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Boundary Physics program in NSTX-U contributes to 
critical research areas for ITER/tokamaks and STs 

High-level goals for NSTX-U 5 year plan  
•  Demonstrate stationary non-inductive operation 
•  Access reduced ν* and high-β  
•  Develop and understand non-inductive start-up/ramp-up 
•  Develop and utilize high-flux-expansion snowflake 

divertor and radiative detachment for mitigating very 
high heat fluxes  

•  Begin to assess high-Z PFCs + liquid lithium  
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Boundary Physics program in NSTX-U contributes to 
critical research areas for ITER/tokamaks and STs 

•  Boundary Physics Thrusts (and outline of the talk) 
–  BP-1: Assess and control pedestal structure, edge transport and 

stability 
•  Pedestal structure, transport and turbulence studies 
•  ELM characterization and control 

–  BP-2: Assess and control divertor heat and particle fluxes 
•  SOL transport and turbulence, impurity transport 
•  Divertor heat flux mitigation with impurity seeding and divertor geometry  

•  This talk: Recent NSTX Boundary Physics progress, Goals 
and Plans for Pedestal, ELM, SOL and divertor research in 
2014-2018 
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Planned NSTX-U facility upgrades enable access to new 
parameter space and unique capabilities 

Planned upgrades 
(NSTX  NSTX-U ) 

Operations 
year 

available 

Boundary Physics area 

PNBI = 5 à 12 MW (5 s) 
          7.5 à15 MW (1.5 s) 

1-2 Pedestal structure and ELM stability, L-H, 
divertor heat flux (12 à 15-20 MW/m2) 
P/R ~ 10 à 20 
P/S  ~ 0.2 à 0.4 

Ip  = 1.3 à 2 MA 
Bt  = 0.5 à 1 T 

1-2 L-H transition, pedestal structure and 
stability, SOL width, divertor heat flux 

Pulse length 1.5 à 5-10 s 1-2 Steady-state divertor heat flux mitigation, 
density and impurity control 

Axisymmetric PF (divertor) 
coils PF1A, 1B, 1C, 2L 

1-3 Plasma shaping, L-H, divertor 
configuration control 

Non-axisymmetric control 
coils 

3 ELM control and pedestal transport 

Divertor cryogenic panel 3 Pedestal stability, density control, radiative 
divertor with impurity seeding 

Molybdenum plasma-facing 
components 

2 Core and pedestal impurity density, 
divertor heat transport regimes 
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Boundary Physics program in NSTX-U contributes to 
critical research areas for ITER/tokamaks and STs 

•  Boundary Physics Thrusts (and outline of the talk) 
–  BP-1: Assess and control pedestal structure, edge transport and 

stability 
•  Pedestal structure, transport and turbulence studies 
•  ELM characterization and control 

–  BP-2: Assess and control divertor heat and particle fluxes 
•  SOL transport and turbulence, impurity transport 
•  Divertor heat flux mitigation with impurity seeding and divertor geometry  
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Pedestal studies focus on testing applicability of peeling ballooning 
and kinetic ballooning to limit pedestal heights widths, and gradients 

•  Peeling ballooning limits on 
pedestal height consistent with 
ELMy/ELM-free operation"
-  Challenge: applicability of 

diamagnetic stabilization"
-  Lithium and 3-D fields used to 

manipulate profiles"
•  Kinetic ballooning being tested as a 

mechanism to limit width"
-  Scaling with βpol

ped stronger in STs 
than higher R/a"

-  No evidence yet of KBM 
fluctuation"

BP-1"

Diagnostics:  
30 point MPTS (NSTX)  42 point MPTS (NSTX-U) 
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Understand role of different microinstabilities for 
different transport channels for pedestal control  

 
•  TEM / KBM modes appear dominant in near-edge 

region of NSTX pedestal 
–  GENE: ITG/KBM-TEM hybrid modes and microtearing 
–  GS2: hybrid TEM/KBM dominant 

•  No lithium: microtearing modes linearly unstable 
•  Lithium: microtearing stable, TEM unstable, ETG unstable 

near separatrix 

•  Measured correlation lengths at 
pedestal top are consistent with 
theory (XGC1) 
–  Spatial structure exhibits ion-

scale microturbulence  
–  Compatible with ITG modes and/

or KBM 

Diagnostics (NSTX-U): !
42 point MPTS, reflectometry, 48 point BES!

