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Original Motivation

• ELITE predicts enhanced edge stability at low R/a 
- ELMy discharges in NSTX at the kink/peeling boundary from ELITE 

• Higher R/a tokamaks have shown the pedestal height increases with 
triangularity and plasma current (Ip)
- Consistent with ELITE modeling
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R. Maingi, PRL, 103 (2009)

Peeling–ballooning stability limits on the pedestal A139
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Figure 6. Maximum stable pedestal pressure for the triangularity = 0.0 and 0.3 cases as a function
of (a) plasma current with Bt constant (b) magnetic field with constant current, (c) magnetic field
with plasma current increasing proportionally to the ratio Bt/Ip = 0.6125 T MA−1.
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Figure 7. Maximum stable pedestal pressure for the triangularity = 0.0 and 0.3 cases as a function
of aspect ratio, which is varied by changing the major radius at a fixed minor radius of 60.3 cm.

figures 6(a) and (b). Again, when Bt and Ip are proportionally increased, a roughly linear
dependence on B∗

t Ip is seen. Overall, the scaling with Bt and Ip is roughly a βN dependence
(where β = βNI (MA)/a(m)B(T )), though complex interdependences enter, particularly for
strong shaping.

Finally, scaling with aspect ratio is illustrated via a major radius scan at fixed minor radius
in figure 7. Both q and a/R decrease roughly linearly with R. At low triangularity (δ = 0) the
stability boundary is found to be fairly insensitive to aspect ratio. However, for the stronger
shaped case (δ = 0.3), second stability is closed off at high R/a (low q) and the stability
boundary approaches the δ = 0 bound.

Extrapolation to NSTX is @ R = 85 cm  !

Aspect ratio scan
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Figure 3. Comparison of pedestal stability limit calculated with ELITE to DIII-D data, as a function
of (a) pedestal density (b) triangularity and (c) plasma current. In (b) and (c), the mean (circle) and
standard deviation (bar) of the data set is shown.

A second comparison studies pedestal height trends with triangularity, using the
parameters Bt = 2.08 T, Ip = 1.525 MA, κ = 1.8, neped = 4 × 1019 m−3, temperature
and density pedestal width of 1.4 cm, and triangularity varied from 0 to 0.45. Here, the axis
temperature is fixed (T0 = 2.5 keV), and again, in calculating the stability bounds, all the key
parameters are fixed except the one studied (δ). The result is again compared to DIII-D data,
here with allowed parameter ranges Bt = 2.05–2.15 T, Ip = 1.4–1.65 MA, neped = 3.5×1019–
4.5 × 1019 m−3, and temperature and density pedestal widths between 0.9 and 1.9 cm. Good
agreement is again found between the calculated pedestal stability bound and the observed
pedestal height shortly before an ELM as shown in figure 3(b). The increase in the stability
bound with triangularity is primarily due to an opening of second stability access, and the
bootstrap current plays a key role as shown schematically in the ‘strong shaping’ curve in
figure 1. Without the bootstrap current (dashed line in figure 3(b)), second stability access is
not opened and the increase in stable pedestal height with triangularity is much weaker.

Finally, we study trends in pedestal height with Ip, using equilibria with Bt = 2.075 T,
R = 1.69 m, a = 0.59 m, κ = 1.8, δ = 0.25, pedestal width (#) of 4.5% of the normalized
poloidal flux, and pedestal density (neped) equal to 40% of the Greenwald limit (nGW), where
nGW(1020 m−3) = Ip(MA)/πa2(m). The current (Ip) is varied from 0.75 to 1.75 MA, with
core temperature (T0 = 2.975 eV), and thus core βN, fixed. Here, ELITE is used to test
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Figure 3. Comparison of pedestal stability limit calculated with ELITE to DIII-D data, as a function
of (a) pedestal density (b) triangularity and (c) plasma current. In (b) and (c), the mean (circle) and
standard deviation (bar) of the data set is shown.

