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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
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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
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plasma edge. The different mode harmonics are also highly coherent, as indicated by the 
bottom frame. 
 
The edge-localized nature of 
these modes has been assessed 
via the NSTX BES [53,54] 
diagnostic as well; this data is 
available for a subset of the 
discharges where EHOs were 
previously identified. Figure 
5.25 illustrates typical BES 
data for one of these modes. 
The top frame shows the radial 
profile of the density 
fluctuations, for peaks at ~3700 
Hz and 5500 Hz. The primary 
fluctuation is localized to a just 
a few channels. The EFIT 
separatrix is shown as a dashed 
line, implying that the mode 
peak amplitude is at the 
separatrix. Note, however, that 
the separatrix location from 
these reconstructions is 
accurate to ~1 cm. Hence, the 
tanh fits to the density and 
temperature profile are also 
shown in the top frame. By comparing the 
fluctuation amplitude profile to the 
equilibrium profiles, it becomes clear that 
these modes are indeed located at the 
bottom of the pedestal, consistent with the 
reflectometer data. The lower frame of this 
figure shows the same fluctuation data, but 
with the fluctuation amplitudes normalized 
to the DC amplitude. This quantity is 
proportional to bn/n, and retains the strong 
peak at the bottom of the pedestal.  
 
The location of peak BES amplitude has 
been tracked, using the metric 

À�

Rpeak � Ri
bIi
Ii

- bIi
Ii

- .  The result of 

such an exercise is shown in Fig. 5.26, which illustrates the positions of both the n=3 and 
4 peak amplitudes as a function of time. As anticipated, they modes are located very near 
the separatrix for the duration of their existence. 

 
Fig. 5.26: Time evolution of the EHO 

peak amplitude radius and the 
separatrix radius. 

 
Fig. 5.25: Profiles of the BES fluctuation amplitude 
(proportional to bne) (top), and the amplitude normalized 
to the DC level (proportional to bne/ne) (bottom). Both 
metrics show that the mode is localized to the plasma 
edge. The top frame additionally shows the tanh fit to the 
density and temperature profiles during this time period. 
The red curve is for an n=3 mode, while the black curve 
is for the n=4 EHO. 
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Like in DIII-D QH Modes – Maybe even further out? 
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4.1.2: Operational space for EHOs in NSTX 
A Significant effort was dedicated to finding parameters where EHOs were possible in 
NSTX. However, clear trends were hard to find. Some observations include: 
 

% Discharges with EHOs tended to have fairly large plasma wall gaps. No EHO 
discharge had an outboard plasma-wall gap less than 13 cm.  

% Discharges with IP=800kA were most likely to have EHOs. Higher plasma 
currents tended to eliminate EHO activity. 

% There is some evidence that edge rotation shear in the range of -300 to -200 
kHz/m may be favorable for EHO formation (see Figure 4 of Ref. [38]).  

 

4.1.3: Peeling Ballooning Space 
 
As part of the analysis of these cases, the peeling-ballooning stability [72] of these 
discharges was analyzed. This analysis used highly constrained kinetic EFITs as input to 
stability analysis with the MHD stability code ELITE [72]. In particular, once the 
equilibrium was reconstructed, variations in the edge pressure gradient (_) and current 
density were imposed to compute a family of nearby equilibria, with ELITE run for the 

full set of cases.  
 
 The results of this study 
are shown in Fig. 5.27, for the 
discharge 141149 discussed in 
Section 4.1.1. Blue indicates 
the stable region in this plot, 
while red indicates unstable 
configurations. The large cross 
indicates the experimental 
location of the discharge in this 
parameter space. The 
ballooning boundary, at large 
pressure gradient, is not visible 
in this diagram, as is often the 
case in NSTX [70] and other 
low aspect ratio configurations 
[73]. On the other hand, the 

peeling boundary, at large current density, is clearly visible. The experimental point 
resides near the peeling boundary. This is quite similar to the case of QH-mode in DIII-
D, where the relaxed pedestal operating point is near the peeling boundary [74]. 

4.2: Prospects for Actively Driving EHOs in NSTX-U  
It is conceivable that the lower collisionality pedestals of NSTX-U will result in stronger 
EHOs, potentially leading to a QH-mode like configuration. However, rather than rely on 

 
Fig. 5.27: ELITE calculation of the pedestal stability for 

a case with observed edge harmonic oscillations. Like DIII-D QH Modes 



Does not Limit Density Rise 

Unlike DIII-D QH Modes 
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modes correspond to keli~0.2, as typically observed in NSTX). 
 
The results of these calculations are shown in Fig. 5.22. The collisionless and collisional 
calculations in frame a) show the collisional destabilization of low-n modes, or 
alternatively, that collisions shift the unstable mode to lower n; this is consistent with the 
observed positive scaling of 

À�

log( ˜ n n)  with ii* in Figs. 5.20 and 5.21. Fig. 5.22b) shows 
the field aligned electric field contours, showing a mixed-parity structure (neither pure 
ballooning nor tearing parity) of the modes.  Fig. 5.22c) shows growth rates from several 
high and low ¢ne scenarios. These generally show higher low-n growth rates with high 
¢ne consistent with the positive ¢ne scaling for 

À�

log( ˜ n n)  in Fig. 5.21. Similarly, frame d) 
shows that the low-n growth rates are generally higher for low ¢Ti, consistent with the 
consistent with the negative ¢Ti scaling for 

À�

log( ˜ n n)  in Fig. 5.21. The consistency 
between the GEM calculated growth rate trends and the observed ¢ne, ¢Ti, and ii* 
scalings are quite encouraging, though conclusive identification of turbulent modes active 
in the pedestal and robust validation of pedestal models requires further analysis. 
 
Interested readers should examine Refs [36,66] for more information on these 
measurements and calculations, including discussion of the statistical conditioning of the 
database and of BOUT++ simulations. 
 

4.0 Edge Harmonic Oscillation Observations 
As described in detail in the DIII-D section of this report, the attractive QH-mode regime 
is facilitated by an “Edge Harmonic Oscillation”, or EHO. This mode appears to replace 
ELMs in providing the required particle transport, allowing an ELM free regime with 
stationary density and impurity content. While QH-mode was first observed in lower 
density regimes with counter injection, recent research has increased both the density 
window and co-injection torque for QH operation. 
 

Motivated by these observations, 
an effort was made determine if 
such EHOs may exist in NSTX 
plasmas. This effort was successful 
in isolating EHOs, in both small-
ELM regimes [70] and ELM-free, 
high-performance regimes with 
lithium conditioning [37,38] This 
report focuses on the latter regime. 
Unfortunately, the EHOs in NSTX 
were comparatively weak, and did 
not result in any observable 
contribution to the edge particle 
transport; the electron and carbon 
densities ramped in these 
discharges. Hence, the study here 

 
Fig. 5.23: Evolution of a discharge (138239) with 

observed low-n EHOs. 



Proposal 

We propose to look for EHOs in NSTX-U in piggyback mode, but then 
use ~ 1 run day to explore the boundaries of their operational region 
(including beam aiming angle), and their effects on particle confinement 

over this region. 	

	


Since the best performance of DIII-D with co-injection involves edge 
braking with non-axisymmetric coils for strong edge rotation shear, we 
propose to apply n=3 edge braking to a case with clear EHOs and to 

observe if this amplifies them and if it has an effect on particle 
confinement.	


	

Collaboration in a wider EHO initiative is highly welcome.	