BP-1"

 3 cm 2 – 4 cm 
(reflecto-
metery) 

11 cm 10 – 14 cm 
(BES) 

Theory"
(non-linear "
XGC1 code)"

R = 1.38m"

Experiment"

80% - 99% 
ELM cycle"

radial"

poloidal"

139047"

Lithium!
No lithium"
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ELM evolution and divertor/wall heat flux studies in NSTX-U 
to focus on acceptable ELM heat flux scenarios 

•  Many ELM regimes observed in NSTX: 
Type I, III, V, mixed, (and also Type II in 
narrow operational windows) 
-  Phenomenology dependent on ν*ped, PSOL, 

Ip, shaping 
•  ELM control techniques "

-  Lithium granule injector (tested at EAST)"
-  Lithium evaporation"
-  Enhanced Pedestal (ELM-free) H-mode"
-  3-D fields (n=3 RMP) 

•  Heat flux from Type I & III ELMs measured 
to be very high; small Type V ELMs have 
low heat flux 
-  Type I ELMs triggered with 3-D fields can 

reduce per ELM energy loss and peak heat 
flux, but slower than 1/νELM 

-  Toroidal asymmetry increases with ELM 
peak heat flux 

Type I"

Type III"

Type V"

Mixed"
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Plans for pedestal transport, turbulence and ELM control 
research 

•  Year 1 of 5 Year Plan 
–  Continue cross-machine comparison of pedestal structure with DIII-D and Alcator C-Mod 
–  Continue gyro-kinetic modeling of electromagnetic turbulence 

•  Years 2-3 of 5 Year Plan 
–  Pedestal structure and turbulence vs engineering and physics parameters  
–  ELM control with lithium coatings, lithium granule injector, and 3D fields 
–  Access to new operational regimes (enhanced pedestal H-mode, I-mode) 
–  Initiate assessment of SOL current generation and impact on ELM models and control 
–  Re-establish parameter regime for observation of edge harmonic oscillations  

•  Years 4-5 of 5 Year Plan  
–  ELM control with off-midplane non-axisymmetric control coils 
–  Compare pedestal structure and turbulence with edge transport models, XGC0 and XGC1 
–  Assess cryopump and molybdenum PFC impact on pedestal collisionality and control 

Diagnostics: MPTS, CHERS, BES, reflectometry, GPI!



NSTX-U! NSTX-U PAC-33 –  V. A. Soukhanovskii, NSTX-U 5 Year Plan for Pedestal, SOL, and Divertor Physics !                                          10  of 18"
!
!

Boundary Physics program in NSTX-U contributes to 
critical research areas for ITER/tokamaks and STs 

•  Boundary Physics Thrusts (and outline of the talk) 
–  BP-1: Assess and control pedestal structure, edge transport and 

stability 
•  Pedestal structure, transport and turbulence studies 
•  ELM characterization and control 

–  BP-2: Assess and control divertor heat and particle fluxes 
•  SOL transport and turbulence, impurity transport 
•  Divertor heat flux mitigation with impurity seeding and divertor 

geometry  
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NSTX-U data will help reduce SOL width scaling uncertainties 
for ST-FNSF and ITER 

•  SOL width scaling 
–  In NSTX:  λq

mid ~ Ip-1.6, independent of PSOL and Bt 
•  For NSTX-U (2 MA): λq

mid = 3±0.5 mm 
–  Multi-machine database (Eich IAEA FEC 2012): 

	

λq
mid (mm) = (0.63+/-0.08)x Bpol,MP

-1.19 

•  For NSTX-U (Bp~0.55 T): λq
mid ~ 1.3 mm 

•  Divertor peak heat flux scaling 
–  qpeak~ PSOL and qpeak ~ Ip  
–  For NSTX-U qpeak ~ 20-30 MW/m2 

