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Abstract
In this paper, we review the confinement and transport properties observed and predicted
in low aspect ratio tokamaks, or spherical tokamaks (STs), which can depart significantly
from those observed at higher aspect ratio. In particular, thermal energy confinement scalings show a strong, near linear dependence of energy confinement time on toroidal magnetic
field, while the dependence on plasma current is more modest, the opposite of what is seen
at higher aspect ratio. Furthermore, STs show a strong increase of normalized confienemnt
with decreasing collisionality, a dependence that is much stronger than that at higher aspect
ratio. These differences reflect the fundamental differences in transport in STs due to the
more extreme toroidicity than plasmas at higher aspect ratio, and to the relatively larger
E × B shearing rates, both of which can suppress electrostatic drift wave instabilities at both
ion and electron gyroradius scales. In addition, the importance of much stronger electromagnetic effects due to the ST operating at high βT are clearly observed and inferred. These
latter effects bring into light importance both Microtearing modes and Kinetic Ballooning
modes have a much stronger impact in the core of STs plasmas than at higher aspect ratio.
These differences have led to inferring a very strong improvement in normalized confinement
with decreasing collisionality, ΩτE ∝ νe,∗ −1 , much stronger than at higher aspect ratio,
which bodes well for an ST-based fusion pilot plant should this trend continue. Gyrokinetic studies, coupled with low- and high-k turbulence measuements, have shed light on the
underlying physics controlling transport. At lower β, both ion- and electron-scale electrostatic drift turbulence may be responsible for transport, while at higher β, MTMs, KBMs,
and hybrid TEM-KBMs play a role. Flow shear will, of course affect the balance between
ion- and electron-scale modes. Non-linear gyrokinetic simulations find regimes where the
electron heat flux decreases with decreasing collisionality, consistent with the experimental
global normalized confinement scaling. The ST is unique in that the relatively low toroidal
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magnetic field allows for localized measurements of electon-scale turbulence, and this coupled with turbulence measurements at ion-scales has facilitated detailed comparisons with
gyrokinetic simulations. These data have provided compelling evidence for the presence of
ITG and ETG turbulence in some plasmas, and direct experimental support for the impact
of experimental actuators like γE , R/Ln and magnetic shear on turbulence and transport.
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I.

Introduction

A spherical torus or tokamak (ST) is a tokamak with an aspect ratio (A = R/a) less
than approximately two.1,2 The ST provides a potential transformative route to a more
compact and possibly lower cost Component Test Facility3 /Fusion Nuclear Science Facility4–6
(CTF/FPP) or Fusion Pilot Plant7–11 (FPP) because of its compactness and because of its
fundamental properties of enhanced confinement and stability at low aspect ratio, which
have been established quantitatively in the first generation of high-powered STs: NSTX12,13
and MAST.14 The ST configuration also has physics advantages, as can be seen from results
of early studies as well as from 0D considerations. For instance, work has predicted that
STs can operate in regimes of high βT , as was demonstrated in START15 and NSTX,16 an
economic metric that maximizes the plasma energy with respect to the energy in the toroidal
field that has to be provided by external power. The ST is an inherently high plasma current
machine due to its low aspect geometry and strong natural shaping (e.g., elongation) κ,17
with
Ip ∼

(1 + κ2 ) R0 B0 Af (A)
, wheref (A) = 1.22A − 0.68
2
q a A2 − 1

(1)

The high current leads to a higher MHD stability limit, given crudely by βT = βN Ip /(aB0 ),
as well as to a higher self-driven bootstrap current18,19 deemed necessary for advanced tokamak Pilot Plants. The bootstrap fraction is given by fbs ∼ (1 + κ2 ) β/N li for fixed aspect ratio
and I/aB. Thus, the ability to optimize βN and κ is critical. The ST configuration affords
a large accessible range in these parameters and thus flexibility in this optimization, as well
as the ability to achieve stable operation at high κ (up to 2.9) and high-βN /li (in excess of
14) was shown in NSTX.20,21
These characteristics help maximize the nT τE metric, given by
H2 2 3 κ 3
nT τE ∼ 3 R0 BT ( 3 )
q
A

(2)

where, H is confinement enhancement factor defined as τe /τE,98y,2 , where τE,98y,2 is the
parametric scaling of energy confinement time based on a multi-machine database,22 κ is
plasma elongation, and A is aspect ratio R0 /a. In addition, operation at low aspect ratio
and high elongation can help maximize the ratio of fusion power to the resistive dissipation
in the TF center leg, which can be expressed as
Pf usion
Ro Bo
2
∼ βN
(1 + κ2 )2
PT F
qa
3

!2

f (A)2
(A − 1)4 A2

(3)

Recent studies10,11 have, in fact, demonstrated the possibility of designing small, compact
steady-state ST fusion pilot plants. These studies use system codes that recognize standard
operating limits (e.g., the Greenwald density limit, the Sykes-Troyon β limit23,24 with and
without additional wall stabilization), current drive efficiencies and basic engineering constraints, and the utilization of high temperature superconducting magnets. They calculate
the fusion power output, or the fusion gain factor, Q (ratio of fusion power to input power)
as a function of size, TF winding pack density, and other variables. Critical to all these pilot
plant studies, as can be seen by the above relations, at both small and higher aspect ratio,
is the scaling of energy confinement time, τE , particularly with respect to dimensionless parameters such as collisionality ν∗ and β. The conventional scaling, τE,98y,2 effectively scales
almost inversely with β, and it has no dependence on ν∗ . STs are at the extreme limits
of the multi-machine database as regards aspect ratio, and beyond the limits as regards β.
There is evidence, which will be discussed in this paper, that ST energy confinement has
a weak dependence on β but a strong inverse dependence on ν∗ , both of which would be
favorable for a small, compact spherical tokamak power plant. It would strengthen the case
for this path to fusion power if the empirical scalings could be augmented by first principles
calculations of turbulent transport, as has been initiated in early studies25,26 particularly as
this would allow confident extrapolation to parameter values typical of an ST power plant.
The ST configuration also presents physics challenges in several areas. STs with neutral
beam auxiliary heating can operate in a regime where the ratio of fast particle velocity
to Alfvén velocity exceeds one, and this could lead to destabilization of multiple Alfvén
Eigenmodes (AEs), which can couple to one another and impact severely the heating and
current drive efficiency of the fast ions.27 Furthermore, the compact nature of the ST can
lead to high divertor and wall power and particle fluxes, and the enhanced flux expansion
properties of divertor configurations such as the X and Super-X,28,29 and snowflake30 have
been tested as a means to ameliorate divertor heat loads.
It is important to note that additional (i.e., non-confinement and transport related)
ST-relevant physics has been carried out in other spherical tokamaks around the world.
The Helicity Injection Tokamak31 (HIT) in the U.S. employed co-axial helicity injection
(CHI) to initiate the plasma non-inductively. HIT-II32 has also studied non-inductive startup
along with Pegasus, as well as QUEST,33 TS3/4,34 UTST35 and HIST36 (the latter four in
Japan), VEST37 (Korea) and SUNIST38 (China). TST-239 and LATE40 (both in Japan)
will investigate high harmonic fast wave (HHFW) and ECH heating respectively. CDXU/LTX41,42 (U.S.), is investigating liquid lithium as a plasma facing component. An excellent
review of the international ST program progress and ST research results can be found in the
review article by Ono and Kaita43 .
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The purpose of this paper is to review the confinement and transport physics, crucial
to the development of an ST pilot plant, that has been studied in STs over the past three
decades or more. While there are a multitude of STs internationally, the review will focus on
results from START44 (UK), NSTX12,13 (US), MAST14 (UK), Pegasus45 (US) and GlobusM46 and M247 (Russia). A comparison of the basic operating parameters of these STs is given
in Table 1. Also included in this table are the operating parameters of ST experiments that
follow on to those whose results are discussed: ST40 (Tokamak Energy Ltd, UK), MASTUpgrade (CCFE, UK) and NSTX-Upgrade (PPPL, US). These will be discussed more in the
concluding section of this review.
In Section II, we will review L-H threshold experiments, in Section III, we will review
dimensional and dimensionless global scaling studies, in Sections IV, V and VI we will
review momentum confinement, particle confinement and Internal Transport Barrier results
respectively, and in Section VII, we will summarize what gyrokinetic analysis of experiments
has revealed about the plasma turbulence underlying anomalous transport in STs. We will
then Conclude in Section VIII.

II.

L-H Threshold Studies

H-mode operation in STs was found to be similar to that at conventional aspect ratio,
often leading to improved confinement, and with the main L- to H-mode transition signatures
of a sudden drop in the Dα signal, an accelerated rise in plasma density, development of edge
pedestals in the temperature and/or density profiles, and often decreases of edge turbulence
and increase in edge rotation after the transition. H-mode operation in STs was initially
identified in START, specifically in Double Null Divertor discharges.48 Improvements in
particle confinement were inferred from the rise of plasma density and the development
of density pedestals,49 and L-H transitions were often observed in Ohmic discharges. L-H
threshold powers exceeded published scaling-derived values50 by up to a factor of 30. It was
suggested that the high edge neutral density in START, and the associated high convective
heat loss, could impede the L-H transition.
H-modes were obtained successfully during the first years of operation on NSTX51–53
and MAST54–56 (Figure 1, taken from Field et al.56 ). More recently, H-modes were also
obtained on Pegasus,57,58 and during the first operational period of NSTX-U.59 In both
MAST and NSTX, transitions into ELMy H-modes were clear and reproducible, even in
Ohmic plasmas, and the transitions were facilitated and were most reproducible using center
stack gas fueling.60,61 Inboard fueling led to increased toroidal flow velocities in the outboard
midplane in MAST and in the core in Pegasus, possibly leading to a suppression effect on
5

turbulence. Inferred from this increased toroidal flow velocity was a reduction in radial
electric field.62 In NSTX, the measured edge carbon rotation was largest just prior to the
transition, and then reversed direction after.60
The threshold power was further found to be minimized through careful configuration
control; well-balanced double null plasmas led to the lower threshold powers than for unbalanced or single-null configurations.63,64 Since there were no significant changes in recycling
or core impurity levels with these configuration changes, it was posited that the threshold
power was influenced strongly by the parallel connection length, which also changed strongly
with configuration.63 On Pegasus, H-modes were obtained either in a limiter or a single null
divertor plasma.58 The threshold power in limiter configurations on Pegasus was up to three
times greater than that in divertor plasmas, consistent with the q-dependence as predicted
by the FM3 model.65 The NSTX plasmas, however, did not show agreement with the FM3
model.
Later work on MAST and NSTX tested the impact of other operational aspects to see
their effect on the L-H threshold power. On MAST, a shorter outer divertor leg led to lower
threshold powers,62 and while application of n=4, 6 edge magnetic fields had little effect on
the threshold power, they were effective in mitigating the first ELM in the H-mode phase66 .
In NSTX, applied n=3 magnetic perturbations, used for dynamic error field correction, led
to almost a doubling of the normalized L-H power threshold (PLH /ne )64,67 (note that either
Pthr or PLH will be used to denote the L-H threshold power). This threshold power was
determined by adjusting the neutral beam voltage in small increments to find the minimum
power for transition into the H-mode. In the study, the discharges that transitioned into
the H-mode at the lower applied magnetic fields also exhibited higher toroidal velocity shear
towards the edge of the plasma.
The same NSTX L-H study presented in the above reference67 also assessed several other
factors that could influence the L-H transition. The particle fueling-less High Harmonic Fast
Wave heating capability on NSTX allowed for studies of the dependence of Pthr on plasma
species, an important concern for ITER, and it showed that the threshold power normalized
to plasma density was 20 to 40% greater in helium than in deuterium. Furthermore, there
was evidence of a strong hysteresis, with the H-L threshold approximately 30 to 40% lower
than the L-H threshold, indicating that once in the H-mode, the NSTX discharges could
remain in this state with Pheat < Pthr .
A unique observation on NSTX was the dependence of the threshold power on plasma
current,68,67 which has not been seen at higher aspect ratio. On NSTX, the dependence
was strong (see Figure 2, taken from Kaye et al.67 ), with threshold powers nearly doubling
going from 0.7 to 1.0 M A. As will be shown below, this result is qualitatively consistent
6

with the result that the Pthr at low aspect ratio depends on the total magnetic field at the
edge,69 not just the toroidal field; at low aspect ratio, BT ∼ Bp , while at higher aspect ratio,
BT  Bp at the edge. XGC070 calculations showed that the neoclassical radial electric field
well, caused by the thermal ion loss cone near the plasma edge, was distinctly deeper and
exhibited stronger Er shear at low than high current, consistent with the lower threshold.
The deeper well reflected the loss of lower energy particles, and those with higher vk /v than
for the higher current.
The NSTX results also showed lower thresholds for higher lithium evaporation rates used
for wall conditioning, as well as for lower triangularity plasmas where the X-point was at
larger major radius (see Figure 10 in Kaye et al.67 ). XGC0 was used again here, to explore
possible neoclassical effects that could lead to lower thresholds at both larger X-point radius
and with more lithium conditioning. It was found that maintaining the Er × B shear rate
resulting from the thermal ion loss cone near the edge requires less heat flux, and thus leads
to lower thresholds, as X-point radius increases with a lower divertor recycling to fueling ratio
(low recycling with lithium conditioning).71 The easier access to H-mode in a low-recycling
condition was reported also on Pegasus, which made use of titanium gettering.58
Early statistical studies in both NSTX53 and MAST72 attempted to relate the transition
characteristics to leading theories of the L-H transitions of the time. The theories were based
on the drift-resistive ballooning mode,73,74 peeling modes,75 the drift-Alfvén instability76 and
finite-β drift waves.77 In the studies for both devices, the data were categorized by whether
they were in the L-mode, H-mode or either dithering or in an L-phase just prior to an L-H
transition (“L-H”). In NSTX, the results indicated a clear separation of the L- and H-mode
data with respect to the critical parameters of the first three theories (Figure 3, taken from
Kaye et al.53 ) However, there was essentially no difference observed in the cluster of discharges
that remained in the L-mode versus the L-mode points that transitioned into the H-mode.
This result was found also in MAST.72 This indicates that while these theories reflected
differences between L- and H-mode plasmas, they could not predict and L-H transition.
The finite-β drift wave theory predicts a critical pedestal electron temperature for transition into the H-mode, where the critical temperature is related to the point where sheared
flows can suppress the turbulence. This theory showed some success in modeling C-Mod
and DIII-D,77 but was not successful in modeling the NSTX data; for NSTX, the Te /Te,crit
ranges were the same for the L-mode and the “L-H” points. On the other hand, this theory
showed some success in modeling MAST. Figure 4, taken from Counsell et al.,72 shows the
cluster of L-H points having slightly higher pedestal Te values relative to the critical value,
Te,crit = TEC than do the L-mode points.
Not taken into account in any of these theories is the electric field caused by non7

ambipolar loss of fast, neutral beam ions. In NSTX, it was found that bounce precession
fishbones, which cause large loss or redistribution of the fast ions reflected by large drops in
the neutron rate, led directly to an L-H transition.53 An incremental 3 kV /m radial electric
field could result from the estimated loss of fast ions, and because of the factor of five to ten
lower operating BT at low relative to high aspect ratio, could lead to high rotational shear
values.
Edge turbulence suppression was observed on MAST,63 NSTX78 and Pegasus58 once the
plasma transitioned into the H-mode. In NSTX, no change in turbulence characteristics or
shear flow was observed during the period immediately preceding the transition,79,78 however.
L-H threshold powers in STs typically exceed those predicted by various scalings developed from conventional aspect ratio (R/a ∼ 2.5 to 4) tokamaks by factors of several up to
greater than an order of magnitude. In fact, the ranges of threshold powers for the three STs
discussed, normalized to the conventional aspect ratio threshold power scaling predicted by
Martin et al.,80 exhibited a strong dependence on aspect ratio. As the aspect ratio decreases
towards one (MAST to NSTX to Pegasus), this ratio increases significantly, as shown in
Figure 5, taken from Thome et al.57
This trend had been recognized implicitly in the re-analysis of the ITPA threshold
database, augmented by NSTX and MAST threshold data.69 It was found in this analysis that an aspect ratio dependence given by
γ



F (A)γ = 


A
1−

h

2
1+A


i1/2 

(4)

where, A = R/a and γ = 0.5 ± 0.5, helped to order the data with the low A data
included better than did the conventional aspect ratio scalings. The aspect ratio correction
factor is related to the trapped particle fraction, the magnitude of which is itself related to
parallel flow or current, which was hypothesized to impact the transition mechanism. With
a higher trapped particle fraction (lower A), the parallel flow/current would be reduced.
The work also considered two additional factors: total, instead of just toroidal magnetic
0.7
field and Zeff (∝ Zeff
). The use of the total magnetic field attempted to address the current
dependence found in the NSTX threshold data, although its parameterization in the scaling,
|BT OT |0.7 , led to a weaker dependence than that observed on NSTX. The full fromula is
0.7 0.7 0.9
Pthr = 0.072Btot
n20 S (Zeff /2)0.7 F (A)γ

(5)

where S is plasma surface area. The fits of Pthr /Pscal using a conventional A scaling and
the modified scaling is shown in Figure 6, taken from Takizuka et al..69
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III.

