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Fusion Plasma Physics
is as Easy as 1-2-3

3)Manage the 
heat outflux

2)Hold onto the 
heat & amplify 
it by fusion

1)Inject heat 
into plasma



Inject Heat into Plasma

We put 40 MW of neutral beams into TFTR.
Heating was ~ classical, with some *AE’s, fishbones, etc.
ITER needs ~ 2x more heating. Projections pretty reliable

with multiple types of heating systems planned.

Mike Williams



Hold onto the heat... 

Empirical scaling 
relations are 
consistent with 
basic nonlinear 
ideas about 
turbulence, with 
some surprises: 
H-modes, Super-
shots, etc. 

ITER needs ~5x 
higher B!E. 
Projections pretty 
reliable for ~5x 
higher current.

Stan Kaye



...and Amplify it by Fusion

    Princeton

Fusion gain projection pretty reliable for 5x higher current.
But full-performance ITER needs to handle 

2000x more energy. Projection ??

Harold Furth



Topics

• The Magnitude of the Challenge

• Scientific Understanding

• Possible Solutions



First Q=10 Attempt on ITER

The Poseidon Adventure, 1972

New Year’s Eve 2027



How much Rougher will 
Transient Events be in the Future?

JET ITER ARIES-AT

Stored Energy, 
W (MJ)

12 350 560

Surface Area
A (m2)

160 710 460

W/A
(MJ/m2)

0.075 0.49 1.2

Ratio 1 6.6 16

Long-pulse Plasma Facing Components
 are more fragile, not less.



Disruptions on ITER

W melts at “e” ~ 50

Unmitigated major disruptions in ITER 
will melt W divertors.

Richard Pitts



Type I ELMs on ITER

Acceptable level

Unmitigated ELMs in ITER will
cause unacceptable heat loads.

Richard Pitts



JET ITER ARIES-AT

Heating Power 
P (MW)

24 150 390

Major Radius 
R (m)

3 6.2 5.2

Toroidal Field 
B (T)

3 5.3 5.9

PB/R
(MW T/m)

24 128 443

Ratio 1 5.3 18

Long-pulse Plasma Facing Components
 are more easily burned out, not less.

How much Rougher will 
Steady Loading be in the Future?



Topics

• The Magnitude of the Challenge

• Scientific Understanding
    (focus here on steady heat loads)

• Possible Solutions



There are Some Scientific 
Disagreements

Gene Hackman vs. Ernest Borgnine



What Sets the SOL Width?
Standard Analysis

  or
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What about Cross-Field Drifts?
Non-Standard Analysis
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!

• Vertical drifts cross scrape-off layer (SOL)

• Parallel flows connect SOL to divertor and SOL 
bottom to SOL top at ~ cs/2, consistent with 
simple model, experiments. 

•    

• Edge temperature determined by anomalous 
cross-field electron thermal conduction balanced 
against Spitzer parallel electron thermal 
conduction, within "n.

• Gives a closed-form, absolute prediction:

 !n " v#B+curvB$ ! " 2v#B+curvBL! / cs " 2 a R( )%p
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Fits the Data Surprisingly Well!
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The explanation 
may well be wrong, 
but the SOL width 
is certainly ~ ion 
poloidal gyro-radius 
over a wide range 
of parameters.

1.6 a R( )!p

! / ÷ 1.5



Individual Scalings Fit Also

17
Net ~ 1/B scaling in SOL width.



Modeling can Get Radiated Power 
Needed for ITER, but...
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Energy dissipates in the divertor near separatrix

-.$/01%&)2.3%&)*+,+$-%)0$)450/)&%'0.$
• Integrate radially from separatrix

to the surface of maximum calculated qtarg

• Accumulate integrated sources from x-point down

• Compare with radially integrated poloidal power flux
A.S. Kukushkin et al., PSI-20, Aachen, May 2012. ITER_D_7M93AL 

High pn:
Impurity radiation dominates, 
gets stronger with ! reduction

n2 effect ?

"#
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[MW]

A.S. Kukushkin et al., PSI-20, Aachen, May 2012. ITER_D_7M93AL 

xxp: distance from x-point

• With radiation + CX power ~ 95% in inner 3mm, OK heat flux is 
achieved.

• Requires 7x higher gas pressure than standard case, substantially 
limiting operating space w/o full detachment.

• Requires upstream separatrix n = 6 1019/m3 = 0.6 n = 0.5 nGW

(... but peak ~200 MW/m2 with "q = 1mm.)