Diagnostics: IR cameras, MPTS, Langmuir probes 
–  Divertor Thomson scattering (incremental) valuable for 

pressure/temperature balance between midplane, x-point, and 
divertor regions for heat transport studies 

BP-2"

qpk ⇥
Pheat (1� frad)fout/totfdown/tot(1� fpfr) sin�

2⇤RSP fexp⇥q||
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SOL turbulence studies will help assess relative 
importance of turbulent and drift-based transport BP-2"

GPI                      SOLT"

•  Comparison of λSOL with SOL models 
–  Parallel transport: conductive/convective, cross-field : 

collisional / turbulent / drift 
–  Goldston drift-based model 

•  λSOL ~ (2a/R) ρθ, for NSTX-U: λq
mid ~ 6 mm 

–  Exploring mechanisms setting steep pressure gradient 
region and connection to SOL width 

–  XGC0 (drift-kinetic): λq
mid ~ Ip-1.0  

–  SOLT (fluid turbulence): Ip scaling is weaker than 
observed 

•  Comparison of GPI, BES data and simulations 
elucidate on SOL transport and L-H transition 

–  Blob formation, motion, interaction with sheared flows 
–  Role of magnetic X-point geometry 
–  Effects of 3-D fields on turbulence 
–  Role of atomic physics 

Diagnostics: MPTS, GPI – multiple views, BES, reflectometry, Langmuir probes 
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Snowflake divertor geometry has benefits over standard 
divertor 

Standard divertor  Snowflake-minus  Exact snowflake    
•  Second-order null 

–  Bp ~ 0 and grad Bp ~ 0 
•  Significant divertor heat 

flux reduction due to 
geometry confirmed in 
NSTX and DIII-D 

BP-2"

•  Outstanding questions 
–  Magnetic control of up-down symmetric snowflake 
–  Effect on pedestal and ELMs 
–  ELM convective heat transport in null point region 
–  SOL and divertor turbulence disconnection 
–  X-point transport and drifts 
–  Compatibility with cryopumping 
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Multi-machine snowflake divertor studies validate the 
snowflake divertor concept for NSTX-U and ST-FNSF 

Snowflake"

BP-2"

Snowflake"

•  Snowflake divertor in NSTX (2009-2010) 
–  High confinement, core impurity reduction 
–  Destabilized ELMs suppressed by lithium 
–  Reduced heat flux by x 2-5 between and during ELMs 
–  Outer strike point radiatively detached 

 
•  Initial DIII-D experiments (2012) 

–  Used NSTX-style snowflake control scenario 
–  Long pulse (3s) snowflake, high τE, H(89P) ≥ 2  
–  Heat flux reduced x 2-3, strike point attached 
–  Reduced ΔWELM and qELM

pk (with D2 seeding) 
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Simulations of snowflake divertor configuration for 
NSTX-U yield optimistic projections 

•  Significant geometry effects 
•  Multi-fluid edge transport 

model (UEDGE)  
–  Heat flux reduction with 4% carbon 

by geometry and radiation in outer 
strike point 
•  for 12 MW NBI case from 15 MW/m2 to 

2-3 MW/m2 

–  Inner divertor detached  
–  Particle removal by cryopump 

results in reduced radiation  
•  But still significant heat flux reduction 

due to geometry 

Standard Snowflake 

LX (m) 5 17 

fexp 20 60-100 

Vdiv (m3) 0.070 0.128 

BP-2"
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•  In NSTX, heat flux reduction in radiative divertor 
compatible with H-mode confinement was 
demonstrated with D2 or CD4 puffing  

•  Seeded impurity choice dictated by Zimp and PFC 
–  Li/C PFCs compatible with D2, CD4, Ne, Ar seeding 
–  UEDGE simulations show Ar most effective  

