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We Saw the Big Picture Early

PDX

Confinement degrades with power, increases with Ip
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The H-Mode Came as a Surprise

ASDEX

Even the ELMs were there
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Confinement Increased with Size

RMSE ∼12%

 

    

BτE ∝ ωcτE
ρ* ≡ rL / a

β ≡ p / (B2 / 2µ0)

ν* ≡ νcollisionτb
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Clearly the Edge is Crucial

DIII-D

Qualitatively consistent 

with edge ion loss

and edge shear stabilization
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Shear-Flow Suppresses Turbulence

Predator-Prey relationship in L-Mode

But GAMs weak / unseen in H-mode??

AUG
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We Compare Codes with Experiment

 

Core

Edge

 

Is there something different  
going on near the L-Mode boundary?

Theory
Predicted signal
Measured signal

Theory
Predicted signal

Measured signal
Predicted signal x big #

DIII-D
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Where Do We Really Stand?

• The most obvious features

• Can we predict Ip scaling?

• Can we predict power scaling?

• Can we predict size scaling?

• D/DT/H/He differences? (Major ITER issue)


• The physics of the H-mode

• Can we predict the H-mode power threshold?

• What suppresses eddies in the core H-mode?

• What gets suppressed at the H-mode?

• What is the I-Mode (C-Mod)?

We have a working paradigm,

but there is a lot more to understand
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Need Edge Innovation for Confinement

• Low recycling improves performance

• ELM-free H-mode, Supershots, QH-mode, Lithium 

• Liquid lithium for low recycling,  

ELM and disruption resilience?

• It is clear in general that H-modes can go higher


• The main limitation is edge stability

• How can we optimize stability + confinement?


• Theory & Simulation need to lead:

• How should we configure diverters / pumps?

• What is the potential role of liquid surfaces?

• How can we control the edge with precision?

• What to control: n(r), T(r), j(r), impurity flow?
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Edge Harmonic Oscillations Can Enhance  
Transport Near the Edge

n=

6
5
4
3
2

NSTX w/Lithium DIII-D QH-Mode

• NSTX lower frequency than DIII-D QH mode

• BES measurements put NSTX EHO near separatrix, 

DIII-D EHO near top of pedestal. 

• What is EHO, what saturates it, how does it cause 

transport, how can we drive it effectively?
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Can We Drive Edge Harmonic Oscillations?

• Audio frequency can be coupled to the plasma

• Can modulated HHFW power also drive edge modes 

by modulating current/pressure in SOL?

• See also LaBombard QCM drive at C-Mod

!
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Optimized HHFW 
HHFW+EFC n=3 1kAt 
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(a) Dominant field for n=1-6 
(b) Overlap field when optimized 

FIG. 6. IPEC analysis for the (a) dominant n = 1 ∼ 6 external field measured on the plasma boundary, and the (b) overlap
with the dominant field when the configuration is optimized for high n = 4 ∼ 6. In principle, the RWMEF coil can be used to
reduce n = 1 ∼ 3 further, as illustrated in (b).

also the number of active straps increase. After the in-
vestigation of many different combinations, the optimized
configuration could be chosen with the 12 straps and the
polarity switch by 3-strap block, as color coded in Figure
5 (b).

The current amplitude will be limited in the high-
frequency applications, so it is important to know how
much current is actually required to drive the similar
amplitude range to the observed mode in the optimized
configuration. As the reflectometry provided the infor-
mation of actual plasma displacements throughout the
edge region, IPEC code is used to predict possible range
of displacements to be compared with. Figure 7 shows
the comparisons for n = 5, 6 at the midplane, with 1kAt
amplitudes for each strap.

Note that the n = 5 shows the much stronger plasma
amplification than the n = 6 in this particular example,
but should not be generalized as the high n responses can
be sensitive to the profile reconstruction in the edge. One
may also be curious about the sharp peaks in the IPEC
results. The peaks represent the discontinuity across the
rational surfaces due to the ideal constraints. Each ra-
tional surface requires the very high and adaptive spatial
grid. The total radial grid number is almost up to 104

with the poloidal grid up to 103 since there are many
rational surfaces for a high n for NSTX due to high q95,
for example, there are almost 100 rational surfaces for
n = 6. Therefore, the computational cost is quite de-
manding even if IPEC is a linear and fast code, and so
in fact not many cases were tested. Nevertheless, those
other tests showed that the n = 4 ∼ 6 can vary from
the few mm to ∼ 10mm depending on the discharge or
the reconstruction method. In general, one can conclude
that IPEC predicts the larger or at least comparable dis-
placements for the n = 4 ∼ 6 when the optimized con-
figuration is selected, only with 1kAt, which is not too

demanding to the HHFW power supply in NSTX. Our
expectation is that the external drive tuned with the sim-
ilar amplitude and frequency range may directly amplify
the internally arising modes more than the linear ad-
dition via resonance, possibly up to the level that can
induce the particle transport and change the edge insta-
bility, similarly to the DIII-D EHOs.