Global Confinement Scalings

Systematic and statistical studies have been conducted in STs, as they have in conventional aspect ratio tokamaks, to develop an understanding of the parametric dependences of
both thermal and global energy confinement times on both engineering and physics parameters. Engineering parameters are those that can be controlled externally, e.g., Ip , BT , R, a,
Pheat , n, κ, δ, while dimensionless physics variables such as ρ∗ , β, ν∗ , are intrinsic to the
plasma. The physics parameters, and other dimensionless variables such as R/a, q, κ, δ,
are intercorrelated, and thus present challenges to determining the parametric variations
directly, using them as regression variables, or by transformation from engineering variable
scalings. For the latter, due to the intercorrelation of the dimensionless variables, small
changes in engineering variable dependences can lead to large changes in the various physics
parameter dependences. The best path forward to determine dependencies on physics parameters is through dedicated and controlled experiments, although these have not yet been
performed in STs to the extent that they have at conventional aspect ratio.
Confinement studies have been performed primarily in MAST (CCFE, UK), NSTX
(PPPL, U.S.), Globus-M (Ioffe Inst., Russia) and most recently Globus-M2, which is an
upgrade of Globus-M. The comparison in operating parameters among these STs is given in
Table 1 (Section I). NSTX and MAST are similar in size and operating parameters, while
Globus-M, M2 are smaller. Confinement studies, most notable at higher BT , Ip and heating
power will be conducted over the next several years in MAST-Upgrade, NSTX-Upgrade and
ST40, the latter being a high-field ST built and operated by the private company Tokamak
Energy Ltd (UK). Operating parameters for these STs are included in Table 1 as well.

A.

Dimensional Variable Scalings
For simplicity, the scalings are assumed to have the form:
αP ακ
τE ∝ BTαB IpαI RαR nαn
e Pheat κ .....

(6)

where the coefficients have been determined historically through Multiple Linear Regression82 (MLR) or closely related approaches that take into account variable uncertainties.83,84
Recently, more advanced machine learning methods have been adopted.85–87 In this section,
we will first discuss results of the parametric trends of confinement time based on engineering
9

variables, followed by a similar discussion revolving around the physics variables. As will be
seen, some differences that emerge from engineering scalings even within one device can be
reconciled when viewed from the perspective of physics variables.
H-mode operation comprised the majority of confinement-related experiments in STs such
as START, MAST, NSTX, Globus-M and Pegasus,and only limited work has been done on
assessing OH or L-mode confinement. First physics operation of NSTX found that ohmic
confinement followed the neoAlcator trend, with a nearly linear increase of confinement with
line-averaged density, and a saturation of the confinement for Greenwald fractions ( nnGe where
Ip
88
nG = πa
Additional ohmic scaling results were
2 and a is the plasma minor radius) > 0.8.
reported by the Globus-M ST group at the Ioffe Institute in St. Petersburg, Russia, where
the energy confinement time τE was found to scale as τe ∝ ne for ne < 2.5 × 1019 m−3 , but
it was found to be weaker than linear at higher ne , saturating at Greenwald fractions also
of nnGe ∼ 0.8.89 In addition, a linear dependence on Ip but a weak dependence on Pheat and
H ∼0.5 to 0.7 was found in ohmic H-modes. Confinement times in START ohmic plasmas
appeared to be bounded by the neoAlcator scaling predictions.90
An L-mode study, performed during early neutral beam heating operation in NSTX,91
assessed the parametric dependence of global energy confinement time, which included the
fast ion component, as determined from magnetic equilibrium reconstructions, and found
that
−0.37
τE = 4.74 × 10−4 BT0.7 Ip1.01 ne0.07 Ploss

(7)

in sec, T, M A, 1019 m−3 (line-averaged density), M W (total power lost across the
separatrix). While the strong scaling in current is consistent with that seen at conventional
aspect ratio, note that there is also a strong dependence on toroidal field, and a weaker
degradation with loss power.
Early H-mode experiments on high-heating power STs indicated higher than L-mode
energy confinement times. While not explicitly identified as H-modes, discharges on the
high-β START ST produced discharges with flat density profiles and large edge density
gradients representative of H-modes, and deduced confinement times that were close to Hmode scaling predictions.92 In a more dedicated study in START, ELMy discharges were
found to exhibit similar trends to, and exceed the 97ELMy scaling.49,50
High neutral beam power operation in both MAST and NSTX resulted in routine access
to the H-mode regime, and studies on both devices showed the H-mode confinement scaling
to be quite different than that at conventional aspect ratio in terms of the dependence on
Ip and BT . Early studies with boronized wall conditioned discharges in NSTX93 involved
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both dedicated single variable scans as well as statistical studies. In these studies, an almost
linear dependence of thermal confinement time on plasma current Ip0.98 was observed at fixed
BT (0.45 T ) and heating power (4.4 M W ), although the plasma current increase from 0.65
M A to 1.2 M A was correlated with a 30% increase in density. In addition to this trend
with plasma current, a significant BT dependence from 0.25 to 0.45 T was also observed.
Statistical analyses of the data using various methods confirmed a strong, nearly linear
scaling with BT . The correlation between the density and current was accounted for in in
the statistical analysis, where the Ip dependence was found to be clearly less than linear,
with a strong, accompanying density dependence. Using ordinary MLR, the scaling was
found to be
−0.73
τE = 4.69 × 10−9 BT1.08 Ip0.57 ne0.44 Ploss

(8)

Accounting for the errors-in-variables, the PCEIV method modified the coefficients some−0.50
what, most notably in a weaker power degradation (Ploss
), but the other dependences
remained similar.
Early experiments on MAST found H-enhancement factors strongly dependent on ELM
frequency, with H decreasing from 1.5 to 0.5 as the ELM frequency increased.63 MAST data
also provided the means to determine an aspect ratio dependence relative to the IPB98y,2
scaling, with τE ∝ (R/a)−0.81 with bean-shaped (PBX, PBX-M) and circular cross-section
data were omitted.94 Dedicated, single parameter scans were performed on MAST to determine the Ip and BT dependence of thermal confinement, and dependences similar to those
on NSTX (Eq. 8) were found. Figure 7, taken from Valovic et al.,95 shows the total and
electron stored energies as a function of Ip and BT for MAST H-mode plasmas. The solid and
dashed lines in the plots show the fit and the maximum and minimum slopes consent with
uncertainties in the data. The data, which consist of both ELM-free and ELMing discharges,
clearly follow the NSTX trend, with a weaker than linear scaling with plasma current and a
strong (even stronger than NSTX) dependence on toroidal magnetic field. Given an estimate
for fast ion content, the thermal energy confinement time at fixed density (1.1 × 1020 m−3 )
in MAST was found to scale as
−0.73
τE = 0.186BT1.4 Ip0.59 Ploss

(9)

remarkably similar to that in NSTX.
Later experiments in NSTX with boronized walls, but this time with only a small variation
in density over the course of the scan, confirmed the weak Ip and strong BT dependence.
Figure 8, taken from Kaye et al.,93 shows these trends.
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The first neutral beam heating experiments in Globus-M showed a strong τE dependence
on both Ip and BT with τE ∝ Ip0.8±0.1 BT0.8±0.1 .96 A subsequent study97 refined the Globus-M
scaling, and found that:
−0.54±0.26
τE = 6.08−3 BT1.28±0.12 Ip0.48±0.21 ne0.77±0.04 Ploss

(10)

consistent with scalings determined from MAST and NSTX data. It was found,98 however, that while τE ∝ ne BT , there was some sign of possible saturation of confinement above
some, possibly BT -dependent critical density (Figure 9, taken from Bakharev et al.98 ). Recent experiments on Globus-M2 with toroidal fields up to 0.8 T also show a BT -dependent
density saturation up to 0.7 T as well as indicating that the strong BT scaling holds at
these higher fields.99 Figure 10, taken from Kurskiev et al,99 shows that the thermal confinement time from the combined Globus-M and Globus-M2 dataset, spanning the ranges of
0.25 T < BT < 0.8 T and 0.11 M A < Ip < 0.4 M A is well represented by the scaling
−0.59
τGBLB20 ∝ BT1.19 Ip0.43 ne0.58 Ploss

(11)

A study in NSTX that seemed to contradict the strong BT scaling and weaker Ip scaling
was one that was conducted with lithium conditioning of the plasma walls. To do this, a
downward facing lithium evaporator was utilized, with pre-shot lithium evaporation in the
ranges of a few to up to 1000 mg. The global and thermal electron energy confinement times
were found to increase linearly with amount of lithium deposition100 For modest amounts of
lithium evaporation (∼ 100 to 200 mg), dedicated, single parameter scans actually showed
confinement scalings more similar to the ITER98y,2 scaling, with a nearly linear dependence
on plasma current and a weak dependence on toroidal magnetic field (Figure 11), taken
from Kaye et al.101 These seemingly contradictory results were reconciled by considering
the variation of normalized confinement with collisionality, as will be discussed in the next
section on Dimensionless Variable Scalings.
Because NSTX and MAST operated at similar aspect ratio and plasma size, no size
dependence in the ST confinement scalings could be deduced from these early studies. Furthermore, the Globus-M thermal confinement results in neutral beam heated plasmas were
reported only recently. The approach to determining the size dependence in the ST scalings
was performed by Buxton et al.102 under the assumption that the transport was controlled by
plasma physics in a quasi-neutral plasma with no Debye length dependence. This assumption
constrains fit coefficients for engineering parameters, including major radius, to guarantee
that the fit to be dimensionally correct (i.e., τE in sec.). In this work, the fit, including the
size scaling, was based on the dataset used in Kaye et al.91 It was recognized, however, that
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another assumption was required to mitigate the effect of correlations among the engineering
variables in this dataset, and it was assumed that the transport was gyroBohm, consistent
with NSTX.93 With this assumption, the following scaling was determined:
−0.38 2.14
τE = 0.21BT0.91 Ip0.54 ne−0.05 Ploss
R

(12)

Figure 12a, taken from Buxton et al.102 shows a collection of START, MAST and NSTX
data as a function of the IPB98y,2 scaling, while Figure 12b shows the same dataset as a
function of the scaling relation given above. The dataset is better described by Equation 12
than by the IPB98y,2 scaling, with this scaling relation giving higher precision and accuracy.
Kurskiev et al.103 combined data from START, MAST, NSTX, Globus-M and Globus-M2
(up to 0.8 T) to derive the following size-dependent ST scaling, which is shown in Figure 13.
−0.58 0.65 2.66 0.78
τE,scal = 0.066Ip0.53 BT1.05 Pabs
ne R κ

(13)

The standard IPB98y,2 scaling, derived from devices with aspect ratio R/a > 2.5, has
an aspect ratio dependence of (R/a)−0.58 , and it overpredicts the confinement time on STs,
as can be seen in Fig. 2, from Kaye et al104 in the work analyzing the international multimachine global confinement database. The ST data used for this comparison were taken from
MAST and boronized-wall NSTX H-mode plasmas from the respective early experimental
campaigns. The ST data was incorporated into the database not only for comparison, but
also for assessing their effect on this aspect ratio scaling. A series of statistical studies were
performed in Kaye et al,104 finding that, with some minor modifications to the exponents
of the other engineering variables, a stronger aspect ratio dependence was found, with confinement scaling as (R/a)−0.73 (see Eq. 3 of Kaye et al104 ), indicating an improvement in
confinement time as aspect ratio decreases, holding all other engineering variables fixed.
Local transport analyses were carried out in NSTX, MAST and Globus-M to understand
the underpinning of the strong increase of confinement with toroidal field. In NSTX,93 it was
found that the electron temperature profile broadened at fixed q, plasma current, heating
power and density with increasing BT (Figure 14a), and this was accompanied by a reduction
in the anomalous electron diffusivity for r/a > 0.4 (Figure 14b). The ion temperature also
increased with increasing BT (Figure 15a), but the ions remained in the neoclassical range
in the outer half of the discharge (Figure 15b). Both figures are taken from Kaye et al.93
The electron transport was also seen to decrease in the outer half of the discharge with
increasing current, but not as strongly as with increasing toroidal field, reflecting the weaker
dependence of confinement on Ip . The electron thermal diffusivity exhibited a strong decrease
with increasing amounts of lithium deposition.100 The variation of thermal diffusivities in the
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inner core of the plasma in NSTX may be controlled by energetic particle-driven modes,105
but no reduced model to characterize this has yet been developed.
Local transport studies in Globus-M were performed using the ASTRA code.96 Because
only a limited number of measured radial ion temperature points were available, the simulations assumed a neoclassical ion thermal diffusivity. It was found for the range of BT and
Ip studied (0.4 to 0.5 T and 0.2 to 0.25 M A respectively), the measured points fit well to
profiles predicted in this fashion. Both Ti and Te were found to increase with toroidal field
at fixed Ip . and with increasing current at fixed BT . The thermal diffusivities deduced from
these analyses are shown in Figure 16, taken from Telnova et al..96 The χe in the inner half
radius decreases with increasing BT (unlike NSTX, where the decrease was in the outer half
radius), while it decreases in the outer half radius with increasing Ip .

B.

Dimensionless Variable Scalings

A more physics-based method of parametrerizing energy confinement, one that connects
more directly to neoclassical and turbulence theories of transport, is to cast the scaling in
terms of dimensionless parameters. These include the normalized gyroradius ρ∗ , beta β,
normalized collisionality ν∗ , and safety factor q, in addition to geometric parameters such as
κ, δ, R/a, etc. The dimensionless variables relate to the engineering and plasma parameters
1/2
anq
, ν∗ ∝ 5/2
, where  = Ra . T is
. q ∝ Ba
in the following fashion: ρ∗ = aρ ∝ TaB , β ∝ nT
B2
I
T2
plasma temperature, and n is plasma density. In addition, parameters describing the plasma,
such as ionic atomic mass M , the electron-ion temperature ratio Te /Ti , and impurity content
Zeff , may be included.
In dimensionless form, the energy confinement can be written as
αβ αν αq
Ωc τE ∝ ραρ
∗ β ν∗ q .......

