modified Rutherford equation, which governs the evolution sibad bf full
width, w and minor radiug, [12,13]:
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Here the NTM is driven by a helical hole in the bootstrap curdetjtthat develops about an
island due to pressure flattening (tag or ‘bootstrap’ term); this is dependent on the local
poloidal B, 3, (with a small correction for field curvature [15], thes; term). Once triggered,
islands rapidly grow (on a resistive timescatg,to a saturated size which to first order
depends on the ratio of the bootstrap term to the classical tsgalility index (ther(A'—aw)
term, where th& introduces an island size dependence leading to saturation [16]), which by
definition is negative at the onset of an NTM.

With just the above discussed terms, NTMs would grow from zeradiskdths in all
discharges with positive shear at a rational g flux surface. tHEwtewy, ay0, andw, terms

act to make the NTM stable at small island size (andfp¥eading to the requirement of a
seeding event to induce a large enough island for bootstrap driven gootaite tover. These
small island terms are due respectively to the effects opadarisation currentsagy term)

[8], finite transport over the islanavq term) [9], and the loss of bootstrap as size approaches
lon banana widthsw term) [10]. These govern both the threshold for the mode, and the
requirements for its control. Most significantly they lead to peddence of the NTM
thresholdB on normalised poloidal Larmor radiys, which is expected to play a key role in
the scaling of NTM physics towards ITER. They also lead to tastability threshold for the
mode — g5 value below which the NTM is unconditionally stable, because the aothive

is not strong enough to overcome stabiligtignd small island effects.

As an example, ion polarisation current effects can be characterised by [11],
* *2
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where ty is a function of normalised collisionality=u/ea , with g=1 for 1<<1, andg=¢ ¥

for v>>1; 1 is the ion collision frequencyee (') is the electron (ion) diamagnetic
frequency, andoy is the poloidal ion Larmor radius (all quantities taken at thevagit
resonant surface. This term also depends on the natural island prapdgajuency Q) in
the zero radial electric field frame of reference, whichasl to measure experimentally and
hard to predict theoretically. Nevertheless, assumingXherm is constant and leads to a
positive (stabilising) sign fas,e, then folding Eq. (2) back into Eq. (1), neglectmgandw
terms, and assuming a given ‘seed’ island siz@ysceq We can solve for marginal growth
(dw/dt=0) to give a threshold for NTM onset, f3,.onser Which scales withp :
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wherewpo = apol / (@ns €72 Ly/Ly) andas”=adrs.

A key element this establishes is the link betwibens,...s: and the seed island size at NTM
onset. Whemwseeqis small, very highg, is required for neoclassical growth, but as seéeel s
increases thg, onseifalls, reaching a minimum &tseedv3Wpol.

A similar form can be obtained with the finite isthtransport model(), as discussed in
Refs [3] and [17], assuming a heat flux limited @@eh to allow for low collisionality [9],
although in this case no rotation dependence isagd (with definitions as in [6]):

Wa= [XoRoLq/ Ven] ¥ 4)

In some situations the distinction between the isgednd the NTM evolution can also
become mixed — for example where higHeads to a pole id', initiating classicalisland
growth that is then driven further by the bootstragnm [18]. In these cases, the small island
terms will still be important, in setting the degr® whichfy must rise in order to mak®
sufficiently large to overcome the small islandnterand trigger the tearing modes. This
mechanism is thought to be significant where osleeding processes may be weak, such as in
hybrid scenarios for the 2/1 NTM, where strong satfing activity is avoided and coupling
to other core activity will be weak due to geonwéfifects.

2.1. Role of rotation

Considering the above formalism we see rotationecder into the behaviour in several ways:

1) Firstly there is an explicit dependence enteringugh the ion polarisation current
term. This can have a strong effect, flipping tihgn sof the term to either drive or
suppress tearing. But the significance of thisafédso depends on how much the ion
polarisation current mechanisms dominates over atin@ll island size effects.