It is then also important to ask how much amplifi-
cation is necessary to cause the particle transport. Al-
though the characteristics of transport and confinement
are different between NSTX and DIII-D, one can use the
DIII-D EHOs as a reference. The actual field amplitudes

HHFW vs. NSTX EHO
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FIG. 7. The externally driven displacements by the optimized
HHFW antenna configuration, predicted by IPEC, and the
internally driven displacements by the edge harmonic oscilla-
tions in NSTX, measured by reflectometry.
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Antenna straps

(a) HHFW Antenna (b) Antenna model

HHFW

RWMEF coil

FIG. 5. The actual design of the HHFW antenna in (a), and the filament model of the antenna straps in (b), compared to the
existing RWMEF coils. The color codes in (b) actually shows the finally optimized configuration for n = 4 ∼ 6, as described
in the paper.

good topic to study in the future NSTX-U operation, but
here a different utilization of 3D fields will be proposed
and discussed. As introduced already, it is a more direct
coupling of the external 3D field drive to these naturally
arising internal modes, as will be described in the next
section.

III. STUDY OF EDGE-HARMONIC MODE
CONTROL USING HHFW ANTENNA

The edge harmonic oscillations in NSTX could poten-
tially be used for particle and ELM control if the modes
could be amplified by external means such as 3D field
coils, directly rather than indirectly, unlike the NRMF
control of the rotational shear. It has been proposed
that the HHFW antenna can be utilized to couple exter-
nal 3D fields to the internal modes using audio-frequency
currents in the antenna straps. The HHFW antenna lo-
cations are localized within a 90 degree toroidal section
and so they can effectively drive intermediate n modes
in the edge. Figure 5 (a) shows the illustration of the
HHFW antenna straps. The straps are composed of 12
toroidal arrays, but each array can be separated through
the ground (White) in the middle and so there are 24
straps in total. One can model these HHFW antenna
straps with each filament as shown in Figure 5 (b) and
treat them as a set of 3D coils. Compared to the existing
RWMEF coil, one can see the small apertures, the prox-
imity to the plasma, and the localized nature, indicating
the effectiveness for the higher n 3D magnetic perturba-
tions. The straps will be supplied by limited number of
power system, and thus the connection and configuration
should be optimized.
The optimization should be assessed based on its effec-

tiveness in driving higher n > 3 modes while minimizing

the low n = 1 ∼ 3 modes. Our quantification for the opti-
mization is based on the coupling between the dominant
mode and the applied field by HHFW straps, for each
n. The dominant external field is defined as the field
maximizing the resonant responses and can be identi-
fied using the Ideal Perturbed Equilibrium Code (IPEC)
[19, 20]. Then the coupling with the applied field can be
calculated by the overlap integral between the two dif-
ferent field distributions on the plasma boundary. One
can define the overlap ratio by C = 0 ∼ 1 [21] and also
the overlap field by eliminating the normalization. Each
configuration gives the overlap field for each n and the
effectiveness of the configuration can be assessed by the
overlap fields for n = 4 ∼ 6 while minimizing the overlap
fields for n = 1 ∼ 3.

Figure 6 (a) shows the structure of the dominant ex-
ternal field for each n for the cosine part C(θ) and the
sine part S(θ) which can be combined to represent the
3D field as δBn = C(θ)cos(nφ) + S(θ)sin(nφ). One can
see that the wavelength, especially of the sine part, be-
comes comparable to the vertical length of a single strap
for higher n, indicating the capability of HHFW straps
driving the higher n modes.

The next step is to vary the strap configuration and
calculate the applied field and the overlap with the dom-
inant field. Among a number of combinations, additional
considerations are (1) assuming just one power supply,
which means all the straps should have the same ampli-
tude of currents, and (2) reducing the number of active
straps as much as possible to mitigate the voltage re-
quirement. The second consideration is also important
for the alternating current drive of the field in the audio-
frequency (AC) range for the edge harmonic oscillations,
2 ∼ 8kHz. The HHFW power supply can generate the
desired frequency range, but the available current ampli-
tude will be more limited if the targeted frequency and

J-K Park
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Ideal MHD is a Useful Guide

Strait
NSTX

Maximum operating window ~consistent with Ideal MHD
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Some Nonlinear Physics is Understood 

NC Tearing Mode: 
Slow, Metastable, 
Nonlinearly stable

!
!
!
!
!