(14)

where Ωc ∝ B, is the ion cyclotron frequency, which is introduced to make the left-hand
side of the equation dimensionless. The form above is expected to provide the physics of
confinement that does not involve phenomena that breaks the quasi-neutrality condition.
Correspondingly, the four powers of B, R, P and n in the form given in Section 2.1 can
be cast in terms of just three independent combinations, known as the “Kadomtsev constraint”.106–108
There are three primary approaches to determining the dimensionless scalings, each having pros and cons. The first is to use techniques such as MLR or PCEIV directly, as was done
for the engineering variables. As can be seen from the definitions of the dimensionless variables, there are common engineering and plasma variables among them, potentially causing
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strong intercorrelations. Care must be taken, then, to identify and handle these correlations
to avoid misleading results. The second approach is to use simple linear transformations from
the engineering coefficients to the dimensionless variable coefficients based on definitions of
the latter. This has been used previously for IPB98y,2, and for the ST scalings contained
in Kaye et al.,91 and is described nicely in Buxton et al.102 Again, however, the correlations
among the variables lead to extreme sensitivity in the transformed exponents; small changes
in the engineering variable exponents can lead to large changes in the exponents of the
dimensionless variable expressions. The third approach is experimentally based, single parameter scans, for which careful discharge tailoring is necessary to hold certain profiles fixed
in order to fix the non-scanned dimensionless variables locally. Such experiments have been
performed on conventional aspect ratio tokamaks109,110 and ref erences therein , and an attempt
at this was made on MAST.111 Other studies on STs focused on attempting to fix several
dimensionless variables globally, while scanning another. This approach led to inevitable
variations in the “fixed” parameters, as will be seen later in this section.
As was seen in the previous section, there were stark differences between STs and conventional aspect ratio tokamaks in their parametric dependences of τE on Ip and BT . These
differences are reflected in the dimensionless variable scalings as well, most notably on the
dependence of normalized confinement on collisionality. It was recognized early on in MAST
that plasmas at lower collisionality had higher confinement enhancements (τE /τE,98y2 ) than
those at higher collisionality.101 These results indicated a favorable collisionality dependence, with H98y,2 ∝ ν∗−0.23 (as compared to BτE,98y,2 ∝ ν∗0 at the higher aspect ratio), and,
although a correlation between ρ∗ and ν∗ existed, the effect on the collisionality exponent
was deemed to be small.
Dimensionless parameter scans were performed in NSTX to investigate the dependence
of confinement on νe,∗ (normalized electron collisionality) and βT (toroidal β) at constant
q.112 A factor of three variation in collisionality in the first scan was achieved in these
boron-conditioned wall plasmas by varying the toroidal field and plasma current at constant
BT /Ip , while also varying plasma density at fixed heating power. These scans found a
−0.97
much stronger collisionality dependence than at higher aspect ratio, with BτE ∝ νe,∗
,
although there was a ∼20% variation in both ρ∗ and βT across this collisionality range.
The βT scan was accomplished by varying density and input power at constant BT and q.
The resulting near factor of three variation in βT was accompanied by a 20% variation in
ρ∗ and νe,∗ across this range. The effect of these 20% variations in each of the scans was
−0.7±0.2 0.3±0.1
determined statistically to give a scaling range of BτE ∝ νe,∗
βT
, with an inverse
relation between the νe,∗ and βT exponents. For this sensitivity analysis, the ρ∗ variation
(−2.5 to −3.5)
was assumed to be in the gyroBohm range, with ρe,∗
.
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Using a transformation from engineering to dimensionless variables, the authors in Valovic
et al.95 found that for MAST H-mode plasmas,
BτE ∝ ρ−4.4
β 1.0 ν∗−0.74 q −2.1
∗

(15)

The strong dependence on ρ∗ and β was due to these variables having a strong correlation.
The collisionality scaling was found to be strong, and consistent with that found on NSTX.
The authors noted that this strong collisionality scaling was a consequence of the fact that
αI + αB ∼ 2 is much greater than 1.08 from the IPB98y,2 scaling. Assuming gyroBohm
transport, the relation between the Ip and BT exponents and those of the dimensionless
variables is given by
αI + αB = (2 − 2αβ) /(5/2 − αβ − 2αν )

(16)

with the αν term being the dominant one that controls the αI + αB sum. The authors
found further that there was, additionally, a dependence on q. They noted these dependences by comparing the effective thermal diffusivity χeff at two different currents with the
assumption that the transport was gyroBohm (∝ ρ3∗ ). The effective diffusivity treats the
ions and electrons as a single fluid, and it is defined as χeff ∝ qT /n∇T , where it is assumed
Te = Ti , and qT is the total heat flux across a surface. The χeff ratios were found to be a
factor of two lower than that expected if the transport was gyroBohm, but they could be
reconciled if χeff also incuded dependences on q, β and/or ν∗ (see Figure 17, taken from
Valovic et al.95 ).
More controlled scans of the dependence of normalized confinement on dimensionless
parameters were performed in MAST by tuning neutral beam power, magnetic field and
plasma current in order to keep the plasma temperature and density profiles, and thus nonscanned dimensionless parameter profiles, similar.111 Scans were performed to determine the
ν∗ and q dependences of τE , with significant dependences found in both. The results, shown
in Figure 18 a and b (taken from Valovic et al.111 ), are consistent with the scaling
−0.85±0.2
BτE ∝ ν∗−0.82±0.1 qeng

(17)

As can be seen in each scan, the other dimensionless variables were held fixed to within
10% in most cases.
The dimensionless variable scaling was extended further through studies on NSTX.101 As
discussed in the previous section on dimensional scalings, differences emerged in the Ip and
BT dependences on NSTX when comparing discharges with boronized walls versus those
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with lithium wall conditioning. By constraining to limited ranges on both β and q to define
subsets of data from each condition, it was found that these differences could be reconciled
by expressing the normalized confinement as a function of collisionality. Figure 19a-c, taken
from Kaye et al.,101 show the constrained data plotted as a function of collisionality. There
was a variation of ρ∗ across this range of collisionality, and this effect was taken into account
by assuming three different dependences of normalized confinement on ρ∗ , with BτE ∝
, reflecting a zero, Bohm and gyroBohm dependence. The fits −0.79 < αν < −1.21
ρ0,−2,−3
∗
for the assumptions on the ρ∗ dependence. Note that the boronized wall discharges do not
achieve as low collisionality as the lithiated wall ones, although there is overlap between the
two subsets in the νe,∗ ∼ 0.1 range. In this range, the normalized confinements of the two
subsets are the same.
Dimensionless variable scaling studies have also been conducted in Globus-M neutral
beam heated discharges with BT up to 0.5 T .97 Formal MLR of the Globus-M data found
that
BτE ∝ ρ∗−2.7±0.12 β 1.45±0.3 ν∗−0.45±0.1 q 0.85±0.05

(18)

While this expression certainly indicates near gyroBohm scaling in terms of the ρ∗ dependence,
and a favorable, but not as strong dependence on ν∗ as in MAST and NSTX, the dependence
on q is actually inverted from that derived from MAST data (see Eqns. 15 and 17). It was
pointed out by the authors of this work that the Pearson correlation coefficients indicated
strong correlations among the variables, especially between β and q, which could account
for the very different dependence. The addition of Globus-M2 data at higher BT (up to
0.8 T ) allowed for almost a factor of two lower collisionality than in the Globus-M dataset,
and the resulting scaling with collisionality was found to be BτE ∼ ν∗−0.74 (see Figure 20,
taken from Kurskiev et al103 ), correcting for the ρ∗ variation by assuming either a Bohm
(ρ2∗ ) or gyroBohm (ρ3∗ ) dependence. The key finding here, is that, while the dependence on
collisionality tends to become weaker at lower collisionality in higher aspect ratio devices,109
the Globus-M and M2 ST dataset indicates that as collisionality decreases the dependence
actually strengthens, as is inferred by the results in Equation 18 and 20.
As was done for the engineering variables, the ST data from NSTX and MAST were
combined with the conventional aspect ratio data in the H-mode database to explore the
scaling trends of normalized confinement with the dimensionless parameters.104 The ST
data had some, but not a major, effect on these combined scalings, which still showed
a near gyroBohm dependence on ρ∗ , a strong degradation with β, and a weak, but now
slightly favorable scaling with ν∗ . Applying different techniques that take into account data
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uncertainties, device weightings and different approaches (transforming engineering variable
exponents vs direct regression) led to some variation in the dimensionless variable exponents
(see Table 2b in Kaye et al.104 ), but the general trends for ρ∗ and ν∗ remained the same.
There was a strong correlation between β and inverse aspect ratio  in the database, which
led to larger variations and correlated changes in the exponents of these parameters.
The local transport results in NSTX and Globus-M2 reveal the source of the strong
favorable ν∗ scaling in those devices, and especially why the different engineering scalings in
NSTX discharges with different wall conditioning techniques are reconciled by examining the
collisionality dependence. As was shown in Figure 14, the electron temperature broadened
for boronized wall conditioned NSTX discharges as BT increased, leading to reduced electron
thermal collisionality. While Ip was held fixed in Figure 14a, a similar result was found for
increasing BT at constant q; as BT increased and collisionality decreased, the Te profile
broadened in the mid-plasma region. This is also seen for lithium wall conditioned NSTX
plasmas in Figure 21, taken from Kaye et al.,101 where the lithium conditioning was able to
produce plasmas at even lower collisionality. There was an associated decrease in electron
thermal diffusivity in the mid plasma region for these plasmas as well. Figure 22a and b, also
taken from Kaye et al.,101 show the χe profiles themselves, and the profiles normalized to the
gyroBohm ρe,∗ parameterization (∝ ρ2s cs /a) respectively, color coded by collisionality, and the
drop in χe is apparent. Interestingly enough, as the collisionality decreased, the ion thermal
diffusivity, which was within a factor of two of neoclassical at the highest collisionalities,
became more anomalous by a factor of four to five.
Globus-M shows an increase in Te across the entire profile, and possibly a more peaked
Te profile, at lower collisionality (Figure 23a, taken from Kurskiev et al.97 ). Accompanying
this is a reduction in χeff (one-fluid effective χ) from the very core to r/a ∼ 0.6 to 0.7 (Figure
23b). Beyond this radius, the uncertainties in χeff are too large to draw any conclusions.
It is worthwhile noting that while the decrease in χe in NSTX occurs outside the very core
of the plasma, the reduction of χeff in Globus-M2 in most noticeable in the very core. In
NSTX, it is highly possible that the electron transport in the very core is driven by high
frequency energetic particle-driven instabilities, and not the ambient plasma turbulence.105

IV.

Momentum Transport

The toroidal rotation in neutral beam heated ST plasmas was found to be high, with
thermal Mach numbers, Mth = vφ /vth up to 0.7 on MAST,111 and rotation velocities up to
1.6 times the carbon thermal velocity in NSTX.113 Because of the relatively low toroidal
fields in STs, these high rotation velocities are associated with large rotation shear (γe ∝
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E/B). Although geometric effects play a dominant role in suppressing the low-k electrostatic
instabilities in STs, the stabilizing role of strong E × B shear can be additive.1,25,114 An
effect of E × B shear even on electron-scale turbulence was found on NSTX, where the
E × B flow shear rate, ωE×B , was comparable to the electron temperature gradient (ETG)
mode linear growth rate, γET G,lin . Enhanced high-k turbulence was effectively suppressed
when γe > γET G,lin even when the experimental electron temperature gradient exceeded the
critical gradient for ETG.115 Flow shear can also have a strong effect on MHD stability,116
including its effect on sawteeth117 and stabilization of the Resistive Wall Mode.118
Both steady-state and perturbative momentum transport studies were carried out in
neutral beam heated H-mode discharges in NSTX.119,120 An increase in rotation velocity by
50% was associated with an increase in toroidal field from 0.35 to 0.55 T at fixed plasma
current. The rotation profile remained fairly constant over this range of BT , as did the applied
torque profiles; therefore, the steady-state analysis indicated a reduction in the momentum
diffusivity by up to a factor of four across the profile. On the other hand, at fixed toroidal
field, while there was an increase in plasma rotation with increasing current, this was due
more to a change in applied torque than in momentum transport; the momentum diffusivities
showed little change over the variation in current. The momentum diffusivity was insensitive
to the amount of lithium deposition except at the highest evaporation and lowest input torque
levels, where the diffusivity values were decreased by slightly less than a factor of two in the
outer region of the discharge.100 No dependence was seen in the inner region of the plasma.
The magnitude of the steady-state momentum diffusivities inferred from experiment in the
outer portion of the plasma, r/a ∼0.65, generally yielded Prandtl numbers, Pr = χφ /χi in
the range of 0.2 to 0.5.
Perturbation experiments performed using magnetic braking due to applied n = 3 nonresonant magnetic perturbations revealed inward momentum pinch velocities of 10 to 40
m/s. These significant inward pinches led to momentum diffusivities up to 7 m2 /s (Figure
24, taken from Kaye et al.120 ), larger than those determined by steady-state analysis and
with corresponding Prandtl numbers in the range from 0.5 to 0.8. The Prandtl numbers
in the inner region of the NSTX plasmas were lower. Analysis of MAST L-modes using
steady-state analysis121 exhibited a similar range of Prandtl numbers, with P = χφ /χi ∼ 1
for r/a ∼0.1 to 0.7, but decreasing farther towards the edge (Figure 25, taken from Meyer
et al.121 ).
The inferred pinch velocities in NSTX were compared to those predicted by the theories
of Peeters122 and Hahm,123 which were based on momentum transport drive from low-k
turbulence. Both theories found vpinch ∝ χφ /R, although the Peeters theory included an
additional dependence on density gradient scale length, Ln . A comparison of vpinch values
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in the outer region of the NSTX plasmas is shown in Figure 26, taken from Kaye et al.120
While both theories give reasonable agreement with the valued inferred from experiment for
low vpinch , the Peeters theory appears to fit better for larger vpinch , which is where Ln tends
to be smaller. Neither theory fits the data well in the inner region (r/a ≤ 0.35), consistent
with linear gyrokinetic simulations that indicate ITG/TEM modes are unstable in the outer
region, where there is agreement, but stable in the core, where the agreement is poor.
The Peeters theory dependence on density gradient scale length also explains the apparent
reduction in Prandtl number towards the edge in the MAST L-mode discharges (Figure 25,
taken from Kaye et al.120 ). In this region, Ln is small, and if considering an effect of an
inward pinch, would lead to a χφ two times greater than that inferred from the steady-state
analysis shown in the figure. This would bring the Prandtl number closer to 1. Linear
gyrokinetic calculations in the outer radii of these NSTX H-mode plasmas, which predict
the dominance of microtearing modes, however, indicate a weak or outward convection of
momentum, inconsistent with the experimental observations.124
It is worth noting here that χφ /χi ∼ 0.5 to 1, reflecting a low-k turbulence drive, in
both NSTX and MAST H-mode discharges despite the ion energy transport being close to
neoclassical in both devices. While the neoclassical ion energy transport is large and dominates any residual ion energy transport due to low-k turbulence, the neoclassical momentum
transport is near zero and subdominant to that induced by whatever level of electrostatic
low-k turbulence exists in these plasmas. Thus, the momentum transport, and not the ion
energy transport in ST H-modes can be used as a probe of the residual electrostatic low-k
turbulence.
Perturbation experiments using magnetic braking techniques similar to those used in
NSTX were performed in MAST L-mode plasmas125 . These low β targets complement the
studies in high β NSTX H-mode discharges. Linear gyrokinetic calculations suggested that
dominant low-k electrostatic turbulence could lead to only a weak pinch, or even outward
convection. While this was consistent with observations, the experimental uncertainties were
too large to provide a true quantitative validation of the theory predictions.
Intrinsic rotation increasing in the co-Ip direction with increasing density has been observed in both NSTX126 and MAST127 . In NSTX, the carbon intrinsic rotation was measured
by passive charge-exchange in the outer part of the discharge following ohmic L to H transitions. The magnitude of the rotation was found to be correlated strongly with the carbon
ion temperature gradient, and a simple theoretical treatment was employed to determine the
intrinsic torque due to Ion Temperature Gradient Modes. The intrinsic torque was found to
scale as ŝχi /LT i , where ŝ = (r/q)dq/dr, and general agreement was found between theory
and experiment for χi in the range of 0.5 to 6 m2 /s, values consistent with those derived
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from NB-heated plasma transport studies in NSTX. Doppler Backscattering (DBS) measurements on MAST showed rotation reversals, from the counter-Ip to the co-Ip direction as
density increased and normalized collisionality exceeded 1, which is the value at which that
region of the discharge moved from the banana to the plateau region of neoclassical transport. This result was examined in the context of a 1-D model of the effect of neoclassical
flows on turbulent fluctuations.128,129 This balance of the intrinsic momentum flux and the
turbulent diffusion was affected by the collisionality-dependent neoclassical corrections to
the ion distribution function. The model, which assumed a Prandtl number of 0.7, successfully captures both the qualitative rotation reversal with collisionality as well as the trend
of increasing reversal density with increasing plasma current.