2) Then there is the issue of how the seed islandriedd. In a magnetic coupling based
model (eg toroidal [2] or three wave [19] coupling core instabilities) the
perturbation at the NTM resonant surface will beslsled out by differential rotation
with respect to the applied perturbation (eg a sathtprecursor).

3) In addition, the triggering instability itself mdave a dependence on rotation, as is
observed for the sawtooth instability [20, 21].

4) Changes in rotation can influence tiedirectly due to changes in interaction between
resonant surfaces [22] and rotation shear acresSlTiM resonant surface [23] — these
effects will depend on differential rotation in tpkasma.

5) Finally the interaction of a mode (particular ifanghe plasma edge, such as the 2/1
NTM) with the vessel wall may have a stabilisintgef of the tearing mode.

These effects would also enter in different wayependent on absolute rotation, differential

rotation, or rotation in a particular frame of mefece. However, in most instances (except for
the ion polarisation term) it can be seen thatdased rotation would be expected to have a
stabilising influence on the NTM. It is now usefd consider some recent experimental

observations, in order to examine how the abovwadtisms may manifest themselves.



3. Experimental observations
3.1. Exploring the underlying physics of the modified Rutherford equation

A good extrapolation of NTM physics to ITER scateguires us to be able to identify and
quantify the relevant physics terms. However, gitke number of physics terms which
remain relatively uncertain, isolating the necegsaifects experimentally can be quite
challenging and requires a number of techniques. dibanest way to test elements in the
modified Rutherford equations is by using contmlf@ rampdown experiments, comparing
island evolution modelling based on Eq. (1) agasmgierimental behaviour. This has been
performed on a number of devices for the 3/2 NTdf (fhich steady and measurable island
size behaviour is easy to obtain gds ramped down), with steadily more sophisticated
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Fig 1: Experimental island evolution for DIII-D (left) and JET (right) in comparison tanbdified
Rutherford equation, based on a range of assumptions to test model dependency as descril

techniques [6, 24, 25, 26] — calculating more a& pgarameters based directly on the time
evolving data, including more terms and using ailyemotivated local parameters and full
bootstrap current calculations. Examples for DIlebd JET are shown in Fig. 1. The fit for
DIll-D (left panel) shows the importance of incladithe small island terms to get a match to
experimental data (green, or black for a smootlerdion) at small island size. In the optimal
fit (blue) we can sufficiently constrain parameteos obtain good estimates off=-2.9,
ra=10m* andwg=2.19cm. The other curves show the effects of réngpthe ion banana term
(Wpoii Which iswg in Eq. 1) or the island size teran, In the DIII-D fit, where ion polarisation
currents were neglected, the island transport &ffédey) were well constrained, with
adjustments of a few percent leading to signifiyaniorse fits. However, as we see in the
right panel (this time taking a JET example), ingch harder to discriminate between the ion
polarisation current (magenta) and finite islarahsport (blue) effects — either or both (green)
can effectively give a fairly good model of theaistl evolution through the stabilisation point.

Thus we see that island evolution modelling hasatiffely reached its limit in being able to

elucidate the underlying NTM physics. Good quacsifion of the major parameters can be
obtained. But discrimination of the underlying plegsmodels seems unlikely. We must

therefore turn to other techniques. The key to lies in exploiting the different parameter

dependencies inherent in the models (Eq.’s 2 andn4particular the rotation dependence
provides a key opportunity to discriminate betwdemodels, and is an important parameter
to explore experimentally, as ITER will have relaty little momentum injection.