André Kukushkin



Is the Greenwald Limit tied to 
SOL MHD Stability?
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Topics

• The Magnitude of the Challenge

• Scientific Understanding

• Possible Solutions



There are Some Possible Ways Out

Safely, Safely, Safely



Snowflake Increases Parallel Length 
to Divertor Target

It works: Reduced heat flux, higher radiated power, 
signatures of detachment at divertor target.
But... big forces due to powerful divertor coils,
very tangential field lines problem at divertor plate.

Vlad Soukhanovskii



Why are Long Field Lines Good?

• Doug Post showed that the integral of Prad along B can 
be turned into an integral along T, assuming Spitzer 
thermal conduction and fixed impurity fraction. All 
that matters then seems to be q|| ~ PB/R.

• But Tdiv depends on q|| L|| – an advantage for large L||.

• To take advantage of long field lines, need to use low 
T zone for radiative detachment. Seen w/Snowflake.
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Another Use for Long Field Lines

• Heat flux to divertor plate is well fit by 
exponential convolved with Gaussian (Eich fct.)

                                                       

• ASDEX closed divertor has more Gaussian 
spreading, S,  than JET. 
Raw FWHM gives inverse size scaling!

• Perhaps long field lines inside closed divertors 
enhance spreading? Not seen by Kukushkin
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ITPA SOL
& Divertor

s-s0[mm] 

Exponential power fall-off length 
related to outer midplane ( q): 
 
 
 

 
Assume diffusion along the divertor leg 
gives rise to Gaussian spreading of a 
point heat source (S  lx) 
This can be expressed by 
convolution with a Gaussian 
function of width S 

Simple model: exponential profile diffuses 
exponential at 
divertor entrance 

diffuses 
along  

divertor leg 

deposited 
on target 

lx=0m 
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Lithium is an Attractive Target Material

FTU, Italy 
Capillary Porous 
System (CPS) 

Tmax ! 600C 
> 10 MW/m2 in T-11 

• Successful tests of lithium limiters in TFTR, T-11, FTU, CDX-U

• Reduces recycling, improves confinement

• E-beam test to 25 MW/m2 for 5 - 10 minutes, 50 MW/m2 for 15s.

• Plasma focus test to 60 MJ/m2 transient load

• No dust, no damage due to transients, tritium removal by
 outflow of lithium?



NSTX Divertor Results Very Encouraging

!"#$%&'()"*+(,-./0.(,123420.561(789:(.(#8;<8=(#89:8<0(&8>12942(?@<A1-B( April 27-29, 2011 

2010 Photo of NSTX Interior Following 1.3 kg Lithium Deposition Applied  
During 2010 Experimental Campaign Indicates Extensive Lithium Coverage  

Due to Direct Evaporation and Plasma Transport  

15 

•  Li2CO3 coating from 
conversion of Li and 
LiOH during air vent 

• Reduced recycling, improved confinement

• No damage with strike-point directly on Li-coated Moly surface

• No evidence of Moly influx

• Reduced peak heat flux and increased radiated power

Capillary-Porous
Molybdenum surface, 
evaporatively coated

Lots of lithium,
everywhere.



Lithium Does not Accumulate

NSTX-U APS-DPP 2012– Impurity sources and transport with lithium, F. Scotti (10/30/2012)
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Core 

[1] Maingi PRL 2009
[2] Podesta’ NF 2012

Very low Li in plasma.

Ron Bell, Filippo Scotti

Diamagnetic friction in the SOL plasma and neoclassical 
parallel friction in the bulk plasma cause only weak V/D.

NSTX-U APS-DPP 2012– Impurity sources and transport with lithium, F. Scotti (10/30/2012)
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Strong divertor retention 
for very low-Z impurity.