•  Too much argon causes radiation collapse of pedestal  
•  Feedback control of divertor radiation via impurity particle 

balance control 
–  Cryopump for particle removal + divertor gas 

injectors 
–  Real-time control signal diagnostics identified for 

NSTX-U 
•  PFC temperature via IR thermography or thermocouple 
•  Thermoelectric current between inner and outer divertor 
•  Impurity VUV spectroscopy or bolometry 
•  Neutral gas pressure or electron-ion recombination rate 
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Plan for SOL and divertor research  

•  Year 1 of 5 Year Plan 
–  Continue analysis of SOL width database and comparison with models 
–  Collaboration with DIII-D on snowflake and radiative divertor experiments 

•  Years 2-3 of 5 Year Plan 
–  Establish SOL width and divertor database vs. engineering and physics parameters  
–  Re-establish edge turbulence measurements (GPI, BES, cameras, probes) 
–  Initial radiative divertor experiments with D2, CD4 and Ar seeding and lithium 
–  Develop snowflake divertor magnetic control and assess pedestal stability, divertor 

power balance, turbulence, 3D fields as functions of engineering parameters 
–  Comparison with multi-fluid and gyro-kinetic models  

•  Years 4-5 of 5 Year Plan 
–  3D edge/SOL turbulence structure vs. edge plasma parameters, magnetic divertor 

geometry, and 3D fields and comparison with 3-D turbulence models 
–  Snowflake divertor with cryopumping and molybdenum PFCs in H-mode scenarios 
–  Radiative divertor with feedback control of impurity seeding and cryo-pumping 

BP-2"

Diagnostics: MPTS, CHERS, BES, GPI, IR cameras, Langmuir probes, spectroscopy 
•  Divertor Thomson scattering (incremental) highly beneficial for model validation 
"
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Boundary program focuses on advancing pedestal physics, 
power and particle handling with new NSTX-U capabilities 

•  Pedestal physics: confirm consistency with peeling 
ballooning, and test applicability of kinetic ballooning  
-  Use lithium conditioning and 3-D fields as a way to manipulate the 

density and pressure profile 

•  Power and particle handling: further develop snowflake and 
radiative divertors 
-  Test key predictions of snowflake configuration, and evaluate 

synergy with radiative divertors, graphite and molybdenum plasma 
facing components 

-  Evaluate compatibility with cryopumping 

•  Planned research aims at providing pedestal and divertor 
physics basis for ST-FNSF 
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Backup 
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Thrust BP-1: Assess, optimize, and control pedestal 
structure, edge transport and stability 

•  Characterize pedestal structure using the extended parameter 
range of NSTX-U  
–  Measure turbulence and zonal flow dynamics with beam emission 

spectroscopy, reflectometry, and gas-puff imaging diagnostics 
–  Assess maximum achievable pedestal height, variation in pedestal 

structure with increased field, current, power and shaping 

•  Increase control of pedestal transport and stability 
–  Density profile modification with improved impurity and density control 
–  ELM triggering/suppression with 3D fields from mid-plane and off-

midplane partial-NCC coil-sets and triggering with Li granule injection 
–  Optimize enhanced-pedestal H-modes with above tools 
–  Excite edge harmonic oscillations to increase particle x-port (increm.) 
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Thrust BP-2: Assess and control divertor  
heat and particle fluxes 

•  Investigate SOL heat and particle transport and turbulence 
–  Extend heat flux width studies to lower ν, higher BT, IP, and PSOL 
–  Compare data to multi-fluid turbulence and gyro-kinetic models   

•  Investigate the snowflake divertor for power and particle 
control 
–  Develop magnetic control of conventional and snowflake divertors 
–  Study steady-state & transient heat & particle transport, divertor loads 

•  Vary magnetic balance, feedback-controlled impurity seeding rate 

•  Develop highly-radiating boundary solutions with feedback 
control, determine divertor detachment operating window 

•  Validate cryo-pump physics assumptions, perform initial 
density control studies, determine range of accessible density 

•  Assess impact of high-Z metal divertor PFCs on H-mode 
confinement, impurity accumulation, power exhaust 
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Divertor Thomson Scattering system would significantly 
enhance NSTX-U Boundary research capabilities  

•  Physics contributions 
–  ELM and inter-ELM divertor transport 
–  SOL width scaling, role of X-point heat transport 
–  Radiative detachment model validation 
–  Snowflake divertor properties, incl. X-pt βp measurements 
–  Divertor plasma-surface interaction and impurity transport 

studies, erosion rates via spectroscopy  
•  A conceptual geometry identified for NSTX-U 
•  Conceptual system design underway 
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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. 
 