3.2.3/2NTM rotation studies

3 _%‘BN APlCRH%ﬂ” L Gk [6
Experiments  exploring the rotatic BN A ¢ v
dependence have focussed on both the "’ longest 1, 2
NTM and 2/1 NTM — dependent on t 2 N sawtootl =
tools and operational regimes most rea A‘ N periods T =z
available. Turning first to the 3/2 NTN 4 A . A {2 0_9
which is easier to explore due to its m: 1
benign nature (it does not lock or cai
disruptions, except at very loggs), the JET 0 - ThA—A—0
tokamak has examined rotation depende 0 5 P 10 MW) 15
at mode onset. The first studies on these o Ne!
focussed on variation of momentum
injection by substituting neutral beam 1007 . D¢
injection (NBI) heating power with ior«_ 80 - o * ‘
cyclotron resonant heating (ICRH). The:s§~ 60§ V'S * L 2
yielded a clear result with 3/2 NTN 40
thresholds  falling dramatically  as
momentum injection was lowered (Fig. 2a). 20 7
After correcting for the usual dependence 0 T
in the scaling a clear effect of rotation was 0 5 10

still observed (Fig 2b). Charge exchange rotation at q~1.5 /kHz

. Fig 2: a) Upper panel — Change in 3/2 NTM
However, the use of ICRH raises some threshold with NBI power (blue diamonds)

questions, as it introduces two additional 54 |CRH power levels (right scale, triangles).
considerations. Firstly ICRH is well known )| ower panel - threshold variation relative to
on JET to influence sawtooth period via a ysual NTM scaling plotted vs rotation.
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Fig 3:Variation in sawtooth parameters as discharges passes thiGugh6.

build up of sawtooth-stabilising populations oftfaarticles in the core, and this can in turn
change the NTM thresholds [1,27]. Secondly the IC®#thibits a different heating and
fuelling profile to NBI. On the former point, thisas addressed by adjusting the phasing of
the ICRH scheme to—90” which acts to eject core fast particles. This castled in
mitigating the stabilisation effect in terms of $awth period (Fig 3a), the parameter most
linked with NTM threshold [1]. But there was stdbme variation in terms of amplitude of
magnetic activity accompanying the sawteeth, aljhothis was small compared to natural
variation and somewhat outweighed by the trench¢oeasing magnetic amplitude &s was
increased. However, the ICRH dominated dischardes Bad more peaked temperature



profiles. These concerns led to sufficie 4
uncertainties to justify a further study to sethd
apparently strong rotation effects were born ¢, 3]
without this change in heating. B

¢ NTM

<& No NTM

A second series of experiments explored -
NTM onset by changing the mix betwee 11
different neutral beam injectors on JET. Tr
exploited the fact that some NBI injectors inje 0 ‘ ‘ ‘ ‘ ‘
in a more tangential direction than others, and 0 2 4 6 8 10 12

give more momentum to the plasma. A series n=1rotation (sawtooth) /kHz

heating power ramp-ups was applied varying tRey 4: 3/2 NTMgS, thresholds on JET as NBI
mix of injectors. The results (Fig. 4 plotted injector mix is changed to vary rotation.
against core plasma rotation taken from sawtoottDMitecursors) show a clear trend, with
highest By (>2.7) thresholds all accessed only at high cotation (>8.5kHz), However,
NTMs can still occur at lowefy values in this region. Careful analysis of data yialded no
particular differences in the phenomenology or peters of these cases, and so the
differences are attributed to the natural variattoNTM triggering.

These studies showed that rotation does indeedapsagnificant role in NTM onset, and that
lower rotation is expected to lead to lower thrédfoin devices with less momentum
injection. Indeed, it is likely that for the 3/2 NlTon JET, which typically is associated with
triggering related to sawtooth activity [1], rotati dependence originates with changes in the
shielding between surfaces with different rotatiofisus while there are good indications of
the role of at least one of the effects from diseus in section 2.1, the other elements
remained unclear, and further studies were required