 ← Flow 
     Drag

–∇Ti →
Force

 ← Diffusion →



We Will Need Active Cooling & Wetting
Mike Jaworski

NSTX-UNSTX-U 8M.A. Jaworski - 20th European Fusion Physics Workshop – Ericeira, Portugal, Dec. 3-5, 2012

!"#$%&'()*+,,'$&-./"0,$''01()1&*#10$2&-/*(*#&3/451/67)89:

!!"#$%"&'(#))%(*%+',-./0-&'

(##"0)*'0)+'".12.+'".*3.2/'

-%$%-4#.-5$2,,"&'$*-2(*2-%

!!#)*.)2#2$'6"#7'*#'*3%'$2-60(%'

*#'6"2$3'8%**%-%+'/0*%-.0"'0)+'

/0.)*0.)'7%**%+'$2-60(%

!92"*.,"%'#,*.#)$'6#-'(##"0)*'

$*-2(*2-%
! :;:2<%'$3#7)'0$'%=0/,"%

! >*3%-$',#$$.<"%

Top view

• Local q|| is removed by
• Radiation
• Evaporation
• Conduction to coolant

• Li in surface is replenished 
from below
• Li flow is slow

• To avoid too-high T 
inventory
• Need hot walls to avoid 

accumulation
• Need to recollect liquid

Need modeling of plasma response to high Li influx
 and practical experience with this technology!



Edge Harmonic Oscillations

EHO’s limit density rise in QH modes on DIII-D. They are 
observed on NSTX with Li, but don’t seem to limit density.

Eric Fredrickson, Neal Crocker, Mike Jaworski
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FIG. 3. Plasma displacement profiles associated with the edge
harmonic oscillations in NSTX, measured by reflectometer in
the discharge #138752. (a) The amplitude shows the edge
localized nature and (b) the phase shows the coherent nature
of the modes.

bit later than the Mirnov due to the difficulty in resolving
the weak amplitudes of the intermediate n when the low
n modes are active, the three frequency bands are well
corresponding to the n = 4 ∼ 6 modes in the Mirnov
after t = 0.6s. The oscillations are even stretched out to
the far scrape-off layer (SOL) region, as shown by the far
SOL Langmuir probes [16] in Figure 2 (b).
The edge-localized nature of the oscillations becomes

more evident by reflectometer [17], which can resolve the
plasma displacement profile by measuring density fluctu-
ations, as shown in Figure 3. One can clearly see the os-
cillations are localized at R > 1.35m, which corresponds
to the NSTX pedestal, with the mode amplitudes up to
3 ∼ 4mm. Another observable feature is the coherent
nature of the modes. As can be seen from their relative
toroidal phases to a toroidal angle reference, Figure 3 (b),
the n > 3 modes are highly coherent in entire spatial re-
gion within only a few %. Note that it is also interesting
to see the n > 6 mode from the reflectometry, while the
n > 6 is beyond the covering range of the Mirnov. The
n = 6 mode amplitude is still the largest in the reflectom-
etry, but this n > 6 observation indicates that the NSTX
edge harmonic oscillations may be the collection of the

Rotational shear vs. n=6 field
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FIG. 4. Statistical analysis indicating the n = 6 of the edge
harmonic oscillations in NSTX may have a favorable range of
the rotational shear.

coherent toroidal harmonic modes covering the wider n
than n = 4 ∼ 6.

Note that these edge coherent, or in other words, edge
harmonic oscillations found in NSTX are not necessar-
ily identical to the edge harmonic oscillations (EHOs) in
DIII-D driving the QH mode, but seem to have similar
stability characteristics. The EHOs on DIII-D are under-
stood as the intermediate n peeling modes destabilized
by strong rotational shear and non-linearly saturated by
regulating back the rotation shear [7]. The edge harmonic
oscillations in NSTX are also mostly the intermediate n’s,
indicating that they may also be associated with peeling
modes. Moreover, the stability analysis using the DCON
code [18] indicates that the studied discharges are close
to the marginal stability for n > 3 and thus would be
easily destabilized if any non-ideal MHD mechanism is
involved. In NSTX, the edge harmonic oscillations be-
come apparent in particular operating conditions, such
as the beam power ∼ 4MW as mentioned earlier in the
paper, but those conditions could be favorable to par-
ticular kinetic parameters such as the rotational shear.
Indeed, although the correlation is not so strong, the sta-
tistical analysis for ∼ 30 discharges on the Mirnov shows
that the n = 6 mode amplitudes, for instance, have a
favorable range of the rotational shear, as can be seen in
Figure 4.