A second comparison studies pedestal height trends with triangularity, using the
parameters Bt = 2.08 T, Ip = 1.525 MA, κ = 1.8, neped = 4 × 1019 m−3, temperature
and density pedestal width of 1.4 cm, and triangularity varied from 0 to 0.45. Here, the axis
temperature is fixed (T0 = 2.5 keV), and again, in calculating the stability bounds, all the key
parameters are fixed except the one studied (δ). The result is again compared to DIII-D data,
here with allowed parameter ranges Bt = 2.05–2.15 T, Ip = 1.4–1.65 MA, neped = 3.5×1019–
4.5 × 1019 m−3, and temperature and density pedestal widths between 0.9 and 1.9 cm. Good
agreement is again found between the calculated pedestal stability bound and the observed
pedestal height shortly before an ELM as shown in figure 3(b). The increase in the stability
bound with triangularity is primarily due to an opening of second stability access, and the
bootstrap current plays a key role as shown schematically in the ‘strong shaping’ curve in
figure 1. Without the bootstrap current (dashed line in figure 3(b)), second stability access is
not opened and the increase in stable pedestal height with triangularity is much weaker.

Finally, we study trends in pedestal height with Ip, using equilibria with Bt = 2.075 T,
R = 1.69 m, a = 0.59 m, κ = 1.8, δ = 0.25, pedestal width (#) of 4.5% of the normalized
poloidal flux, and pedestal density (neped) equal to 40% of the Greenwald limit (nGW), where
nGW(1020 m−3) = Ip(MA)/πa2(m). The current (Ip) is varied from 0.75 to 1.75 MA, with
core temperature (T0 = 2.975 eV), and thus core βN, fixed. Here, ELITE is used to test



• Investigation of the plasma current and triangularity 
scalings
- Pedestal pressure ~ Ip2 as at higher R/a
- Pedestal pressure increases with triangularity

• Assess the edge fluctuations during the multiple stages 
on an ELM cycle.
- Continuous increase of the density fluctuations at the top of 

the pedestal and “cascade” to lower frequency before the 
ELM crash.

- Mod k fluctuations and consequently the flow shear decays 
before the ELM in order to increase after the ELM crash.    

NSTX NO4.00007 APS-DPP2010

Understand the pedestal structure prior to the onset of 
ELMs as a function of key plasma parameters
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Composite radial profiles of density, temperature and 
pressure synced to Type I ELM cycle
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• Ne and Te profiles fitted using modified tanh function
- Ion profiles fitted with splines (no clear pedestal)

• Fits done in discrete windows throughout ELM cycle.

N(ψ) = A tanh

�
ψsym − ψ

ψwidth

�
+ offset

R. Groebner and T. Osborne PoP 5 1800 (1998)
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Composite radial profiles of density, temperature and 
pressure synced to Type I ELM cycle

4

• Ne and Te profiles fitted using modified tanh function
- Ion profiles fitted with splines (no clear pedestal)

• Fits done in discrete windows throughout ELM cycle.

N(ψ) = A tanh
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Pedestal height builds up during an ELM cycle
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• Pedestal pressure 
increases with Ip

• Pedestal pressure 
increases by a factor ~ 3 
before the ELM crash 
- No clear saturation at high Ip
- Saturation late in cycle at 

lower Ip
- In contrast to rapid 

saturation within first 
20-50% of ELM cycle 
observed in AUG and DIIID 
  [Maggi, Nucl. Fusion (2010)]

   [Zohm, PPCF (2010)].ELM cycle [%]
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ped

θ = constant

increases quadratically with Ip, but at constant

NSTX NO4.00007 APS-DPP2010 6

Consistent with higher R/a, e.g. DIIID, C-MOD,and  AUG

P ped
tot βped

θ

Osborne,PPCF, 4 (2000)

Hughes, PoP, 13 (2006)
Suttrop,PPCF, 42 (2000)
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Pedestal pressure height increases 
with triangularity

Bottom Triangularity

Total Pedestal Pressure at fixed top triangularity 
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• Ip=0.8 MA, PNBI=4 
MW, Bt=0.45 T, 
LSN(drsep ~ - 0.5 cm) 

• Density and 
temperature 
pedestals both 
increase

• Similar to DIII-D 
[Osborne,PPCF 42 2000]
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• Assess the edge fluctuations during the multiple stages 
on an ELM cycle.
 .....Density fluctuations through reflectometry
 .....Mod |K| fluctuations through GPI    

NSTX NO4.00007 APS-DPP2010

Understand the pedestal structure prior to the onset of 
ELMs as a function of key plasma parameters
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Phase fluctuations at the top of the pedestal increase continuously during 
ELM cycle and “cascade” to lower frequency just before ELM crash
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Preliminary

• Phase fluctuations from reflectometry  
localized at the top of the pedestal

- Phase and density fluctuations are 
correlated. Nazikian, PoP 8 (2001)

• Increase of initial mode amplitude 
- e.g., at 7.5 kHz

• Mode activity late in ELM cycle
- e.g., 5 kHz  

• No evidence in Mirnov signals, modes 
appear to be electrostatic.