3.3. Moredetailed investigation of rotation with 2/1 NTM studies

To progress further in understanding the underlyWigM physics, and also to address the
mode of most serious concern for ITER, attentiors waned to the 2/1 NTM. A first set of
experiments was carried out on DIII-D and JET tplese the role of error fields. These act to
brake the plasma magnetically at the resonant crfpotentially stopping rotation and
driving tearing mode growth. Experimentally thefaoe of greatest concern for error fields is
at g=2, where a tearing mode can substantially impadiopmance [28], while the poloidal
mode number is lown=2, making tearing relatively easy) and the surfadgpically far out

in minor radius (and so reasonably close to sourte 4 J%

JET 2/1 mode thresholds
(B21 corrected linearly
"'I for density)

error field which fall linearly towards the plasm
core). The questions asked were: can this d|I3
N

combine with NTM triggering processes to lead ® -
lower thresholds for the mode? If so, then how d« :‘
this act? 2
< Rotating onset

Experiments first utilised a series Bfand error field no error field

L. . @ Locked onset
ramps, raising one parameter, while the other \ with EFCCs
usually held constant. The results [29] showedearc ~ |®.fedonse | g w =@ "
dependence, with 2/1 NTM thresholds lowered by - © ‘ ‘
presence of error fields. However the most intergst  ° 4 Bz (Gauss) 8
aspect is in the detailed behaviour. In the JE'Te€as Fig 5: JET error field thresholds at
(Fig. 5), any application of error field resultad the various constant heating pow.



(corrected for ne
& Bt variation)

mode being formed in a locked state as soon as ft
appeared. Thus these cases could be attributdw to t
‘usual’ error field induced mode process, Whereﬁy
the error field brakes the plasma and drives tgarin
directly. The interesting aspect for JET is that th 2 |
plasma sensitivity to error fields has increased at
medium to highgBy levels (>2), compared to that at Rotaing onset <
low Sy values (<<1), as previously observed in high Locked onset q<4
fu RWM regimes [30]. In DII-D a different ——Fitx2
behaviour is observed (Fig. 6). Here the thresholds
are significantly lowered by error fields with the
mode still born rotating.
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Fig 6: DIII-D 21 NTM Gy threshold
as a function of error field applied.

The difference in the DIII-D behaviour is attribdtéo the 409 4
harmonic spectrum which has much lessl field than 3 *X

JET, and so will brake the bulk plasma less, wapelying /\2 ************** A “‘ B
a strongerg=2 resonant perturbation. However the DIII-D_3 N
observations indicate a fundamentally differentcess to ¥ [ e
JET in which the initial seed island is not drivep the 2 b4

static error field but is responding to rotationaches. £ [ap, |
Considering the triggering process, we note thaseh2/1 §,0 @ rotation) Al 8
modes are not strongly associated with triggeringMsuch <®

as sawteeth or ELMs, but are instead more likelybéo 0 B, (G) 6

associated with changes to the classical tearatglisy due Fig 7: DIlI-D moderotation in
to proximity to the ideaSy limit [18]. Thus it is considered CX frame [, left scale taken as
likely that the NTM onset is being influenced byaoges in 2PProximation for EB rotatign
derlying NTM stability via the ion polarisatiorurcent for rotating mode cases of Fig 6
underlying i Yy poia e showing rotation trends towds
term (or possibly wall effects). The first prelimny ,er0 aserror field rises anc
indication of this is shown in Fig 7, where a trentvards NTM onseiy falls (A).

decreased mode rotation frequency in the CX
o
8% o

frame is observed as error field is increased.

w

To explore these issues further, rotation was &‘@

then varied directly on DIII-D using counteé 4“@”9@

beam injectors balanced with co- injectors %o ®e

vary net momentum injection. The resultirg o Optimal Error Correction
scan (Fig. 8) yields a number of interesting T o e e ]
observations. Of note for ITER is that without x-2 Enhanced Error Field
net momentum injection, 2/1 NTM thresholds | T e

fall by a third fromgy~3 to ~2. However, from - 1 0 1 2 3

the physics perspective’ the interest lies in the Neutral Beam Torque (units of 1 co-injected beam)

detail. Firstly it is observed that with Fig8: variation in 2/1 NTVS, threshold
increasing torque in the counter direction (and on DIII-D as neutral beam momentum is

also rotation — Fig. 9), NTM3, thresholds do  changed from net co to counter injection.

not rise, but actually fall further. In additiontation shear across the core (Fig. 10) or in the
edge region (not shown) correlate well wigh2 rotation. Thus the loweg NTM thresholds

do not occur at the lowest rotation or rotationashendicating that mode coupling type
processes (to other instabilities or error fielois)\' variations due to rotation are not playing a
role in NTM onset in this study, and that wall raetions (if present) must be weak.