V.

Particle Transport

Particle transport in STs has received less attention than heat transport, but there have
been several published studies. In MAST H-modes94 the core density profiles, fueled by core
neutral beam injection and neutral penetration from the outer regions, have been observed
to be rather flat. The build-up of core particle content has contributions from the neutral
beam source, the neoclassical Ware pinch and the diffusive particle flux; however, in the
core the first two almost fully account for the observed dne /dt, so the contribution from the
particle flux is almost zero. Since the density profile is almost flat, the diffusion coefficient is
indeterminate. In a NSTX H-mode plasma with a steep radially localized density gradient
at 0.5 < r/a < 0.6, the particle diffusivity in this region has been determined experimentally from particle balance (TRANSP) to lie in the range 0.2 m2 /s < D < 1.0 m2 /s. A
global nonlinear electrostatic gyrokinetic simulation with GTS finds a comparable particle
diffusivity in this region of steep density gradient, where the particle flux is carried by low-n
dissipative-trapped-electron turbulence that is relatively resistant to flow shear. Experiments
with varying levels of Li wall conditioning have been carried out on NSTX. Interpretive edge
transport modelling of these plasmas using SOLPS suggests that the impact of increasing Li
is to reduce the effective particle diffusivity substantially in 0.8 < r/a < 0.94 and increase
it slightly in 0.94 < r/a < 1.100 Conceptual designs of high fusion performance steady state
STs require peaked density profiles to achieve core high fusion power and efficient off-axis
current drive, and clearly particle transport will be crucial.94
There is, however, more information regarding impurity transport. MAST experiments
with a time dependent He gas-puff have revealed that in L-mode plasmas at Ip =700 kA and
900 kA, impurity transport was dominated by anomalous diffusion and an anomalous pinch,
both of which decrease with increasing Ip 130 . However, in an H-mode MAST experiment
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with comparable parameters at Ip =900 kA the nHe profile peak did not penetrate inwards
of mid-radius: impurity transport was close to neoclassical, with DHe ∼ χi , and an inward
convection near the edge decreases and reverses to become outward at mid-radius.130 Linear
gyrokinetic analysis at r/a ∼0.7 suggests trapped electron modes (TEM) are responsible for
anomalous impurity transport in L-mode, and that TEM are stable in H-mode because R/Ln
is lower. Subsequently the L-mode discharge at Ip =900 kA was repeated using gas-puffing
of C and N, to assess the Z dependence of light impurity transport spanning from He to
N.131 These experiments show a weak screening of C and N from the core, while the He
profile was found to be peaked. Impurity transport coefficients in N and C were consistent
with neoclassical theory for r/a < 0.4, but anomalous further out: DN,C ∼ 1 − 10 m2 s−1 ,
with a strong inward convective pinch VN,C ∼ −40 m/s near the plasma edge that becomes
outward at mid-radius (see Figure 27, taken from Henderson et al.131 ). These features are
well described by the combination of neoclassical theory with a quasi-linear calculation of the
anomalous impurity transport (which is attributed to the trapped electron mode for these
plasmas).131
Perturbative experiments using Neon gas injection into L-mode NSTX discharges found
that the Ne impurity did not penetrate inside r/a ∼ 0.5−0.6 before the onset of MHD activity
and the measured impurity diffusivities were both compatible with neoclassical predictions
and consistent with the low observed level of ion heat transport.132,133
Sources and transport of lithium and carbon were studied in lithium wall conditioned
ELM-free NSTX discharges.134 It was found that while carbon accumulation was observed
in the plasma core, lithium densities remained below 1% of the electron density.
Lithium erosion at the divertor plate was found to be consistent with physical and
temperature-enhanced erosion135 while the application of lithium on graphite plasma facing components led to a moderate reduction in carbon sputtering. Toroidal asymmetries in
divertor impurity influxes were analyzed due to leading edges of divertor tiles (for carbon)
and the toroidally asymmetric deposition from the lithium wall conditioning evaporators
(for lithium).136 The latter toroidal asymmetries, in particular, could lead to inaccuracies in
determining the total source of lithium impurities. Parallel scrape-off layer transport studied
with the fluid edge transport code UEDGE indicated stronger diverter retention for lithium
impurities compared to carbon due to their shorter ionization mean free path and weaker
classical parallel forces.137
The core transport codes NCLASS, NEO and MIST were used to study the impact of
lithium conditioning on both the lithium and carbon core radial transport. It was found
that changes in neoclassical transport due to changes in the deuterium temperature and
density profiles together with the disappearance of ELMs could account for the increased
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carbon content in lithium wall conditioned discharges, although residual anomalous transport
was needed to reproduce the evolution of the carbon profiles. Enhanced outward lithium
transport due to the collisional coupling between that species and carbon could account
for the lack of lithium accumulation, although the calculations also showed quantitatively
that a reduced edge source of lithium was necessary to account for the low lithium density,
consistently with the stronger divertor retention observed in the UEDGE simulations. The
intrinsic impurities were found to behave neoclassically in H-mode discharges with boronized
walls.

VI.

Internal Transport Barriers

A requirement for fusion power plants of any aspect ratio is to operate with low recirculating power by maximizing the plasma self-driven current, known as bootstrap current.
This motivates the development of plasma scenarios with the large pressure gradients needed
to drive bootstrap current. Of course, tailoring and controlling the pressure profiles is necessary to maintain plasma stability while simultaneously optimizing the self-driven current.
Internal Transport Barriers (ITBs) have been explored as one route to this goal. Akin to
the Edge Transport Barrier that is typical of H-mode plasmas, ITBs form farther towards
the core, and they can manifest in all or some of plasma profiles of electron temperature,
density, ion temperature and plasma rotation. These ITBs are tightly coupled to either or
both the magnetic or rotational shear, depending on the channel.
The development of ITBs has been observed in both MAST and NSTX L-mode plasmas.
Early reports of ITBs in MAST indicated their formation with early neutral beam injection
into low density (1.5 × 1019 m−3 ) L-modes during the current ramp-up phase with either coor counter-Ip injection.138,139 In these plasmas, the L-H transition was suppressed by using
low field side fueling and operating in a disconnected (slightly lower) Double Null Divertor
configuration; both serve to raise the L-H power threshold. In these early studies, it was
noted the ITB region, taken to be the location of the strongest profile gradients, generally
correlated with rotation or magnetic shear, ŝ, and especially where ŝ was negative. In the
studies on MAST, the q and magnetic shear profiles were determined from magnetic diffusion
calculations in TRANSP. With co-injection, ITBs were seen in the Ti , Te and vφ profiles, with
the Ti ITB forming and developing out to r/a=0.4 to 0.6. In counter-injection discharges, the
core rotation was found to be comparable to that with co-injection; the decrease in torque
due to the enhanced lost energetic particles was compensated by the enhanced jr × B due
to the loss. In these counter-injection discharges, the ITBs were broad, with locations out
to r/a=0.6 to 0.7, and were reported to be observed in Te and ne .
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Subsequent ITB studies were carried out in MAST, and these studies incorporated more
detailed profile measurements, including that of the magnetic field pitch, a measurement
on which the determination of the q and ŝ profiles could be made.140,141 The more detailed
comparison between co- and counter-injection ITBs indicated that the density in the counterinjection ITB tended to be higher than that with co-injection, due to a higher Zeff , and while
the total stored energy in the co-injection ITB was higher than that with counter-injection,
most of that was due to the fast particle component, and the thermal stored energies in the
two were comparable.
The profile and time evolutions of the magnetic shear, gradients in ion temperature and
rotation profiles, along with the rate of change of plasma rotation and MHD activity is shown
in Figure 28 (taken from Field et al.140 ) for the co-injection ITB. No electron temperature or
density ITB is seen with co-injection. The ion temperature ITB forms near the location of
qmin , while the rotation ITB is localized to a region of maximum negative ŝ, which is a few
cm inside of qmin . In these plasmas, transport analysis indicates χi ∼ χφ ∼ χi,N C inside the
ITB; outside, χi /χi,N C ∼ 4 to 10. With time, coupling of MHD modes, including energetic
particle-driven modes, gives rise to enhanced neoclassical toroidal viscosity braking of the
plasma rotation, reducing the rotation gradient and the strength of the Ti ITB. The ITB is
finally “destroyed” at the onset of an internal kink mode as q0 ∼ 1.

The counter-injection ITB is different from that with co-injection in several respects.
The magnetic shear is only weakly negative in the core region (r/a < 0.4), but because of
enhanced fast particle loss, the E × B shear gradient extends farther out in the plasma than
for the co-injection case. The study reported in Field et al.,140 and unlike the early studies,
actually concluded that with counter-injection there were no clear indications of a maximum
gradient in either Ti or Te , although some indication of an ITB in the density was observed.
There were, however, localized maxima in ρs /LT i related to qmin passing through rational
values. In these discharges, χe ≥ χi,N C and χφ /χi ∼ 0.1 to 0.3.

The statistical dependence of the Ti and vφ rotation gradients on magnetic shear is shown
in Figure 29, taken from Field et al..140 It is seen that for co-injection ITB discharges, the
large ρs /LT i and ρs /Lω,φ are more localized to the negative magnetic shear region. For
counter-injection, ρs /Lω,φ evolves to higher values, and bifurcates, as ŝ increases to more
positive values. Microinstability analyses indicate that for co-injection, negative magnetic
shear is sufficient to stabilize low-k modes, thus supporting ITB formation; rotation shear is
not necessary.
Observations of ITBs were made also on NSTX, and the analysis here focused on high-k,
electron-scale turbulence effects.142,143 It was found in this work that with sufficient negative
magnetic shear, the electron temperature profiles were no longer stiff, and their gradients
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could exceed critical gradients for ETG modes by a large margin. The ITBs in the various
channels formed early in L-mode discharges with either Neutral Beam or High Harmonic
Fast Wave RF heating, with the formation reflected by a rapid rise in both Te (0) and Ti (0).
The profile gradient scale lengths, along with q and magnetic shear profiles for a developed
ITB are shown in Figure 30, taken from Yuh et al.142 It is seen that the Te ITB is slightly
inside the Ti ITB, and while the former is more aligned with maximum negative ŝ, a few cm
inside the location of that maximum, the latter is a few cm inside the location of both qmin
and peak E × B shear. There is no ne ITB, and the rotation ITB location, as in MAST,
is a few cm inside maximum negative ŝ. Consequently, while it appears that that E × B
shear is important for suppressing modes that can lead to ion transport, negative ŝ is more
important for electron transport suppression.
Figure 31, also taken from Yuh et al.,142 shows that the electron temperature profile
stiffness at marginal conditions for ETG destabilization is no longer valid. For sufficiently
high negative values of ŝ, R/LT e can be up to a factor of six greater than the critical values
as determined by linear gyrokinetic calculations. This high values of R/LT e correspond
to up to a factor of ten reduction in the measured high-k turbulence amplitudes at those
locations. E × B shear had little or no effect on the Te ITBs; high-k turbulence was found to
be suppressed using torque-free HHFW heating only, where the E × B shear was measured
to be near zero. At the location of the ITBs, χi ∼ χi,N C , and χe < χi,N C .

VII.

Gyrokinetic Analysis

The scaling laws described in Section II are a valuable guide to ST confinement, but
understanding their ranges of validity and physical basis requires deeper knowledge of turbulent transport. Extensive investigations of microinstabilities in START, MAST, NSTX,
Globus-M, and conceptual designs of burning STs26,7 have used gyrokinetic (GK) calculations with local codes (GS2,144 GYRO,145 and GKW146 ), and global codes including finite
ρ∗ effects (GTS147 and ORB5148,149 ). This section reviews what GK calculations have revealed about core turbulence and anomalous transport in STs, focussing on heat transport;
particle, impurity and momentum transport in STs are covered in Sections IV.
Beneficial impacts of equilibrium geometry on ST microstability, were uncovered in early
studies motivated by START and NSTX150,25,114 ; favorable magnetic drifts allied with higher
dp/dr in STs, were found capable of suppressing drift-wave instabilities that drive anomalous transport.26 Furthermore, in experiments with tangential NBI, the compact nature of
the ST leads to high toroidal flows that can act to suppress the turbulence especially at
ion-scales.151 Nevertheless, trapped electron modes (TEM), driven at steep dn/dr, however,
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should be boosted in STs by the larger trapping fraction, and at the high β accessible to
STs44,93 electromagnetic modes including kinetic ballooning modes (KBMs),152,153 microtearing modes (MTMs),154,155 and fast particle driven Global and Compressional Alfven Eigenmodes (GAEs, CAEs)105,156 may become unstable and complement the usual electrostatic
ion and electron temperature gradient, ITG and ETG, driven modes.
ST heat losses through the ion channel are often close to neoclassical in the plasmas and
collisionalities accessed in ST H-mode plasmas so far,157,158,93,159,160 but they become more
anomalous at lower collisionality in NSTX.101 The ion neoclassical transport in STs is higher
than that at conventional aspect ratio; nevertheless, the ion thermal transport was inferred
to still be less than that of the electrons. Therefore, electron heat transport, which usually
dominates, has received more attention.161,162 The following sections review GK studies,
organized by mode type and binormal wavenumber ky ρ∗,ii of ST core plasmas, as well as
more holistic microstability analyses for selected topics, including H-mode pedestal, lithium
conditioning, pellet fuelling, high power, and long pulse plasmas.

A.