DIII-D

PPPL 
@DIII-D
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But Disruptions are Not Understood

DIII-D
• What is the basic loss 

mechanism in each of the 
various kinds of disruptions: 
high density, high β, low q?


• Where does the heat go  
in the various kinds of 
disruptions? (e.g., VDEs)


• What governs the wall 
currents, symmetic & not? 


• What about AC currents?

• How are runaways generated?

• Where do the runaways go?

• All of this is crucial for ITER.

!
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And We Don’t Really Understand ELMs

• Generally pedestal is close to 
finite-n ideal stability limits


• EPED model, based on finite-n 
stability + marginal local 
stability to infinite n, fits data


• We cannot predict where the 
ELM heat flux goes


• Can we engineer marginality 
to infinite n all the way in?

Snyder

• ELM control coils give complex results

• ELMs are eliminated, reduced or enhanced in different cases

• The vacuum Chirikov-parameter model does not predict these, 

nor the measured q dependence

• Nonlinear MHD codes have not (yet?) solved these puzzles.

!
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Edge Innovation is Needed for Stability

• Full-on disruptions are unacceptable

• Need highly reliable prediction for mitigation


• Edge changes may be the main source of unpredictability

• Mitigation OK for heat and forces on ITER? Liquid metals?


• Need innovative ways to mitigate runaways

!
• Almost any ELMs are unacceptable


• Need to understand ELM coils and pellet injection

• It is not clear that they will do the job for ITER

• Need innovative ways to eliminate ELMs


• Drive edge modes to control pressure gradient (EHO, QCM)?

• Can we combine with spreading out the SOL heat flux?

• Can we combine with improving core confinement?


We have a working paradigm in non-Ideal MHD;  
we need more understanding and use for innovation.
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30 sec H-mode on EAST due

to Innovation at the Plasma Edge

• Lithium conditioning between 
and during shots required for 
density and impurity control


• LH current drive appears to 
create an edge current stripe 
that acts like an ELM coil


• Quasi-coherent mode seen

• Can we use LH to control 

detailed edge current profile?

• If LH really is creating a 

“stripe” of current, can we 
modulate that current to 
drive edge modes?


!
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RF Coupling is an Edge Issue

• ICRH

• Sometimes increases high-Z impurities

• Sometimes decreases high-Z impurities 

• Why/how is field alignment so critical (C-Mod)?

!

• High Harmonic Fast Waves

• NSTX sees significant heat deposition in SOL

• Can we use modulated SOL to drive edge modes?

!

• LH / Whistler 

• What can we learn from ICRH and HHFW coupling 

experience?
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There is a Zoo of Fast Ion Modes

• Linear stability models 
generally in good shape


• Nonlinear analysis still 
in development


• In many cases the issue  
not likely to be loss of  
heating or current drive


• First issue is likely to be 
local heating due to fast 
ion impingement

!



• The biggest challenge may be at the edge

• Ergodic field lines make it hard to get detachment
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Stellarators are Good for  
Stability and Sustainment
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     SOL is Much Narrower than We Thought
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     HD Model Width Set by Magnetic Drifts 
Non-Standard Analysis:
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• Vertical drifts cross separatrix into SOL


• Parallel flows connect SOL to divertor at  
~cs/2, consistent with experiments and a simple flow 
picture, setting a density channel width:  

• Implies Pfirsch-Schlüter flow also ~cs/2


• Requires factor of 2 up-down density asymmetry  
within +/– ~λn of the separatrix, anomalous 


• Edge Te  (= Ti ) is determined by anomalous electron 
thermal conduction across the separatrix, balanced by 
Spitzer parallel electron thermal conduction within λn.


• Gives an absolute (but heuristic) prediction:

λn ≈ v∇B+curvBτ ! ≈ 2v∇B+curvBL! / cs ≈ 2 a R( )ρ p

 
λq ! 5671⋅PSOL
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× / ÷ 1.25

HD Model Fits Measured λq’s Well
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Data ~ 1.6 a R( )ρ p

~ HD Model /1.25

T. Eich

Measured divertor heat flux profile is  
fitted to convolution of exponential (λq) 


with Gaussian, and mapped to outer midplane.