The role of error fields is explored further in Fi&)

. . . A 0’ ‘_. ®
where error fields are progressively increased fr T e . ®
optimal intrinsic error correction (blue) to n _ %o *T e
correction field (green) to enhanced error fieled(r g =
pink), although these fields were smaller than ehc %. *®
applied in Fig 6. This shows only modest effect 1
NTM thresholds even when close to balanc

@ Optimal Error Correction © No Error Correction
@ x-1Error Correction @ x-2 Error Correction

Pl
T

injection, where the low natural plasma rotatic

would be expected to increase error field sengjtivi o s 10 15

In addition, many of the modes are born rotating. (e 2/1 NTM rotation at time of 2/1 NTM onset /kHz

Fig. 11) - again, even when beams are close ftég 9: Variation in 2/1 NTM threshold
balanced injection. This confirms the conclusions Vs mode frequency on DIII-D

from Fig. 6: that modest levels of error field dot mact directly to stop plasma rotation and
induce error field modes - their effect is moretijlchanging the NTM stability itself.
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For these discharges, well constrained reconsbmst
based on Motional Stark Effect current profi
diagnostics  confirm that current profiles do n
change systematically as co- is substituted fontsu
NBI. Thus having ruled out this and most aspects
which rotation may be influencing the NTN
thresholds in these studies, this suggests that *
rotation effect must principally be entering thrbube cha-fgeexchange(CER)q:Z rotation /kHz
rotation dependence in the ion polarisation current
terms. Rotation profiles from these experiments ar
now being explored in detail to test this hypothesi
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Fig 10: g~1, 1.5 and 2 rotation at
€times of 2/1 NTM onset on DIII-D
(this is carbon rotation from charge
exchange so has a small offset from

4. Conclusions actual resonant surface rotation).

In this paper we have explored the origins and featation of rotation dependence for the
NTM, using experimental data to validate predictethaviour, and discriminate between
elements of the theory. We see that there arerdfisant number of ways in which rotation

can enter into the NTM behaviour, and these wowdekpected to manifest differently in

different situations. We have explored the applocatand limits of detailed numerical

modelling for experimental interpretation, showithgit while experiments can identify and
guantify the role of small island effects, theymaindiscriminate between different models for
small island stabilisation, such as ion polarisatarrent or finite island transport effects.

Nevertheless, other aspects of NTM manifestatiaonj enore imaginative experimental
techniques, are beginning to identify the rotatimechanisms and consequences more
specifically. For the 3/2 NTM, which is usuallyggered by an additional instability, such as a
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Fig 11: Onset of a slowly counter rotating NTM (430Hz) in DIII-D for shot 126689 with modest
net counter injection (-0.45 units of beam out of 2.6 in total) and optimal error correction.



sawtooth, strong plasma rotation is thought to retibeough shielding effects between
triggering and triggered instability. Rotation thpkys an important role in keeping mode
thresholds high. The study of the 2/1 NTM has riaganore subtle behaviour, with new
results indicating that further effects such asvgations introduced through ion polarisation
current effects (or possibly even new physics idignets) play a major role. In addition the
data raises serious concerns due to the low 2/1 Mif&holds observed at low rotation.

These results point to two key conclusions. Firktly rotation is seen to lead to lower NTM
thresholds in all cases, compared to conventiooaNBI plasmas. Secondly the behaviour
can be subtle and effects such as ion polarisatiorents or error fields can have a strong
influence on NTM thresholds. This leaves two pratitasks for the NTM community — to
resolve which will be the important or dominant picgl mechanisms governing NTM
behaviour in ITER, and to quantify them.
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