Ion scale modes at ky ρi ≤ O(1): (excluding MTMs)

Local microstability studies have identified a range of unstable modes at ky ρi ≤ O(1) in
the core of STs. In MAST L- and H-modes these include: ITG and TEM driven at higher
R/Ln ,155,152,163 the ‘ubiquitous mode’164,165 ; electromagnetic modes destabilized by finiteβ including KBM and MTM (MTMs will be discussed in the next section).152 Similar modes
are also found in NSTX, where broader ranges in ν∗ and β are accessible. In low ν∗ NSTX
H-modes, hybrid TEM/KBM modes become unstable at the edge and may be linked with
increasingly anomalous Qi .101 In a high β NSTX plasma GYRO finds an electromagnetic hybrid ITG-KBM mode (destabilized by δBk ) dominating ion-scales at r/a=0.7.166 GLOBUSM finds R/LT e is constant and clamped by TEMs at mid-radius at the lower νe,∗ end of an
Ohmic density scan.89 R/LT e,crit,T EM 167 and τE increase while R/LT e,crit,ET G 168 decreases
with increasing ne , until τE saturates at a transition from TEM to ETG turbulence above
ne ∼ 2.5 × 1019 m−3.89

Global nonlinear electrostatic simulations of ion-scale turbulence in various NBI-heated
NSTX plasmas have been performed using the global GTS code, which excluding δB and
electron-scales, often underpredicts Qe,exp . In a strongly rotating L-mode, GTS finds KH/ITG
turbulence at 0.6 < r/a < 0.8, with Qi,GT S ∼ Qi,exp , but Qe,exp dominates and Qe,GT S 
Qe,exp .169 In an NBI heated H-mode, Qi,exp ∼ Qi,GT S + Qi,N C before and after an Ip rampdown, with negligible ion-scale turbulence in the latter state,170 but the larger Qe,exp is still
underpredicted. Interesting results for an H-mode with steep density, temperature and ro26

tation gradients at mid-radius, find dissipative dominating over collisionless TEMs, as the
longer wavelength DTEM is more robust to νe,∗ and γE .169,171 The DTEM turbulence saturates as a large-scale quasi-coherent eddy with few toroidal modes. While ΓGT S , Qi,GT S and
χφ,GT S all compare with experiment in 0.5 < r/a < 0.6, Qe,GT S ∼ Qe,exp /4. The fluxes have
minima in νe,∗ at the CTEM-DTEM transition (see Figure 32, taken from Wang et al.,169
suggested as a potential performance sweet spot for future STs.172 Above the minimum
Qe,i,DT EM increases with νe,∗ aligning qualitatively with the ST scaling τE ∝ ν∗ (−1) .93,111

There is broad support from for flow shear suppression of turbulence in STs, where equilibrium flow shear, γE , often exceeds growth rates, particularly for ion-scale modes in plasmas
with tangential NBI. Nonlinear GS2 simulations including γE (but neglecting Coriolis and
centrifugal effects146 ) at mid-radius in a MAST H-mode, find that toroidal flow shear can
completely suppress ion-scale turbulence.173 ST geometry facilitates this because the turbulence suppressing perpendicular component of flow shear, γE = dv⊥ /dr, is enhanced by the
high value of Bθ /Bφ ∼ q/, while the parallel component, γp = dvk /dr, that drives KH and
Parallel Velocity Gradient (PVG) turbulence174 is reduced. Direct experimental evidence for
flow shear suppression of ITG comes from NBI heated MAST L-modes, where local R/LT i
measurements increase with increasing γE and decreasing q/.175 An inverse correlation is
also observed between R/LT i and the gyro-Bohm normalized ion heat flux (estimated using
BES), Qi,BES /QGB , indicating R/LT i is close to a critical threshold where Qi,IT G ∼ Qi,N C .175
Theory calculations of sub-critical PVG-ITG turbulence at zero magnetic shear176–178 find
that the weaker transient mode amplification factor ∝ eq/ in STs, should make them more
resilient to such turbulence.
Ion-scale turbulence is observed outside internal transport barriers (ITBs) in co-NBI
MAST L-modes. Steep dTi //dr and dΩφ /dr form at the ITB just inside qmin , where ŝ < 0.
Negative magnetic shear is found using GS2 to be sufficient to suppresses all modes in
the ITB, even neglecting γE .140 Similar findings were reported for low ŝ in a high β NSTX
plasma.166 Outside the ITB, where ŝ > 0 and γE is weaker, GS2 finds ITG modes resilient to
flow shear that have growth rates boosted by kinetic electrons.140 Global ORB5 simulations,
with kinetic electrons and flow shear, confirm this and predict significant ITG turbulence
outside the ITB.179 ORB5 simulations find that flow shear stabilization is asymmetric with
respect to the sign of γE owing to global effects, and that ITG turbulence spreads a short
distance into the linearly stable region inside the barrier albeit impeded by stronger flow shear
inside the ITB. BES measures ion-scale density fluctuations consistent with ITG turbulence
at the edge of similar plasmas. BES turbulence correlation lengths, but not correlation times,
are consistent with nonlinear ORB5 simulations.180 Local GS2 simulations of the same
plasma were post-processed using a synthetic diagnostic to reconstruct the BES data,181
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and reproduced Qi,exp but with significantly lower fluctuation amplitudes. These found
reasonable agreement with all measured turbulence correlation properties apart from the
radial correlation length.182 GS2 reveals that this turbulence is sub-critical, with R/LT i and
γe very close to threshold.183
Ion-scale turbulence simulations scanning in R/LT pass through the turbulence threshold
and expose a transition between two distinct turbulent states.183 Near threshold turbulence
is dominated by sparse, long lived, spatially large, and intense structures generating low
transport. As R/LT increases above threshold the density of large-scale fluctuations rises,
until they interact to break up into the more familiar sea of small, weak, volume-filling
fluctuations causing higher transport (see Fig. 33, taken from van Wyk et al.183 ). Close to
threshold up-down symmetry is broken by flow shear induced tilting of the spatial correlation
function, but symmetry is restored at high R/LT 183 ). This symmetry breaking tilt is observed experimentally in MAST BES measurements, suggesting ion scale turbulence is close
to threshold.184 The BES estimated normalized ion heat flux in MAST depends strongly
on radial correlation length and tilt but is insensitive to flow shear.185 Significant poloidal
velocity fluctuations, consistent with ion-scale zonal flows, are observed in velocimetry analysis of low-frequency filtered BES data (and in DBS), and may supplement equilibrium flow
shear in generating the tilt.185
Extensive analysis of BES ion-scale density fluctuation data from MAST L-mode, H-mode
and ITB discharges reveals a grand critical balance where times associated with fluctuation
decorrelation, parallel streaming, diamagnetic drift, and magnetic drift are all comparable:
τc ∼ τst ∼ τ∗ ∼ τM .186,185 This demonstrates the turbulence is 3D and anisotropic with lk >
ly > lx . The nonlinear time estimated from drift waves is too long to explain the much shorter
turbulence correlation time. Postulating that zonal flows (not measured directly by BES)
decorrelate the turbulence instead, requires a ratio of zonal to drift waves |δΦZF |/|δΦDW | ∝
−0.8
ν∗,i
, which is consistent with previous literature.187

B.

Microtearing Modes at Ion (and sub-ion) scales

MTMs generate magnetic islands on rational surfaces that tear confining flux surfaces and
generate predominantly electron heat transport. They are driven by R/LT e and propagate in
the e-direction with frequency ω ∼ ω∗,e . MTMs dominate over ITG at ky ρi < 1 at mid-radius
in MAST, NSTX and GLOBUS-M H-mode plasmas where local βe ∼5 to 10%.154,155,188 Their
eigenfunctions have a complex multiscale character: δΦ is highly extended in ballooning angle
θ and has high radial wavenumbers, while δAk is localized in θ and radially extended. Other
linear properties include152,189,190 : critical thresholds in β and R/LT e ; instability over a wide
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νe /ω range that peaks at νe /ω = O(1)189,190 ; high |R/Ln | is stabilizing; γM T M is sensitive
to R/LT e , νei , R/Ln , β, R/Lp , and ŝ; weak sensitivity to poloidal shaping190 ; width of
the perturbed current layer, d = O(ρi )189,191 ; and insensitive to δBk and kinetic ions.152
MTMs are unstable in simplified circular s − α model fits to MAST, where scans189,192 find:
magnetic drifts are destabilizing; trapped particles destabilize at low νe,∗ but stabilize at
high ν∗,e ; instability arises over a finite window in β (e.g. 0.05 < β < 0.35); and MTMs
are stable if both δΦ and drifts are excluded. Artificially removing energy dependence
from GS2’s collision operator has weak impact on γM T M (when drifts are included),152,189,192
which is essential for instability in most analytic theories.193–197 MTMs are also unstable
in the shallow gradient plateau inboard of the pedestal top in MAST198,199 and NSTX.200
Edge MTMs exhibit most properties of core MTMs,189,190 with two key differences: δΦ is less
extended along the field line because of higher magnetic shear; and γedge,M T M can be maximal
at νei =0 indicating a collisionless drive,199,200 and not at finite νei as in the ST core.189,190
NB core nonlinear simulations for NSTX find qe,M T M ∼ νei 191 and is consistent with the
confinement scaling BτE ∼ ν∗−1 .93,111 This simulation result depends on γM T M decreasing
with decreasing νei . Collisionless MTMs are reported by several authors,201,202 while others
find collisions essential for instability.203 γedge,M T M increases strongly with trapped particle
fraction, and Figure 34, taken from Dickinson et al.199 illustrates γedge,M T M dependence
on νei and inverse aspect ratio . Electron drift, precession, and bounce frequencies are
comparable to the mode frequency, challenging usual analytic theory approaches. The linear
drive mechanism for MTMs is complex,189,190,199 and yet to be fully understood analytically.
While MTMs were first found frequently to be dominant in STs, it is increasingly realized
that MTMs also impact on conventional aspect ratio tokamaks including in internal transport
barriers and in the H-mode pedestal.204–207
MTMs dominate at r/a=0.6 in a collisional high β (βe ∼ 0.1) NSTX H-mode.93 γM T M
peaks for νei in the range 1 < Zeff νei /ω < 4, with the experimental Zeff νei typically below the
peak where increasing Zeff is destabilizing.190 γM T M dependences on ŝ, q and ŝ/q are nonmonotonic, but around the experimental value on this surface increasing ŝ/q is destabilizing
(for 0.6 < ŝ/q < 1.3) though this becomes stabilizing for ŝ/q > 2 due to increased fieldline-bending. Locally this results in γM T M and γET G having opposite trends with Zeff and
ŝ/q, which may help distinguish modes experimentally. At r/a > 0.8, KBMs (or hybrid
ITG/KBMs) at lower kρi ∼ 0.15 − 0.35 become dominant over MTMs, especially at high
|R/Ln |, βe , and low Zeff νei .

MTMs play a role in the τe ∝ ν∗ −1 scaling, which was verified over an extended ν∗ range
in NSTX using lithium wall conditioning, and is attributed to reduced Qe at lower ν∗ for
ρ > 0.5.101 Local νe,∗ variation is large at ρ=0.6: at high νe,∗ MTMs are virulent with
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γM T M  γE : at lower νe,∗ , γM T M is reduced by γE . Farther out at ρ=0.7, the hybrid
TEM/KBM is unstable over a wider radial range at lower νe,∗ due to an increase in Te /Ti ,
though its influence on Qi is unclear, as γKBM −T EM ∼ γE . NSTX and MAST collisionality
scans were performed with νei below the peak in γM T M (νei ), where growth rates align with
τe ∝ ν∗ −1 scaling.190,111 The weaker scaling τe ∝ ν∗ −0.4 at GLOBUS-M may be explained
by νei in the scan ranging beyond the peak in γM T M (νei ).
Higher wavenumber MTMs are robustly unstable at 3 < ky ρi < 15 in the core of HHFW
heated NSTX L-modes, where q0 ∼ 3 is higher than in typical H-modes, ŝ is low, and core
values of βe ∼ 5%204 Similar MTMs also dominate sub-ρi -scales at mid-radius in a conceptual
burning ST.7 While δΦ eigenfunctions are less extended in ballooning angle than for core
MTMs,155,190 radial wavenumbers are similar as ky ρi is higher.204 At outer radii, MTMs are
stable at lower βe and ETG is the dominant instability. γM T M increases with R/LT e and
νei , and is higher in D than in He plasmas.204
First estimates of MTM transport were for a beam heated NSTX H-mode with Pnb =
6 M W ,205 where MTMs at 0.1 < ky ρi < 1 dominate in the steep dTe /dr region at 0.4 < r/a <
0.75.205 Nonlinear MTM theory predicts magnetic fluctuations scale as δB/B ∼ ρe /LT e ,206
suggesting large δB/B in low B machines (as for typical STs). MTMs saturate nonlinearly
to form overlapping islands centred on different rational surfaces, and electron heat transport can be estimated using a simple test-particle transport model from stochastic magnetic
fields.207 In the collisional limit (valid for the plasma), this gives a model heat diffusiv2
/(νei q) that predicts substantial transport at mid-radius with
ity, χe,M T M = (ρe /LT )2 vth,e
205
χe,M T M ∼ 0.5χe,exp .
If this model dominated heat loss, the associated energy confinement
time scaling would be consistent with τE ∼ a2 χe ∝ B reported for STs.112,111 Another
electron heat transport mechanism is required for r/a < 0.3, where Te is too flat to drive
MTMs. In NSTX discharges with core ŝ < 0, however, core confinement improves with the
suppression of MTMs and χe .205
Nonlinear local GYRO calculations208,191 were performed at r/a = 0.6 in the MTM
dominated collisional high β NSTX H-mode mentioned previously (where ETG is stable),191
including kinetic electrons and ions and electron pitch angle scattering, but neglecting γE .
Nonlinear MTM simulations are challenging and attempts for MAST with GS2, failed to
saturate due to unexplained nonlinear instability of the highest kx modes on the grid.164,192
These are demanding because of the need to capture both the rational surface spacing and
fine radial scales in δΦ. Grids used ≤ 16 binormal wavenumbers 0 < kθ ρs < 0.75, and
≤ 540 points in a radial domain extending 80ρs . In the saturated state, shown in Figure
35, taken from Guttenfelder et al,,191 δne fluctuations peak off the outboard mid-plane and
have correlation lengths Lx ∼ 0.7ρs  Ly ∼ 4ρs , while δAk approaches the box scale in
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radius and peaks at the lowest resolved finite kθ ρs . Magnetic flutter carries 98% of the
heat flux and Qe  Qi . χe,sim ∼ 1.2χGB is consistent with χe,exp , and with a collisionless
Rechester-Rosenbluth estimate207 following205 giving χe,mod ∼ 0.92χe,GB . Simulations are
broadly consistent with nonlinear MTM theory expectation δBr /B ∼ ρe /LT e .206 Scans (see
Figure 36 from Guttenfelder et al.191 ) in this parameter range find that χe /χGB increases
sharply with R/LT e and with βe above critical values that exceed linear thresholds, and
scales almost linearly with ν∗ *. Restarting a saturated simulation with the experimental γE ,
however, largely suppressed the MTM turbulence, though artificially increasing R/LT e by
20% partly restored qe,M T M to a level 3x smaller than qe,exp .191
Transport predictions for an NSTX discharge were obtained using reduced models of
MTM heat transport: RLW209 ; and a model by Wong et al.210 RLW, which is independent
of ν∗ and β, was better and gave reasonable matches to Te,exp at radii and times where
GK finds unstable MTMs.211 The multi-mode transport model was recently upgraded to
included MTMs, which improves Te predictions for a high ν∗ NSTX plasma.212

C.

Electron Scales: ETG Modes

ETG modes, the electron-scale analogue of ITG, can produce substantial electron heat
transport with χe  χe,GB ,213,214 and are unstable for R/LT e > R/LT e,crit,ET G . An empirical
formula for the ETG threshold for typical core condition168
R
LT e,crit,ET G