The stability and statistical analysis suggest that the
edge harmonic oscillations in NSTX may have similar
characteristics to the EHOs in DIII-D. However, these
oscillations did not provide any utility on performance in
NSTX. For instance, the particle density still kept rising
as already shown in Figure 1 (c). That is, the oscillations
are coherent and localized in the edge, but the amplitudes
are not strong enough to modify the particle or impurity
transport. It will be interesting to see if 3D field pertur-
bations can be used to adjust the rotational shear to a
favorable level and if the edge harmonic oscillations can
be strengthened enough for the particle control, similarly
to the non-resonant magnetic field (NRMF) application
for the EHOs in the DIII-D QH mode. This can be a
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FIG. 1. An example of the edge harmonic oscillations ob-
served in NSTX (#138239). One can see the clearly sepa-
rated n = 4 ∼ 6 harmonic oscillations in the ELM-free state
at t = 0.5 ∼ 1.0s, with 2 − 8kHz frequency range, from the
(d) Mirnov oscillations.

off the operational conditions with the coil requirements,
compared with the indirect combination in the DIII-D
QH mode or with the RMPs.
Recent NSTX [9] operations provided a very good en-

vironment to test and study the possibility of the direct
combination, with a number of edge harmonic oscillations
observed (not necessarily the same as those observed in
the DIII-D QHmode) and with the capability of the high-
harmonic fast wave (HHFW) antenna [10] for producing
the observed edge harmonic oscillations. This paper will
describe first the experimental observations, in Section
II, and then the theoretical study of its audio-frequency
active control using the NSTX high harmonic fast wave
(HHFW) antenna, in Section III. It will also be discussed
in Section III if the proposed method can amplify the
internally arising harmonic oscillations and possibly pro-
vide externally adjustable particle transport and ELM
control, with concluding remarks followed in Section IV.

II. OBSERVATION OF EDGE HARMONIC
OSCILLATION IN NSTX

Plasma confinement in NSTX has been largely im-
proved with lithium wall coatings with the stabilization
of various ELMs. It has been shown that energy con-
finement time increases and the edge electron thermal
diffusivity decreases almost linearly with pre-discharge
lithium evaporation rate [11], and that the type-I ELMs
can be almost eliminated when the lithium deposition
becomes sufficiently strong [12]. If the operational condi-
tions are further adjusted to suppress other small ELMs,
such as the type-II or even the type-V, a long ELM-free
operation can be achieved in NSTX [13]. Clear edge har-

FIG. 2. Edge harmonic oscillations observed in the same dis-
charge #138239 as shown in Figure 1, by (a) the edge USXR,
and (b) the Langmuir probes in the far SOL. One can see
three bands corresponding to the n = 4 ∼ 6 in the Mirnov
after t = 0.6s, in the similar frequency range 2 ∼ 8kHz.

monic oscillations were observed in such an ELM-free
condition, reproducibly through a number of discharges.

Figure 1 shows an example, with ∼ 4MW of neutral
beam injection (NBI) power, IP ∼ 800kA plasma cur-
rent, and BT ∼ 4.5kG. One can see the absence of ELMs
during a long period, t = 0.5s ∼ 1s, from the panel (b),
and clear oscillations with low frequency 2 ∼ 8kHz and
intermediate toroidal periodicity n = 4 ∼ 6 from the
panel (d), the Mirnov. The Mirnov coil measurements
are specially tuned to low frequency and low amplitudes
in order to capture the relatively weak amplitudes of the
intermediate n modes compared to typical low n mode
activities. This long-lived oscillations in fact can be ob-
served in other conditions coincidentally, as reported first
from the type-V ELM operating regime [14] with par-
tially similar characteristics, but can be found clearest
and strongest in a particular operating condition as de-
scribed.

The oscillations were also found in other diagnostics,
which all suggest the edge-localized and coherent nature
of the oscillations. The ultrasoft x-ray (USXR) [15] in
Figure 2 (a) used 5µm of Be foil for the filtering diode
array channels, which is the thinner than the conven-
tional 10µm or 100µm filters to detect low energy at the
end of the pedestal region. One can see that this edge
USXR also shows the oscillations in the similar frequency
range 2 ∼ 8kHz. Although the oscillations appeared a

Reflectometry

Langmuir 
Probes

However EHOs do affect the edge and SOL strongly.



Driving Edge Harmonic Oscillations
Key to Edge Control?

Jong-Kyu Park4
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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

MHD calculations indicate we can amplify edge kinks by driving 
HHFW antenna straps at audio frequencies.
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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.

Can this give us external control over edge pressure gradient
(and so ELMs) and/or the SOL width?
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The plasma boundary is a rich frontier for both 
scientific understanding and creative innovation.



The Most Interesting Creatures are 
at the Boundaries between Habitats

LandSea

Shore Interesting 
creature

Thank you!

Get this guy 
off my neck!