Rob Goldston, Eric Fredrickson, Neal Crocker, Mike Jaworski 

Mirnov 

Langmuir 
Probes 

However EHOs do affect the edge and SOL strongly. 
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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

-600 -500 -400 -300 -200 -100 0
dΩ/dr [kHz]

0.0

0.5

1.0

n=
6 
δB

 [G
]

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

Reflectometry 
2

(a) Plasma current

     
0

1000

I P 
[k

A
]

(b) D-alpha

     
0
1
2
3

D
α [

A
.U

]

(c) Line-averaged density

     
0

5

10

n e
 [1

019
m

-3
]

0.2 0.4 0.6 0.8 1.0
Time [s]

0

5

10

15

20

Fr
eq

ue
nc

y 
[k

H
z]

(d) Mirnov

n=1
n=2
n=3
n=4
n=5
n=6

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

n=

6
5
4
3
2
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Driving Edge Harmonic Oscillations 
Key to Active Edge Control? 

Jong-Kyu Park 

MHD calculations indicate we can amplify edge kinks by driving 
HHFW antenna straps at audio frequencies. 
 
Can this give us external control over edge pressure gradient 
(and so ELMs) and/or the SOL width? 
 

5

Optimized HHFW 
HHFW+EFC n=3 1kAt 

H
H

FW
  

H
H

FW
  

Cosine Sine 

(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.

4

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



NSTX-U! NSTX-U PAC-33 –  V. A. Soukhanovskii, NSTX-U 5 Year Plan for Pedestal, SOL, and Divertor Physics !                                          25  of 18"
!
!

Snowflake divertor geometry has benefits 
over standard X-point divertor geometry 

•  Predicted geometry properties in snowflake divertor (cf. 
standard divertor) 
–  Increased edge shear    :ped. stability 
–  Add’l null: H-mode power threshold, ion loss 
–  Larger plasma wetted-area Awet   : reduce qdiv 

–  Four strike points     : share qII 
–  Larger X-point connection length Lx  : reduce qII 

–  Larger effective divertor volume Vdiv  : incr. Prad , PCX 

qpk ⇥
Pheat (1� frad)fout/totfdown/tot(1� fpfr) sin�

2⇤RSP fexp⇥q||
fexp =

(Bp/Btot)MP

(Bp/Btot)OSP

Awet = 2⇥R fexp �q�
D. D. Ryutov, PoP 14, 064502 2007!
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Snowflake divertor geometry takes advantage of second-
order poloidal field null properties 

Standard divertor  Snowflake-minus  Exact snowflake    

•  Predicted geometry properties in snowflake divertor (cf. standard divertor) 
–  Increased edge shear    :ped. stability 
–  Add’l null: H-mode power threshold, ion loss 
–  Larger plasma wetted-area Awet   : reduce qdiv 

–  Four strike points    : share qII 
–  Larger X-point connection length Lx  : reduce qII 

–  Larger effective divertor volume Vdiv  : incr. Prad , PCX 

•  Second-order null 
–  Bp ~ 0 and grad Bp ~ 0 (Cf. first-

order null: Bp ~ 0) 
•  Obtained with existing 

divertor coils (min. 2) 
•  Exact snowflake 

topologically unstable 

BP-2"
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NSTX: good H-mode confinement properties and core 
impurity reduction obtained with snowflake divertor 