= M ax[(1 +

dκ
Zeff Te
ŝ
)(1.33 + 1.91 )(1 − 1.5)(1 + 0.3 ), 0.8R/Ln ]
Ti
q
d

(19)

captures the stabilizing impacts of impurities (demonstrated for MAST215 ), ŝ/q, and
density gradients, but is not expected to be accurate at high β or dP/dr, ŝ ≤ 0, or with strong
shaping. ETG is sensitive to finite β effects particularly from δBk ,114,216,217 and both δBk and
full v∇B must be retained217 : the low k⊥ ρi approximation canceling the δBk drive with the
dP/dr contribution to v∇B ,218 is inaccurate for ETG even at β  1.217 In strongly rotating
beam heated STs, virulent ETG modes (well above threshold with R/LT e  R/LT e,crit,ET G )
are less susceptible to flow shear suppression than ITG, because γET G  γE while γIT G ∼ γE .
GK simulations and experimental data reveal regimes where ETG carries significant Qe in
mid/outer radius regions of MAST and NSTX.
In MAST H-mode, at mid-radius where density is flat and β ∼ 0.1, GS2 finds γET G  γE
with peak growth around ky ρe ∼ 0.2 − 0.3,155 in conditions where including δBk reduces
γET G .152 Collisions have little influence on γET G at high wavenumber where νei /(ω) 
1,219,220 but at νei /(ω) > 1 reduced trapped electron drive is stabilizing at lower ky .173,220
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In NSTX H-modes, perturbative Li pellet experiments find stiff Te profiles in monotonic q
plasmas consistent with a critical R/LT e ,93 χe profile shapes agree with an analytic electrostatic model of ETG transport,93,221 and χe at r/a = 0.65 is in the range 5-20χe,gB expected
from ETG turbulence. ETG may also play a role in discharges from an NSTX ν∗ scan
outside mid-radius, where R/LT e > R/LT e,crit,ET G 101 and GYRO finds γET G and R/LT e
decreasing with decreasing ν∗ .101 high-k microwave scattering observations provide direct
support for R/LT e driven fluctuations consistent with ETG turbulence in NSTX He plasmas
heated by HHFW, where the fluctuations strikingly appear when R/LT e > R/LT e,crit,ET G
and it is found that Eq. 19 only slightly underestimates the critical gradient computed using
GS2.222,223 Flow shear suppression of ETG turbulence is possible near marginal stability and
has been observed under such conditions in high-k scattering observations from NSTX.115
Density gradient stabilization of ETG was first observed on NSTX after an ELM increased
R/Ln locally by a factor of 5, while χe halved and high-k scattering found suppression of
ETG density fluctuations at k⊥ ρs < 10 (consistent with linear GS2).219,224 Later in a slowly
evolving NBI heated NSTX H-mode with R/Ln increasing at the high-k scattering location,
the fluctuations moved to lower amplitudes and frequencies in the plasma frame, supporting
the stabilizing influence of R/Ln on ETG.225
Single scale nonlinear ETG simulations are physically justified if there is a mechanism to
provide a low-ky cut-off by suppressing ion-scales. First nonlinear electromagnetic simulations of ETG turbulence for a MAST H-mode used GS2 at r/a = 0.4, where βe ∼ 0.049 and
R/Ln ∼ 0.226 Calculations with/without collisions, with/without kinetic ions, with various
grid resolutions and neglecting flow shear found electrostatic transport dominating negligible
magnetic flutter in the saturated state, with χe,ET G ∼ χe,exp  χe,GB . The excess over χe,GB
is due to strong streamers (with ky  kx ) and weak zonal modes, and Qe depends weakly on
βe in spite of δBk reducing γET G .227,173,217 Farther out at r/a = 0.8, ŝ/q and R/Ln are larger
and χe,ET G  χe,exp . Later electrostatic GS2 simulations for the same local equilibrium, included flow shear and collisions that each individually suppress low ky .173 These calculations
confirm that anisotropic ETG turbulence with ky  kx gives Qe,ET G ∼ Qe,exp and is robust
to the experimental level of γe (see Figure 37, taken from Roach et al.173 ). ETG turbulence
could, however, be suppressed by artificially increasing γE to 10×γE,exp = O(γET G ).173 These
findings were verified using GYRO (with non-periodic boundary conditions),173,228 where it
also noted that the anisotropic nature of ETG turbulence must be carefully accounted for on
interpreting fluctuation measurements, e.g. from the NSTX high-k scattering system that is
sensitive to modes with kr = 9kθ .228
Low-β NSTX H-mode plasmas in a scan with νe,∗ spanning a factor 2.5, exhibited the
energy confinement scaling, BτE ∝ νe,∗ (−0.82)219 consistent with a scan at higher β.93 ETG
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is unstable (with MTMs stable) at the high-k scattering location near mid-radius where
βe ∼ 0.02. high-k fluctuations, however, increase at lower ν∗ counter to expectation from
the τE scaling, which is not fully understood and could be a local effect.219
Global electrostatic simulations of ETG turbulence in NSTX, using GTS with adiabatic
ions find ETG turbulence dominated by anisotropic streamers making significant contributions to electron heat transport.169 Turbulence saturation involves: an initial transient
dominated by ETG streamers at kθ ρs ∼ 13; subsequent transfer of energy to a high frequency
e-GAM at m = 1; downshift of the streamer spectrum to kθ ρs ∼ 6 with concurrent slow
growth of a low frequency zonal flow. It was speculated that collisional damping of zonal
flows and e-GAMs, could indirectly lead to a favorable scaling qe,ET G ∝ ν∗ following a similar
mechanism reported for ITG.187 GTS also computed ETG turbulence in an L-mode heated
only by RF before and after switching-off of the heating, which resulted in a rapid reduction
of electron-scale fluctuations and Qe,exp dropping by a factor 2.229 Equilibrium gradients and
the simulated electron heat flux, Qe,GT S , were, however, similar before and after cessation,
and only close to Qe,exp in the latter state without RF: the discrepancy is not understood.
Collisionality dependence of ETG turbulence was explored at mid-radius in MAST using
GS2. Artificially scanning νei at fixed R/LT e reveals that the long-time saturated Qe falls
with decreasing ν∗ , due to an evolving balance between zonal and non-zonal fluctuations.220
At low νei , long times, tvth,e /a = O(10, 000), were needed to reach the transport relevant
saturated state. At low νei , resistive collisional damping is weak, and zonal modes grow
sufficiently large to break up the transport enhancing radial streamers that form early in
the simulation. ETG turbulence is marginal in these simulations, and the saturation process
differs from the standard picture developed in the strongly driven limit where zonal secondaries are weak.213 The simulations find Qe,ET G ∼ νei (see Figure 38, taken from Colyer
et al.220 ), consistent with a theoretical model of interactions between resistively damped
zonal modes, drift waves and linear drive.220 This Qe,ET G scaling aligns with the energy
(−1)
confinement scaling obtained from H-modes in NSTX and MAST,BτE ∝ ν∗ .93,111
Electron internal transport barriers (e-ITBs) were produced on NSTX at locations with
ŝ < −0.4 with χe < 0.1χe,gB and R/LT e ∼ 20  R/LT e,crit,ET G (see Figure 39, taken
from Yuh et al.143 and Peterson et al.230 ). high-k fluctuation measurements suggest local
suppression of ETG turbulence in the e-ITB,143,142 while paradoxically linear gyrokinetics
finds this region is super-critically unstable to ETG (robust to the uncertainty in Zeff ).
Strong negative ŝ is the key ingredient for triggering e-ITB formation and the transition
from stiff to weak ETG transport. Flow shear is thought not to be responsible, as barriers
can be generated in HHFW heated plasmas where γE ∼ 0. During the lifetime of the e-ITB,
intermittent bursts of high k fluctuations grow on timescales consistent with ETG and may
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regulate R/LT e inside the barrier. Nonlinear electrostatic local GYRO simulations143 for
an RF heated NSTX e-ITB (with negligible γE ), found significant ETG turbulence only for
R/LT e  R/LT e,crit,ET G , and that the nonlinear upshift in R/LT e gets larger as ŝ becomes
more negative (see Figure 39c).230 Above the nonlinear threshold the turbulence character
changes, with off-mid-plane streamers at the top and bottom of the e-ITB flux surfaces
(see Figure 39(d)). Global GYRO calculations find that ETG driven flux is comparable with
experiment in the outer region of the barrier where ŝ is less negative, and that the turbulence
cannot penetrate to the inner barrier (where ŝ is more negative and Zeff Te /Ti is larger).
Electron-scale δne fluctuations were measured in the core of a MAST L-mode using DBS,
sensitive to modes with ky  kr (c.f. ky  kr from NSTX high-k scattering). First results
−α
reveal that for 7 < k⊥ ρi < 11, |δn|2 ∼ k⊥
, α = 4.7 ± 0.2,231 where the exponent is close to
13/3 expected from a theory-based power law.232
Compelling evidence for transport relevant ETG turbulence comes from an extensive
validation study using the NSTX high-k scattering system during an Ip ramp-down in a
moderate β NBI-heated discharge.233 R/Ln increases by a factor four between two times at
the high-k scattering location, r/a = 0.7, where fluctuations reduce in amplitude (see Figure 40, taken from Ruiz Ruiz et al.233 ). Improving on earlier work,225 fluctuation measurements were compared with synthetic diagnostics based on local nonlinear GYRO simulations
at both times. These demonstrate impressive simultaneous agreement for233 : Qe , fluctuation frequency spectra (which poorly discriminate between models), fluctuation wavenumber
spectral shape; and the ratio of fluctuation levels in strongly and weakly driven conditions
(see Figure 40). This strongly supports electron thermal transport being caused by electronscale ETG turbulence at the outer-core of this moderate β H-mode plasma, in conditions of
both strong and weak ETG drive.233

VIII.
A.

Holistic Microstability Analysis for Select Regimes

Edge Pedestal

The transition between the shallow gradient core and the steep H-mode pedestal, triggers
a sharp change in microstability in a relatively collisional MAST H-mode pedestal, with
modest bootstrap current and dne /dr dominating dp/dr.198,234 In the steep pedestal KBMs
dominate at k⊥ ρi < 1 (close to marginal), but MTMs (and ETG at higher ky 231 dominate
the shallower plateau inboard of the pedestal top. This stark mode transition is triggered
by an increasing pedestal density gradient post-ELM (see Figure 41c) and contributes to the
pedestal recovery.198 Similar results are found in non-Li H-mode pedestals in NSTX200,235
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(see Figure 41b), with ETG also unstable from mid-pedestal outwards. The MTM-KBM
mode transition is also seen at the pedestal top of a lower ν∗ MAST H-mode pedestal,
but enhanced bootstrap current gives KBMs access to second stability.236 DBS and crosspolarization DBS in MAST have measured δn and δB fluctuations at the pedestal top
during the ELM recovery in type-I ELMs. ETG dominate with MTM also unstable at
the location and wavenumbers 3 < k⊥ ρi < 4 measured by DBS/CP-DBS. The measured
(δB/B)/(δn/n) ∼ 0.05 is closer to the value 0.02 expected linearly from ETG than 0.4 for
MTMs.

B.

Impact of Lithium

Li coatings applied to PFCs in NSTX reduce edge recycling, improve confinement200 and
substantially change profiles (see Figure 41a). The density pedestal is broader but shallower
with Li, and inside Ψ95 , dTe /dr is steeper and χe,ef f is lower. Radial profiles of the dominant
microinstabilities at kθ ρs < 1 (illustrated in Figure 41b) are quite different. Without Li
MTMs dominate at a conventional pedestal top, but with Li MTMs are stabilized by higher
dne /dr and are replaced by hybrid TEM-KBM modes with lower growth rates comparable
to γE . MTM growth rates at the pedestal top are insensitive to large reductions in νe , as
seen in MAST.199 Outside Ψ95 both cases are unstable to ETG modes, but lower R/Ln with
Li results in more virulent ETG that may limit dTe /dr. In both plasmas the pedestal is
close to the KBM stability boundary but in second-stability where growth rates decrease
with increasing pressure gradient.

C.

Pellet Fueling

Local microstability was analysed in edge pellet fuelled MAST H-modes, on three surfaces close to the pellet ablation peak during 10 ms following pellet launch.163 Microstability
was strongly impacted by large local equilibrium excursions induced by the pellet. The most
striking feature is an asymmetry between the stabilizing and destabilizing impacts of the
pellet on TEMs, inside and outside the ablation peak, which arises because of favorable and
unfavorable drifts at these locations, and could result in more pellet particles being transported outwards than into the core. While drifts favor stability for TEM at θ=0 (outboard
side) on the dn/dr > 0 surface, drifts are unfavorable at θ = π: without collisions CTEM
would be unstable at θ = π, but are stabilized by the level of collisions in this MAST plasma.
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D.

Enhanced Electron Heat Transport/Anomalous Fast Ion Redistribution at High Power

At high Pnbi NSTX H-modes have flat core Te , which is correlated large amplitude GAEs
and CAEs, see Figure 42a. If the Pnbi source is classically transferred to the plasma, the core
electron heat transport is very hard to explain because gradients of the thermal species are
too low to drive microturbulence.105 One possibility is that core Qe is enhanced by stochastic electron orbits generated by multiple overlapping GAEs.105,237 Alternatively CAEs and
GAEs couple to kinetic Alfven waves (KAWs) and convey the NBI energy and momentum
sources to a resonance at larger radius where they are transferred to the thermal plasma, in
a process called “energy channelling”238 (see Figure 42b,c) . Nonlinear hybrid MHD-particle
simulations find that “energy channelling” involving CAEs coupling to KAWs, appears the
more plausible explanation.239 Novel reflectometry of GAEs and CAEs in similar discharges,
however, find amplitudes that are too low to support either mechanism, and also rule out
significant stochastic ion heating from CAEs.240 Higher B and more flexible NBI configurations on NSTX-U impact on fast particle modes and should help address this question.
GAEs on NSTX-U arise at higher frequency and toroidal mode number than on NSTX, and
are suppressed by higher pitch beam ions injected by off-axis NBI,241 consistent with theory
and hybrid MHD-particle simulations.242

E.

Long Steady Discharges

Long steady discharges that will be delivered by NSTX-U and MAST-U are ideal for
confinement studies. Initial transport studies on NSTX-U for a long pulse L-mode with
Pnb = 2.6 M W, hne i = 4.3 × 1019 m−3 and βt =4.1% shows that χe  χi and χi ∼ χi,N C at
0.2 < r/a < 0.8,160 which is consistent with local GYRO calculations in 0.45 < r/a < 0.7,
where ITG turbulence is either stable or weakly growing with γIT G  γE . At r/a = 0.47, β
and Zeff may be sufficiently large for significant electron heat transport contribution from
Qe,M T M , where γM T M > γE . Electron-scale nonlinear ETG calculations predict large contributions from Qe,ET G at r/a = 0.47, 0.56, 0.66. Further out at r/a=0.76, however, ETG is
diminished and ITG rises to dominate transport because γE is lower and falling with radius.
This is consistent with BES finding broadband ion-scale fluctuations growing with radius.
Interestingly BES finds bi-modal poloidal phase velocities at r/a ∼ 0.68 that could indicate
the presence of two types of mode at ion scales, but these were not found in nonlinear gyrokinetic simulations at this radius. These NSTX-U plasmas have complicated microturbulence
at both electron and ion scales that exhibit strong radial dependence. More sophisticated
calculations including non-local profile variation δB, and multi-scale interactions may be
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needed.160

IX.