Projection to ITER ~1 mm

(not including Gaussian)



Individual Scalings Fit Model

���28

Sc
al

in
g 

Co
ef

fic
ie

nt

!1.5%

!1%

!0.5%

0%

0.5%

1%

1.5%

B% q_cyl% P_SOL% R% a/R%

HD%Model%
R/a%~%3%
R/a~3%+%MAST%
R/a~3+MAST+NSTX%

NSTX data set has positively  
correlated power & current.T. Gray:

H
D

 M
od

el

H
D

 M
od

el

H
D

 M
od

el

H
D

 M
od

el

H
D

 M
od

el

T. Eich



�29

nOMP = 3.310
19m−3 = n / 3

 

fDiss
≡ 1− q!, Target q!,OMP

 

q!, Target = 2.75GW m2

q⊥ , Target = 100MW m2
 

q!, Target = 275MW m2

q⊥ , Target = 10MW m2

T (
Ta

rg
et

 &
 O

M
P)

TOMP, eVTTarget , eV

Need Very High Dissipated Power in ITER

(Transport, Radiation, CX) 

 q! ,OMP = 5.5GW / m 2

λq = 1mm

2-pt Model



T-10 Pumped Limiter

Chankin, 1987


Careful ~ logarithmic shaping to match expected heat flux reveals 
narrow near-LCFS feature (Not so visible on rounded limiters.)
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A. V. Chankin et al. / Thermal load of a scoop limiter 191 

energy flux which may be written 

P,,(Y) =P,,(O)F(Y), Y = r- =, (3) 

where F(y) is shown in fig. 4. An analysis of the 
thermocouple readings for the same series yields a mean 
decay length of the energy flux I- 0.8 cm, which is in 
line with fig. 4. 

Within the series of h-variation the value obtained 
for p,,(O) proved to be rather high (13.8 kW/cm’). 
Discharges of the type used (a = 26.5 cm, q(u) - 2, 
ii, = 3.5 X 1019 mm3) have been found earlier to cause a 
high limiter load [4]. Nevertheless, in the present experi- 
ment the maximum temperatures reached were rela- 
tively low in compliance with the flat limiter surface. 
This data is: 1030” C (h = 2 cm), 810°C (h = 1.5 cm), 
620” C (h = 1 cm), 555 o C (h = 0.5 cm). They are to be 
compared with more than 2500°C obtained under simi- 
lar conditions and a limiter with ‘p = 30 o [5,6]. 

The observed deviation from the exponential law of 
energy flux decay may be the result of a non-exponen- 
tial 7”-profile in the scrape-off. Typically the electron 
temperature falls steeply near the limiter radius and 
remains constant further outside [8,9]. A behaviour of 
the energy flux similar to fig. 4 was reported from 
TEXTOR and discussed by the author in terms of an 
exponential decay [lo]. 

The total power absorbed by the limiter, P,;,, has 
been calculated by integrating (3) over the flux tubes in 
the limiter shadow. Figs. 5 and 6 show the dependence 
of the ratio a = P&( Pi, - Prad) on the mean electron 
density G, and on q(u). Here Pi, is the ohmic input 
power and Prad the toroidally uniform part of the 
bolometrically measured power loss. The results are 
similar to previous ones [4]. 

The arrows in fig. 5 indicate discharges which pre- 
sumably are dominated by homogeneous runaway heat- 
ing of the electron-drift side of the limiter. In these 

I 

(r- a)/cm 

Fig. 4. Experimentally determined function F( r - a) describ- 
ing the radial decay of the energy flux in the scrape-off (dashed 

part by extrapolation). 

I 

0 I 2 5 

5, 
/I;‘9 

Fig. 5. a = Pli,/( Pi, - Pra,& versus line averaged density 6, 
fora=28cm,q-2.5andh=lcm. 

cases our power calculation underestimates the power 
lost to the limiter. As can be seen from fig. 5, a 
decreases sharply at a point, where the mean electron 
density ii, reaches the critical value iI, - 4.5 x lOi 
rne3. In the same density region a Langmuir probe 
located far away from the limiter showed a step-like 
increase in scrape-off layer density (fig. 7) and no 
change in electron temperature. 

A model which predicts the critical mean density Z, 
as the onset of a local state of limiter self-shielding was 
discussed in [4]. The now established simultaneous in- 
crease of the density distant from the limiter indicates 
that this state may be non-local, like a detached plasma 
[11,12]. 

The power ratio a, as a function of q(u), increases 

I 

3 

q(a) 

Fig. 6. (I versus safety factor q(a) for a = 28 cm, iic - 3.5 x 
lOI mm3 and h -1 cm. 