§  0.8 MA, 4 MW H-mode  
§  κ=2.1, δ=0.8 
§  Core Te ~ 0.8-1 keV, Ti ~ 1 keV 
§  βN ~ 4-5 
§  Plasma stored energy ~ 250 kJ 
§  H98(y,2) ~ 1 (from TRANSP) 
§  ELMs 

§  Suppressed in standard divertor 
H-mode via lithium conditioning 

§  Re-appeared in snowflake H-
mode 

§  Core carbon reduction due to 
•  Type I ELMs 
•  Edge source reduction 

•  Divertor sputtering rates reduced due 
to partial detachment 
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Impulsive heat loads due to Type I ELMs 
are mitigated in snowflake divertor 

Steady-state                     At ELM peak  

0.3 0.4 0.5 0.6 0.7
0

5
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15

20 Heat flux (MW/m^2)
at peak ELM time
  standard divertor (0.354 s)
  forming snowflake (0.530 s)
  forming snowflake (0.674 s)
  radiative snowflake (0.899 s)
   

R (m)
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Snowflake divertor is a leading heat flux 
mitigation candidate for NSTX-U 

•  Single and double-null radiative divertors and upper-lower snowflake 
configurations considered 
–  Supported by NSTX-U divertor coils and compatible with coil current limits 
–  ISOLVER modeling shows many possible equilibria 

•  Impact of changing IOH on snowflake minimal  
•  Reduced divertor coil set can be used for snowflakes 

NSTX-U simulation 

NSTX-U double-null NSTX-U double-
snowflake-plus 

NSTX-U double-
snowflake-minus 
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Four divertor coils should enable flexibility in boundary 
shaping and control in NSTX-U 

§  A variety of lower and both lower and upper divertor snowflake 
configurations are possible in NSTX-U with four coils per divertor 
•  ISOLVER free-boundary Grad-Shafranov solver used  
•  Four coils can be used to control up to four parameters (X-pts, OSP, etc) 

Midplane 
flux 
surface  

0.0 1.5 
mm 

3.0 
mm 

6.0 
mm 

9.0 
mm 

Ltot (m) 38.3 20.4 13.9 9.9 8.3 
LX (m) 16.5 4.0 2.2 1.6 1.5 
Angle 
(deg.) 

1.6 0.8 0.99 3.0 3.9 

§  X 2-3 in plasma wetted surface 
area and connection length vs 
standard divertor 
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Simulations of snowflake divertor configuration inform heat 
flux mitigation scenarios in NSTX-U 

•  ISOLVER modeling shows a variety of up-down 
symmetric snowflake (+/-) configurations possible 
–  Impact of changing IOH on snowflake minimal  
–  Reduced divertor coil set can be used for 

snowflakes 
•  UEDGE simulations predict heat flux reduction 

with carbon by geometry and radiation 
•  Particle removal by cryopump results in reduced 

radiation in snowflake  
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UEDGE settings 

•  Single null grid based on LRDFIT equilibria (129x129) 
•  Inertial neutral model is used with recycm=-.5 
•  Fixed fraction Argon is varied from 0.5 to 3.5% 
•  Fixed fraction Neon is varied from 0.5 to 6% 
•  0.9 < ψ < 1.055 
•  Dperp = .1 (in core) à 0.5 (in SOL) m2/s 

–  Cubic rise from core boundary to separatrix 
•  Thermal diffusivity χi,e = 1 (in core) à 3 (in SOL) m2/s 

–  Cubic rise from core boundary to separatrix 
•  Recycling = 0.99 
•  Power across ψ=0.9 surface P90 = 9 MW 
•  Zero flux BC for neutral D at core 
•  Psi=0.9 density value determined by fixing particle flux 

through core; based on 60 A for 4 MW NBI power à 
180 A at P90=9 MW 

•  300 A centerstack puff at inner midplane. 
•  No drift effects 
•  Heat flux width analyzed for STD divertor only. 

–  ~3 mm heat flux width expected; fχ=1.0 (5 mm) is not 
unrealistic 
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Projections with UEDGE edge multi-fluid 
model for NSTX-U are optimistic 

•  Grids extend from 
psi=0.9 to psi=1.2 

•  STD grid covers 3.1 cm 
outside the separatrix at  
the outer MP 

•  SNF grid covers 3.4 cm 
outside the separatrix at 
the outer MP. 