Conclusions

In this review we have presented results, which show that many fundamental energy
transport and confinement properties of Spherical Tokamaks are different from those at
higher aspect ratio. These differences are based on geometric considerations, with ST plasmas
having more extreme toroidicity than plasmas at higher aspect ratio and the relatively larger
E × B shearing rates, both of which serve to suppress electrostatic drift wave instabilities at
both ion and electron gyroradius scales, and also through the importance of much stronger
electromagnetic effects due to the ST operating at high βT . These latter effects bring into
light the importance of both microtearing modes and Kinetic Ballooning modes (modified by
the fast electron pressure), both becoming important in the core of ST plasmas, while being
important only in the pedestal region at higher aspect ratio. These differences have led to
inferring a very strong improvement in normalized confinement with decreasing collisionality,
ΩτE ∝ νe,∗ −1 , much stronger than at higher aspect ratio, which bodes well for an ST-based
fusion pilot plant should this trend continue.
For the present generation of STs, electrons are highly anomalous and they are the
dominant channel through which energy is lost. Ion transport outside the very core of the
plasma, and especially in H-modes, is near neoclassical values (reflecting the suppression of
the low-k electrostatic drift wave instabilities), although neoclassical ion thermal diffusivities
can be in the ≥ 1 m2 /s range. There is some inferred evidence that ion transport becomes
more anomalous a the lowest ST collisionalities attained to date. Studies of particle and
momentum transport have been more limited, but the latter may indeed capture the effect
of any subdominant low-k drift wave turbulence. Internal Transport Barriers have been
observed in both MAST and NSTX, and, as at higher aspect ratio, their existence is tied to
local values of q and magnetic shear.
Gyrokinetic studies, coupled with low- and high-k turbulence measuements, have shed
light on the underlying physics controlling transport. At lower β, both ion- and electron-scale
electrostatic drift turbulence may be responsible for transport, while at higher β, MTMs,
KBMs, and hybrid TEM-KBMs play a role. All of these modes are sensitive to ŝ, q and
R/Ln . Flow shear will, of course affect the balance between ion- and electron-scale modes.
Considerable work has been devoted to understanding electron heat transport from MTMs,
which are complex modes with instability thresholds in R/LT e and β, and growth rate
sensitivity (some non-monotonic) to collisions, magnetic shear, R/Ln , R/LT e , and β.
Non-linear gyrokinetic simulations have shown that the electron heat flux decreases with
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decreasing collisionality, consistent with the global normalized confinement scaling, although
flow shear was neglected in these calculations. High-β plasmas with with large αM HD found
significant transport in all channels from hybrid TEM-KBM turbulence, which dwarfs that
from subdominant MTMs in this specific regime. Non-linear ETG simulations predict significant heat fluxes in some high- and low-β H-modes. Initial multi-scale non-linear simulations243 found that ETG turbulence could suppress MTMs.
A wealth of fluctuation data from BES, DBS, and high-k scattering on NSTX and MAST
has facilitated detailed comparisons with gyrokinetic simulations and the study of fluctuations at ion and electron scales in MAST and NSTX. These data have provided compelling
evidence for the presence of ITG and ETG turbulence in some plasmas, and direct experimental support for the impact of experimental actuators like γE , R/Ln and magnetic shear
on turbulence and transport.
The next generation of ST experiments will test the favorable confinement trends at even
lower collisionality, along with other aspects of ST performance that can inform the basis for
an ST power plant. For instance, NSTX-U with up to 18 MW of auxiliary heating power (see
Table 1), BT up to 1 T and Ip up to 2 M A will be able to explore a collisionality regime up
to five times lower than that in NSTX, thus testing the confinement and transport processes
of both the thermal plasma and energetic particles in this regime. NSTX-Upgrade, with its
ability to achieve very high βN /li will also explore the high-β route to non-inductive, longpulse operation. Further, while NSTX-U will explore heat flux mitigation in conventional
divertor configurations, future upgrades to NSTX-U could involve the implementation of
liquid lithium divertors. MAST-Upgrade operation in a similar parameter range will also
explore the confinement and transport at lower collisionalities than at which MAST operated,
its main focus will reflect its flexibility to test a wide range of divertor configurations, the
most notable of which will be on long-legged (i.e., Super-X) divertor operation as a heat
flux mitigation method. The ST40 ST will be operating at higher toroidal field (3 T ) than
either NSTX-Upgrade or MAST-Upgrade to develop the physics basis for STF1, which will
use high temperature superconducting magnets to produce fusion powers with Q ≥2.
These new experiments will open up avenues for continued and extended physics studies of
ST confinement and transport. The expanded operating ranges of these STs will provide the
basis for further validation of theoretical predictions, including gyrokinetic simulations with
synthetic diagnostics, against experimental measurements of turbulence and kinetic profiles
to complement the empirical experimental approach. Advances in computer science will aid
in enhancing the gyrokinetic codes in areas critical to understanding ST transport, such as the
interaction of electron and ion scale turbulence, self-consistent treatments of flow shear, the
importance of thermal plasma transport caused by energetic particle-driven modes, and the
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ability to provide global descriptions including phenomena like avalanching and turbulence
spreading. These studies will provide the basis for developing reduced predictive models
of ST plasma transport and the potential to integrate these reduced models with those at
higher aspect ratio to provide predictions beyond narrow aspect ratio ranges.
In particular, the impact of fast particles on thermal confinement in the plasma core
remains an open question. This question has direct relation to how the thermal plasma
is influenced by α-particles in a burning plasma at both low and high aspect raito. Data
from NSTX-U and MAST-U will help to resolve the dilemma as to whether (and if so, how)
electron heat confinement is degraded in strongly heated high β ST plasmas with fast particle
driven GAE and CAEs.
The new experiments will also provide the opportunity to study other transport channels,
particularly impurity transport as related to the dilution by helium ash and radiation losses,
but also the effect of energetic particle-driven modes on the energetic particle distribution,
which can affect both non-inductive current drive and fusion power production. Further, the
new experiments can drive progress on optimizing core-pedestal coupled high performance
scenarios through understanding further the nature of the H-mode pedestal and ITB formation. These can be accomplished through both the flexibility of the devices as well as
diagnostics and theory specifically targeting these phenomena.
These results, along with those from other STs to explore non-inductive startup methods,
as discussed in the Introduction, will be critical for assessing the feasibility of an ST-based
fusion pilot plant.
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Aspect ratio
Major radius R0 (m)
Minor radius a (m)
Plasma elongation k
Plasma triangularity d
Plasma current (MA)
Toroidal field at R0 (T)
Max. pulse length (s)
Auxiliary heating power
(MW)

Pegasus

START

Globus-M

1.2
0.35
0.29
1.8

1.3
0.3
0.23
1.8
0.50
0.30
0.23
0.05
0.8

1.5
0.34
0.23
2.0
0.50
0.25
0.5
0.2
1.0

0.15
0.17
0.0

GlobusM2
1.5
0.36
0.24
2.0
0.30
0.5
1.0
0.7
2.0 (NB),
1.0 (RF)

ST40

MAST

NSTX

MAST-U

NSTX-U

1.7
0.40
0.24
2.5
0.35
2.00
3.00
2.0
2.0

1.3
0.85
0.65
2.1
0.50
1.2
0.52
0.7
3.0

1.5
0.89
0.61
2.5
0.70
1.5
0.55
1.8
6.0 (NB),
6.0
(HHFW)

1.56
0.82
0.53
2.5
0.50
2.00
0.78
5.0
5.0 (7.5)

1.7
0.94
0.55
2.75
0.50
2.00
1.00
5.0
12.0 (NB)
6.0
(HHFW)

Table 1: Comparison of key operating parameters for STs that have performed, or will be
performing, confinement studies. Heating power is through neutral beams, unless otherwise
indicated. Values in parenthesis represent potential upgrades. HHFW stands for High
Harmonic Fast Wave (RF) heating for NSTX and NSTX-U.
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Figure 1. Temporal evolution of plasma current Ip , line-integral density ne dl (≈8a n̄e ), loop
voltage Vloop , plasma energy Wpl , normalized beta βN , Dα and central SXR emission and NBI
evolution
of (from top panel down) plasma current, line-integral density,
beam power PNBI during ELMy H-mode discharge #4161.

Figure 1: Temporal
loop voltage, plasma energy, normalized βN , Dα , central SXR emission and NBI beam power
for a ELMY H-mode discharge from MAST. Taken from Field et al.56
It has already been reported [7] that ITER power threshold scalings fail to predict the
observed threshold Pth when applied to MAST. Even though the improved H-mode access
opens a wider operating window in the recent MAST discharges, an enhanced threshold power
is still required. In figure 2 the loss power Ploss just prior to L/H-transitions is plotted against
the prediction of the EPS-97 threshold scaling [11]. Ploss represents the power efflux from the
confined plasma:
∂Wpl
1 ∂Li Ip2
Ploss = Ip VS + PNBI −
−
,
(1)
2 ∂t
41∂t
where VS is the loop voltage at the plasma surface, PNBI the absorbed NBI power, Li the actual
internal inductance in henrys and Wpl the plasma stored energy. Data points are selected where
the contributions from the time derivative of the plasma thermal and magnetic energy amount
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Figure 7. Loss power (left panel) and loss power normalized by line-averaged density (right panel) as a function of plasma current. Red
symbols denote discharges that transition into the H-mode at that loss power, while blue symbols indicated discharges that remained in the
L-mode for that loss power.

Figure 2: Loss power (left panel) and loss power normalized by line-averaged density (right
panel) as a function of plasma current. Red symbols denote discharges that transition into
Figure 8. Neoclassical radial electric field as a function of normalized poloidal flux, as calculated in XGC0 for two discharges, at two
differentthe
currents,
that remained
in the
L-mode
(left panel)
that transitioned
the H-mode
(right panel).
H-mode
at that
loss
power,
whileand
blue
symbols into
indicate
discharges
that remained in the
L-mode for that loss power. Taken from Kaye et al.67

It is not necessarily the difference in Er well depth that
makes the difference between whether or not a discharge
transitions into the H-mode. The well depth of the low current 42
discharge that did not transition (left panel) was computed to
actually be deeper than that of the higher Ip discharge that did
transition (right panel). Therefore, it might be something other
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FIG. 4. "Color# Comparisons between experimental data and theory for "a#
drift-resistive ballooning modes, "b# peeling modes, and "c# drift-Alfvén
modes. The shaded region in each plot indicate the theoretical prediction of
H-mode access.

the theory and the experimentally observed boundaries, with
the experimental threshold for ! DIA being about a factor of 2
lower than the theoretical threshold "!0.6#, and the experimental threshold for ! M HD being a factor of 2 to 3 higher
than that of theory "!0.4#.

Low- to high-confinement mode transitions . . .

Of particular significance also is that little difference is
seen among the L-mode and L-H transition groupings, although it appears from the plot $and also in Fig. 4"b#%that the
maximum ! M HD values of the L-H grouping lie slightly
above those of the group of L-mode points. This systematic
difference, however, is within the error bars, the typical size
of which is shown on each plot. In addition, no systematic
dependence between the magnitude of ! M HD and temporal
proximity to the L-H transition was observed; that is, ! M HD
was not systematically higher for L-H points for times that
were closest to the time of the L-H transition. These results
indicate that changes in the relevant profile characteristics on
time scales just prior to the transition are subtle. The error
bars were estimated from the appropriate sum of the relative
errors of the individual parameters that make up these variables. The largest source of quantifiable random error comes
from the spline fits to the Thomson scattering data, and their
derivatives. Consequently, even with the size of the error
bars, the above conclusion regarding the threshold value of
! M HD is still valid. However, the changes leading up to the
transition are unresolvable within experimental error, limiting the usefulness of this parameter as a dynamic predictor of
an impending transition.
In the peeling mode formulation, the key parameters are
2 3/2
the electron collisionality, & e 'n e ln (ZeffqR5/2
0 /(T e r ) and,
once again ! M HD . The peeling mode is stabilized by edge
pressure gradient, but destabilized by edge current. Therefore, high collisionality is needed to reduce the bootstrap
current driven by large ) p, thus forming a space of reduced
transport at large ! M HD and & e . Figure 4"b# also shows a
clear separation between the H-phase points and the L-mode
or transition groupings, with the ! M HD !1 to 2 threshold
extending over an order of magnitude in & !e , and with the L
and L-H groupings overlapping over this range as well. As
for the drift-resistive ballooning theory, there is some discrepancy between the experimental and theoretical thresholds "the H-mode region as defined by theory is again shown
by the shaded region#. The theoretical threshold for & !e is !1,
while experimentally H-mode values down to 0.2 are observed, with L and L-H points above the theoretical threshold as well.
The same results are also seen in Fig. 4"c#, in which
2/3
1/2
* n /(1! & 2/3
where s
n )"(M i /m e ) ! M HD /(sq(1! & n ))
"rq ! /q, and & n " & !e (M i L p /sm e qR) 1/2, is plotted against
& n . In this drift-Alfvén mode theory, transport is suppressed
above the threshold * n #1! & 2/3
n . While the scatter is much
greater for this theory than for the others, the NSTX data do
show that the H-phase points generally lie above a minimum
* n /(1! & 2/3
n ) value, consistent with the COMPASS-D and
DIII-D results, which for NSTX is !9 "the theoretical
threshold is 1#. Again, the transition grouping appears to
overlap with the L-phase grouping, and both can lie above
this ‘‘threshold’’ as well.
Comparisons with the above theories were also made at
locations close to the knee, where the normalized poloidal
flux varied from 0.91 to 0.98, with most of the values being
approximately 0.955. The results of the comparisons at this
location were similar to those at the mid-gradient location.
The NSTX edge data also do not indicate any obvious

Figure 3: Comparison between experimental data and theory for (a) drift-resistive ballooning
modes, (b) peeling modes, and (c) drift Alfvén modes. The shaded region in each plot
indicates the theoretical prediction of H-mode access. Reproduced from Kaye et al., Phys.
Plasmas, 10, 3953, 2003 with the permission of AIP Publishing.
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Figure 2. Comparison between experimental data from MAST and
a theory for the L–H transition based on zonal flow generation by
finite β drift waves. The shaded regions indicate where the theory
Figure 4: Comparison between experimental data from MAST and the finite-β drive wave
predicts an H-mode.
theory. The shaded regions indicate where the theory predicts an H-mode. Taken from
Counsell et al.72

surface area, S, (a function of R and minor radius a), rather
than R alone [10].
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2.2. The H-mode pedestal

Figure 3. H
Upgrade da

for the changing total (kinetic and magnetic) plasma
energies dW=dt ¼ dW K =dt þ dW M =dt. Radiated power
was previously estimated to be negligible [31].
The energy confinement time ranges from 1 to 7 ms for
these discharges. Since the properties of the plasmas differed,
τe is best described by normalization to the IPB98ðy; 2Þ
empirical H-mode scaling [2] with the H98 factor, where
H98 ≡ τe =τe;IPB98ðy;2Þ . The average H98 factor for the
L-mode is 0.5 % 0.2 and for the H-mode is 1.0 % 0.2.
H-mode discharges at A ≲ 1.2 show a confinement improvement of at least approximately double that of L-mode
plasmas, similar to other tokamaks [1]. Passive ion spectroscopy and preliminary Thomson scattering measurements
of H-mode plasmas qualitatively suggest increased ion and
electron temperatures compared to L-mode plasmas.
The confinement improvement in the H-mode is comparable in limited and diverted plasmas. Since the discharges have τe evolving throughout their relatively short
pulse, more precise comparisons of these regimes will be
possible when longer discharge pulses become available.
The L-H power threshold was measured as a function of
input power, density, and magnetic topology. These experiments varied the Ohmic input power POH ¼ I p V loop in
the range of 0.05 to 0.6 MW, n̄e ¼ 0.5 − 5 × 1019 m−3
(Greenwald fraction n̄e =nG ≈ 0.1–0.8 [32]), and in innerwall limited and favorable single null diverted magnetic
configurations with a typical inner-wall gap at the midplane
of about 1–3 cm. Figure 3 shows the power required to
access the H-mode as a function of n̄e . POH is normalized
to the empirical ITPA08 PLH scaling BT and surface area S
dependencies [5]. In most cases, the plasma shape was

about 30% of POH in these experiments.
While this simplified analysis and shot-to-shot variation
result in some scatter, there is a general separation of the L
and H data, indicating the location of the power threshold.
This threshold increases with density in a fashion consistent
with the ITPA empirical scaling. However, the magnitude
of the scaling underpredicts the measured PLH by ∼15×.
Unlike some high-A tokamaks [33] no apparent minimum
in PLH ðn̄e Þ is observed in Pegasus. The operating space
for limited and diverted plasma topologies overlaps:
DIV
PLIM
LH ≈ PLH . This result is in contrast to higher-A devices
DIV
where PLIM
LH ≥ ð1.5 − 3ÞPLH for favorable single null
diverted plasmas [34,35].
The power threshold on Pegasus exceeds predictions
from accepted scalings by an order of magnitude or more.
Figure 4 shows PLH for Pegasus and several tokamaks in
the ITPA database [5] normalized to the ITPA08 scaling.
This scaling was derived from experiments with A ∼ 2.5–5.
As A → 1, PLH =PITPA08 significantly increases, confirming
a trend suggested by NSTX [5,20] and MAST [4,5].
Theoretical models to explain these variations with A are
not yet available.
Nevertheless, some of the unique characteristics of PLH
at near-unity A are consistent with the FM3 L-H transition
model [8]. This model postulates that the PLH -minimizing
density nmin
is related to a critical edge collisionality. For
e
18
Pegasus, FM3 predicts nmin
m−3 ðn̄e ≪ 0.1nG Þ.
e ∼ 1 × 10
This is not accessible in Ohmic plasmas, consistent with the
absence of nmin
in Fig. 3. The difference in limited and
e
diverted power thresholds is posited to be due to the safety
factor q⋆ at the radial location of the L-H transition, which
FM3 defines to be within a pressure gradient scale length of
the last closed flux surface. In practice, this location is in
the outer few percent of the normalized poloidal flux. At
high A, qLIM
< qDIV
⋆
⋆ , while the increased edge shear at low

FIG. 3. POH normalized by BT and SITPA dependencies vs
density.

FIG. 4. Measured PLH compared to the ITPA scaling for several
tokamaks at different aspect ratios.