T-10, TEXTOR and JET Limiter Plasmas Show  
Narrow Heat Flux Feature near LCFSScrape-o↵ layer properties of ITER-like limiter start-up plasmas in JET 18

 JPN80836
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Figure 12. (a) Inferred parallel heat flux profile derived from the IR measurement
on the IWGL 8Z as a function of rmid. The colour bar indicates the field line angles
on the limiter surface. Note that 93o < ✓n < 95o, which means that the field lines are
never perfectly tangential to the limiter (✓n = 90o). The data points are fitted with
Equation (3). The definition of the residual, �qk is shown in the inset box (zoom into
the near SOL part of the plot). (b) Residuals from the fit function as a function of the
field line angle on the limiter surface, JPN80836.

limiter crown, which provides a cancelling divergence in ds/drmid, where s represents

distance along the divertor surface.

Even if this model reproduces quantitatively the enhanced heat flux that we observe,

there are two major assumptions that we are unlikely to fulfil in our experimental

conditions:

(i) The SOL must be in conduction-limited regime ignoring spatial density variation

and assuming Spitzer-like parallel heat di↵usivity: �k / T

5/2
e and Bohm-like

perpendicular heat di↵usivity: �? / Te

(ii) The temperature at the limiter face is assumed to be Te = 0.

In other words, it requires a strong parallel temperature gradient, which is an unlikely

condition for the SOL of JET limiter plasmas. Preliminary analysis of Langmuir probes

(LP) embedded into the inner limiter show that the maximum electron temperature is

at least of 28eV (when the RCP measures 38eV) at the closest position to the LCFS

(for an ohmic plasma at Ip = 2.5 MA). This model is therefore unlikely to explain our

observation.

The alternative is to explore the funnel e↵ect described in [8] but it requires some

modifications. There are two key assumptions in this model that do not apply for the

JET case:

(i) The model is developed for a blunt-nose limiter, where magnetic field line are

perfectly tangential to the limiter surface.

(ii) The model describes the particle flux, , which is equivalent to the heat flux in sheath

limited conditions where transport is purely convective. not the heat flux.

JET Inner-Wall Limiter

Arnoux, 2013




The Narrow Feature May Have 

Contributed to Melting

JET Inner Wall Limiter was 

carefully designed for 1cm λq

Shows melting  
near the crown
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Narrow Limiter Feature ~HD Model

!
• Limiters have slightly higher Te1/2 due to sheath-limited ⇒ wider than HD

• But also faster flow due to low local re-ionization ⇒ narrower than HD

J. Horaçek

G. Arnoux
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T-10
T-10 case has high 
field and low q = 2.

See also

new TCV & 

DIII-D data



T. Eich

 !α SOL α

Scatter largely due 
to exp’tal vs HD λq.
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!α SOL ≡
Rqcyl

2 2 n 3( )TSpitzer
λq,exp pol

Bt
2 2µ0( )

!
• MHD ballooning drive:


!
!
!
!

• Data (and model) give        
     depending almost 
exclusively on fGW, 
without invoking 
ballooning physics.  
!

• Does the ballooning 
drive in the SOL kick in 
at high fGW causing the 
density limit?

!α SOL

HD model should not 

apply to stellarators!

Measured λq + Spitzer Te + nsep ≈ n/3  
⇒ MHD Ballooning Drive Rises with n/nGW
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Strong Innovation in Divertor Geometry

• Lengthen field lines for improved dissipation

• Expand magnetic flux, reduce heat flux, by reducing |B|

• Lead strike point away from plasma, neutrons

• Need innovation for spreading, dissipation in ITER itself

UT LLNL



���35

We have no Paradigm for the SOL

• Experimental results have evolved recently

• Only recently have we understood that we have a  

two-component SOL:

• A broad feature, supported by bursty turbulence & blobs

• A narrow feature of order ρp


• Nonlinear simulation of SOL turbulence is starting

• Simplified models are a good start, but not the goal

• Big codes have not yet been verified and validated


• Our current 2-D edge and SOL codes do not converge 
with drifts, λ of order ρp and near-sonic parallel flows

• Since this is the regime we are in today, and will be in 

tomorrow, we need to resolve this issue

• Need to challenge HD model with appropriate simulations
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Despite our Lack of even a Paradigm,

Innovation is Needed at the Plasma Edge!

!
• To support solutions for improved global confinement


• Lower recycling for VH-mode/Supershot-like confinement,  
with high plasma density and heat-flux dissipation


• To support solutions for edge and global stability

• Predict disruptions and manage runaways

• Tailor the edge precisely to avoid ELMs predictably


• To support solutions for sustainment

• RF coupling with high-Z divertor targets, Fast ion loss

• Stellarator divertors


• To solve SOL/edge problems themselves

• Spread out the SOL and dissipate its heat flux

These are major challenges for the theory community  
to support ITER, and the steps beyond