§  Fluid (Braginskii) model for ions and electrons 
§  Fluid for neutrals 
§  Classical parallel transport, anomalous radial 

transport  
§  Core interface: 

•  PSOL90 = 5; 7; 9 MW 

§  D = 0.1-0.5 m2/s 
§  χe,i = 1-2 m2/s 
§  Rrecy = 0.99  
§  Carbon 5 % 
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In modeled NSTX-U snowflake configuration 
magnetic geometry shows clear benefits (cf. standard 

divertor) 
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SOL width studies elucidate on heat flux scaling projections 
for NSTX-U, ST-FNSF and ITER 

•  Goal: compare SOL width scalings with models 
•  SOL width scaling 

–  In NSTX:  λq
mid ~ Ip-1.6 

•  For NSTX-U (2 MA): λq
mid = 3±0.5 mm 

–  Multi-machine database (Eich IAEA FEC 2012): 
	

λq

mid (mm) (0.63+/-0.08)x Bpol,MP
-1.19 

•  For NSTX-U (Bp~0.55 T): λq
mid ~ 1.3 mm 

–  Comparison with SOL models 
•  Parallel transport: conductive/convective, cross-field : 

collisional / turbulent / drift 
•  Goldston heuristic model: ∇B and curvature drift motion 

sets SOL width λSOL ~ (2a/R) ρi, Spitzer thermal 
conduction sets Tsep 

–  For NSTX-U: λq
mid ~ 6 mm 

•  Diagnostics: IR cameras, MPTS, Langmuir probes 
–  Divertor Thomson scattering (incremental) desirable 

BP-2"
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SOL width and divertor heat flux studies in NSTX inform 
NSTX-U and ITER divertor projections 

•  Completed FY 2010 DOE JRT  
–   λq

mid characterized in experiment 
•  independent of PSOL and Bt 

•  constant with increasing fexp 
•  contracts with increasing drsep; and Ip:  λq

mid ~ Ip-1.6 

    (DIII-D: λq
mid ~ Ip-1.2 ; Alcator C-Mod: λq

mid ~ Ip-1.0) 
•   λq contracts with increasing lithium deposition  

–  and modeled 
•  XGC0 modeling reproduced Ip dependence  
   (NSTX: λq

mid ~ Ip-1.0 ; DIII-D: ~ Ip-0.8 ; C-Mod: ~ Ip-0.3 ) 
•  SOLT modeling: weak λq  scaling with Pin;  Ip scaling 

is weaker than observed 

•  Further studies 
–  Connect λq

mid to pedestal width and edge 
turbulence 

–   λq
mid data analysis for ITER / future STs 

•  For NSTX-U parameters, λq
mid = 3±0.5 mm 
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SOL width studies in NSTX elucidate on divertor projections 
for NSTX-U, ST-FNSF and ITER 

•  JRT 2010 on heat transport 
–   λq

mid contracts with increasing Ip:  λq
mid ~ Ip-1.6 

•  Comparison with SOL models 
–  Parallel transport: conductive/convective, cross-

field : collisional / turbulent / drift 
–  XGC0 reproduced Ip dependence  λq

mid ~ Ip-1.0  
–  SOLT: Ip scaling is weaker than observed 

•  PSOL, collisionality, LII /R set cross-field transport and 
turbulence structure that affect λq 

–  Goldston drift-based model of SOL flows 
•  Attached H-mode regimes 
•  ∇B and curvature drift motion sets SOL width λSOL ~ 

(2a/R) ρi, Spitzer thermal conduction sets Tsep
 

–  Exploring mechanisms setting steep pressure 
gradient region and connection to SOL width 

•  Projections to NSTX-U 
–   λq

mid = 3±0.5 mm 
–  As qpeak ~ Ip and qpeak~PSOL, qpeak ~ 20-30 MW/m2 
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