175001-3

Figure 5: Measured PLH compared to the ITPA scaling for several STs at different aspect
ratios. Reprinted Fig. 4 with permission from: Thome et al., Phys. Rev. Lett., 116, 175004,
2016. Copyright 2016 by the American Physical Society.
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where the nonlinear A-dependence term is rather uncertain; γ = 0.5± 0.5. Figure 4 shows that
the new scaling expression (4) fits experimental data better than the Pthr0 scaling. In figure 4(b),
we impose Zeff = 2 to COMPASS-D, JFT-2M, MAST, PBX-M and TCV data. The scatter
in the data points is reduced (σ = 0.35 for ln(Pthr /Pthr0 ) and σ = 0.31 for ln(Pthr /Pthr,new )),
and the low-A data points approach the scaling line for the new scaling.
On the basis of the above results, we predict the power threshold in ITER for the standard
operation, R = 6.2 m, a = 2 m, Bt = 5.3 T, Ip = 15 MA and S = 680 m2 [1]. It is planned
to operate the L–H transition at n20 ≈ 0.5 × 1020 m−3 . Equation (1) gives Pthr0 = 42 MW,
and equation (2) gives Pthr0∗ = 43 MW, where |B|out = 4.3 T is affected only a little by the Ip
value. The correction factor F (A) = 1.03 in equation (4) changes little the prediction. If Zeff
will be kept ∼2, Pthr = 40–50 MW can be reliable. Efforts to decrease impurity will be the key
to accessing H-mode with a lower heating power. A favourable mass dependence (∝1/M) will
reduce Pthr by ∼20% for the DT phase but will double the required power for the H phase. The
uncertainty in the exponent to S, (S/60)± 0.1 , is the major estimation error, and the additional
error bar is evaluated as (1 ± 0.26) based on the 2σ of JT-60U data scattering. Therefore,
the widest boundary of the prediction is 25 MW < Pthr < 70 MW. A further reduction in
this uncertainty will follow a decrease in the error bar in the exponent to S. Well-planned
experiments among multi-devices are required to find a precise S dependence.
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Figure 4. Comparison of experimental Pthr data with scaling expression (a) Pthr0 and (b) Pthr,new .

Figure 6: Comparisons of experimental power thresholds (Pthr ) with scaling expressions from
(a) Ryter et al.81 and (b) Takizuka et al.69 expressions. Taken from Takizuka et al.69
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together with their standard deviations λpc , errors λe and the square of error-to-variance ratios (λe /λpc )2 .

ln(I )

ln(B)

ln(n)
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0.379
0.426
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Figure 8: (left) Confinement time vs Ip and (right) vs BT for NSTX H-mode plasmas with
boronized walls. Taken from Kaye et al.93
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dal field values (a) 0.4 T (b) 0.5 T. Ip—plasma current, ⟨ne ⟩—line average density,
ergy stored in electrons and ions correspondingly, Dα − Dα emission, Te—
the Thomson scattering system and Ti—ion temperature measured with NPA.
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Figure 14: (left) Electron temperature and (right) electron thermal diffusivity as a function
of r/a at various BT in NSTX boronized wall H-mode plasmas. Taken from Kaye et al.93

Figure 15: (left) Ion temperature and (right) ion thermal diffusivity as a function of r/a at
various BT in NSTX boronized wall H-mode plasmas. The yellow cross hatched region in
the right-hand panel reflects the range of ion neoclassical thermal diffusivity over the range
of BT . Taken from Kaye et al.93
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Figure 2. Electron (black) and ion (red) temperature profiles calculated and measured at 170th ms
(lines and dots, respectively) for three shots with different toroidal magnetic fields and plasma
currents.
Increase in the toroidal magnetic field by 25% at a fixed plasma current of 0.2 MA resulted in the
rise of the total energy content by 30% which is confirmed by the diamagnetic measurements. In this
case, the total absorbed power didn’t considerably change because the efficiency of fast ions
confinement which determines power of additional heating better depends on the plasma current but
not on the toroidal magnetic field [3]. Therefore, an increase in the energy content is a consequence of
the improved confinement of thermal energy and exactly the electron energy confinement is improved
at that (see Fig. 3 and Table 1). An increase in the plasma current up to 0.25 MA at the fixed magnetic
field BT = 0.5 Т results in the rise of the absorbed power by 20%, the total energy content and energy
lifetime being increased by 40 and 20%, respectively (as compared to the typical discharge). Heat
diffusivities for electrons and ions are presented in Figure 3. The electron heat diffusivity decreases
both with the rising current Ip and magnetic field BT. The dependence of the confinement time on the
plasma current and magnetic field was τE ~ BT0.8±0.1Ip0.8±0.1.
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Figure 3. Heat diffusivities for electrons χе (black) and ions χi (red)

Figure 16: Electron and ion neoclassical thermal diffusivity at different BT and Ip in Globus3
M. Taken from Telnova et al.96
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estimating the scaling coefficient are possible. The first is 57
using the complete set of ‘modified’ data (consisting of 22×N
collisionality-confinement pairs) to determine the coefficient. Figure 7. Variation of collisionality with (a) ne and (b) Zeff for the
Nu (blue points) and Li (red points) scans. All values are taken
The second is to determine the coefficient for each of the N at x = 0.7.
sets of ‘modified’ data (22 observations for each set), and then
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Figure 22: χe profiles color-coded by electron collisionality at r/a ∼0.7 for both boronized
and lithium wall conditioned NSTX plasmas with minimal variation in β and q (“Nu scan”).
This is from the same dataset as that shown in Figure 21. Te profiles from NSTX for lithium
wall conditioned plasmas color-coded by normalized electron collisionality at r/a ∼ 0.7. (b)
χe profiles normalized to χgyroBohm (∝ ρ2s cs /a). The profiles in both panels are color-coded
by normalized electron collisionality at r/a ∼ 0.7. Taken from Kaye et al.101

Figure 8. Electron temperature (a) and density (b) profiles for the case of low (ν∗ ≈ 0.05) and medium (ν∗ ≈ 0.1) collisionality measured

(a) thermal stored energywith
andThomson
(b) normalized
confinement time on collisionality.
scattering diagnostics.

normalized confinement time that is proportional to BTτE on
the main dimensionless parameters of the plasma. The most
important physical quantities defining perpendicular energy
transport [3] are: engineering safety factor q eng ~ BT/Ip, collisionality ν∗ ~ Zeffn e/T2, normalized larmor radius ρ∗ ~ T0.5/BT
and plasma beta βT ∼ W /B2T. Future fusion devices should
operate in the range of sufficiently lower collisionality [15,
16], while q and βT values will be close to the parameters of
the existing machines. In this connection the extrapolation of
the experimental data to lower ν∗ is the most interesting.
The range of the dimensionless parameters for the
Globus-M dataset used for the analysis is presented in figure 4.
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that xβ = 1.37 ± 0.03, xν = − 0.41 ± 0.01,
q
tor q eng ~ BT/Ip, col- absolute values of the Pearson correlation coefficients are xq = 1.04 ± 0.04 (see figure 5(c)), and Pearson correlaor radius ρ∗ ~ T0.5/BT in the range 0.5–0.66 that underlines moderate interdepend- tions are as follows ρ(xq , xβ) = 0.49, ρ(xq , xν) = 0.16, ρ(xβ,
on collisionusion devices should ence of the fitting parameters. Suggesting gyroBohm xν) = 0.08. The confinement time∗−dependence
dependency (xρ = − 3) one can find that xβ = 1.49 ± 0.02, ality can be bounded like BTτE ~ ν 0.47 to − 0.41.
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Figure 27: Radial profiles of transport coefficients for light impurities He, C, N measured
in MAST, showing: (a) diffusivity, D; (b) convective velocity, V; and (c) the corresponding
steady state impurity peaking factor, -V/D. NEO simulations of the neoclassical impurity
transport coefficients for He and C are shown as dashed and dash-dotted lines. The quasilinear and neoclassical transport coefficients for He and C have been summed at r/a=0.6
and r/a=0.7, and they are indicated by symbols. Taken from Henderson et al.131
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Figure
3. Evolution
of (a) shear,
magnetic
shear ŝ, (bITG
) normalized
Figure 28:
Evolution
of (a) magnetic
(b) normalized
ρs /LT i andITG
(c) toroidal
ρs /LTi and (c) toroidal rotation ρs /Lω gradient, (d ) rate of change in
rotation ρs /Lω gradient, (d) rate of change in toroidal rotation ωφ and (e) MHD in co-NBI
toroidal rotation ω̇φ and (e) MHD in co-NBI ITB discharge #24600.
MAST ITB discharge. Locations of rational surfaces (green, labeled below plots) and qmin
Locations of rational surfaces (green,
labelled below plots) and q min
140
(cyan) are
also
shown.
Taken
from
Field
et
al.
(cyan) are also shown.
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comparable to the thermal energy content of these low-density
plasmas.

Figure 4. Evo

A.R. Field et al

Figure 9. Dependence of normalized gradients of ion temperature

Figure 29: Dependence of normalized gradients of ion temperature ρs /LT i (a) and rotation
ρs /LTi (a) and rotation rate ρs /Lωφ (b) on magnetic shear ŝ for
rateseveral
ρs /Lω,φ ITB
(b) on
magnetic shear
for several
MAST ITBheating.
discharges with co- or counterdischarges
withŝcoor counter-NBI
140
NBI heating. Taken from Field et al.

shear region because this includes data from inside the ITB in
the plasma core where the gradients are weak.) The higher
values of ρs /LTi are somewhat less strongly localized to the
66 than is the case for ρ /L .
region of negative magnetic shear
s
ωφ
This difference might be attributed to the fact that the neo-
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appears consistent with the general understanding that ITG microturbulence induced transport can be suppressed with sufficient E ! B shear.9–13 Figure
6 shows a trend of increasing peak R / LT with increasing
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not effect the results due to the fact that
their gradients are expected to be small in
neoclassical calculations from NCLASS.14
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Figure 31: Value of minimum magnetic shear vs peak electron temperature gradient. Shaded
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Figs. 2, 4 with permission from: Yuh et al., Phys. Rev. Lett., 106, 055003, 2011. Copyright
2011 by the American Physical Society.

gradient may be a function of smin, but more data points at
higher input power would be needed to confirm this.
The stiffness of the core 68
Te profile is also observed in
H-mode. Because NSTX H-modes have exclusively monotonic q -profiles with smin = 0, these profiles are represented by

Figure 32: Simulated TEM-driven ion and electron heat fluxes for an NSTX equilibrium as
functions of normalized electron collision frequency. The CTEM data points correspond to
the use of zero electron collision frequency. Taken from Wang, et al.169
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Figure 33: Normalized δne fluctuations in the poloidal plane (i) close to (left), and (ii) well
above the ITG threshold. Taken from van Wyk, et al..183 Reproduced with permission of
The Licensor through PLSclear.
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Figure 34: Growth rate of edge MTM versus νei and inverse aspect ratio , for a circular
s − α fit to the local equilibrium at the MAST pedestal top (1/2 sets the trapped particle
fraction). The black line indicates marginal stability. Reprinted Figure 5 with permission
from: Dickinson et al., Phys. Rev. Lett., 108, 135002, 2012. Copyright 2012 by the American
Physical Society.
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Figure 35: Contour plot of (a) δne and (b) δBr in the poloidal plane from the saturated
state of local nonlinear MTM simulations for NSTX (right plots). Taken from Guttenfelder
et al.191

Figure 36: χe,exp and χe from nonlinear GYRO simulations of MTM turbulence in NSTX,
1.1
showing dependences on: (a) νei , (b) βe , and (c) a/LT e . χe ∝ νei
, and linearly increases
with βe in this region of parameter space, but over a more extended region the dependence
is non-monotonic and χe rolls over to decrease at higher νei or βe . Taken from Guttenfelder
et al.191
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Figure 37: (a) Effective growth rates γE as functions of ky ρi with (triangles) and without
(circles) γE,exp (indicated by horizontal dashed line) at mid-radius in a MAST H-mode,
demonstrating the suppression of ion scale modes. Symbols at the γ∗ -axis minimum denote
stable modes. (b) Fieldline averaged saturated spectrum of δΦ2 (kx , ky ) for an ETG simulation with γE = 4γE,exp , demonstrating anisotropy and γE induced eddy tilting. Taken from
Roach et al.173

Figure 38: Normalized electrostatic potential at outboard midplane from GS2 simulation of
ETG turbulence in MAST-like parameters at ν = 0.2νexp (a) pseudo-saturated state dominated by streamers at t = 1200a/vth,e and (b) long-time saturated state at t = 7835a/vth,e
with lower transport because zonal flows have broken up the streamers.(c) normalized electron heat flux from ETG turbulence has linear dependence on collisionality for several values
of R/LT e . Taken from Colyer et al.220
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Figure 39: Plots from study of e-ITB plasmas in NSTX. (a) Maximum core R/LT e versus
minimim magnetic shear, showing improved access to extremely high R/LT e and suppression
of high-k fluctuations at increasingly negative ŝ. (b) Linear GYRO results showing ETG
growth rates reducing with increasingly negative ŝ, but without any significant change to
R/LT e,crit,ET G . (Taken from Yuh et al.143 ) (c) ETG electron heat flux versusR/LT e for
different values of ŝ inside an NSTX e-ITB. The nonlinear threshold gradient is increasingly
upshifted beyond the linear threshold as ŝ gets more negative. (d) Density fluctuations in
poloidal cross section from a local GYRO calculation of ETG turbulence at R/LT e above
the nonlinear threshold, showing high amplitude fluctuations giving significant electron heat
transport at the top and bottom of the flux surface. (Taken from Peterson et al.230 )
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Figure 40: (a) Ip time trace from NBI heated NSTX H-mode at modest β, indicating two
times when ETG drive is strong and weak. (b) Radial profiles of Te , ne and Ti at these times.
(c) Comparisons of fluctuation spectra from the high-k scattering diagnostic at r/a = 0.7
in (open circles with error bars), with synthetic diagnostic spectra from nonlinear GYRO
simulations of ETG turbulence (solid points connected by line). Blue and green correspond to times with high and low ETG drive, respectively. (d) Experimental and synthetic
wavenumber spectral shape match well for the strong ETG condition where the ETG GYRO
simulation used R/Ln optimized to within R/Ln,exp ± 1σ, q = 0.9qexp , and ŝ = 1.2sexp
ˆ . In
(c), (d) the diagnostic spectra were scaled by a constant which was chosen to minimize “distance” from the synthetic spectrum for the strongly driven case. Taken from Ruiz Ruiz et
al.233
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Figure 41: (a) ne (top) and Te (bottom) profiles from NSTX discharges with (red) and
without (black) 5355 mg Li coating applied to PFCs prior to the discharge. (Taken from
Canik et al.200 ) (b) Growth rates and frequencies of the dominant microinstability at kθ ρs ≤ 1
as a function of normalized poloidal flux for NSTX equilibria shown (left) with (red) and
without (black) Li conditioning shown in (a). (c) Contour plot showing growth rate of
dominant modes as a function of ky ρi from a scan around the local MAST equilibrium from
a surface that joins by the expanding pedestal during ELM recovery. In the scan dne /dr
0
and R/Ln are multiplied by βf ac , which closely represents the measured pedestal profile
evolution, and dominant MTMs are supplanted by KBMs on joining the pedestal. Taken
from Dickinson et al.198
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Figure 42: (a) Correlation between GAE activity (top), Te flattening (bottom left), and
increasing core χe (bottom right) with increasing beam power (Reprinted Fig. 3 with permission from: Stutman et al., Phys. Rev. Lett., 102, 115002, 2009. Copyright 2009 by
the American Physical Society.). Alternatively results from nonlinear hybrid MHD-particle
simulations illustrated in (b), (c) suggest redistribution of the fast ion heating profile off-axis
by “energy channelling” due to interactions between GAE and KAW. (b) Simulations for
n = 4 modes show an outward flux of fast ion energy arising from the coupling of core driven
GAEs to KAWs driven at an off-axis resonance. (c) Contour plot of δEk (from the same
simulation) shows the off-axis resonance location where plasma electrons are heated by the
KAW. ((b),(c), taken from Belova et al.239
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