ELM Cycle
averaged over 
multiple ELMs

Inter-ELM Phase Fluctuation Spectra #139047
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Mode remains to be identified ?
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Phase fluctuations at the top of the pedestal increase continuously during 
ELM cycle and “cascade” to lower frequency just before ELM crash
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Phase fluctuations at the top of the pedestal increase continuously during 
ELM cycle and “cascade” to lower frequency just before ELM crash
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Phase fluctuations at the top of the pedestal increase continuously during 
ELM cycle and “cascade” to lower frequency just before ELM crash
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Using the gas puff imaging, the wavenumber module fluctuations
 peak after ELM and decay between ELMs

10

• Extract the fluctuating 
brightness from the GPI 
and project it to the 
wavenumber space.

• The edge flow shear is 
encoded in the fluctuations 
of |K|.
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RMS fluctuations in the norm of K is 
higher after ELM than just before ELM

• Observation of coherent 
fluctuations.
• same frequency range 

as in reflectometry.
• RMS fluctuation increases 

after the ELM crash.
• consistent with 

previous observations 
in NSTX

[Maqueda,JNM 390, (2009)]

• Using the advection-
diffusion equation, the 
rms of mod |k| can be 
linked to the flow shear.

11

Freq [kHz]

Spectrum of the fluctuating module of K before and after ELM

 

 

0 5 10 15 20 25
0

20

40

60

80

100

120

140

Before ELM 

After ELM

δ|
k(
ω
)|

6 × δ|k (ω) |



NSTX NO4.00007 APS-DPP2010

Summary and future directions
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• We observe                 ,which is consistent with higher aspect ratio tokamaks

• We observe         increases with triangularity: similar to DIII-D

• We show that the pedestal pressure builds up continuously during an ELM cycle, 
with saturation observed at lower plasma currents near the end of the cycle 

‣ appears to be in contrast with AUG and DIII-D
  

• Pedestal top density fluctuations increase during ELM cycle, with a frequency 
“cascade” to lower frequency just before the ELM crash

• Mod |k| fluctuations and consequently the flow shear peak just after ELM crash, and 
die away slowly in the inter-ELM cycle: same frequency range as density 
fluctuations.

✦ FY11: extra 7-8 edge Thomson channels are currently being implemented
‣ for a finer resolution of the edge during the ELM cycle.

P ped
tot ∝ I2p

P ped
tot
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Using GPI, the fluctuations of the norm of K in the region of 
steep gradient can be determined

Y.	
  B.	
  Zel’dovich	
  Sov.	
  Phys.	
  Dokl	
  ,27	
  (1982)
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• Step 1: subtract spatial DC 
component

• Step 2: GPI brightness 
fluctuations are projected 
into K-space.
-Discriminates large events 

and select spatial structure.

• Step 3: Evaluate |K| in the 
camera frame of reference 
-equivalent to the module in 

the advected frame of 
reference

• The edge flow shear is 
encoded in the fluctuations 
of |K|.

 [p
ix

el
]

R [pixel]

Raw GPI Image: 459.289 ms

20 40 60

20

40

60

80

 [p
ix

el
]
R [pixel]

Fluctuating Brightness  I 

20 40 60

20

40

60

80

K Space decomposition

k

kr
0.2 0.1 0 0.1 0.2

0.2

0.1

0

0.1

0.2

time [ms]

[a
u]

Energy =   I(kr,kz) dkr dkz

450 455 460 465 470
0

5

10

δI(r, θ, τ)I(r, θ, τ)

δI(kr, kθ, τ)

�
δI(kr, kθ, τ)dkrdkθ

80% -99%
Pre-ELM After-ELM

λ ∼ 9cm

32
 c

m



NSTX NO4.00007 APS-DPP2010

Inter-ELM fluctuations from BES indicate generic changes in fluctuations spectra 
during the ELM cycle with no signature of modes correlated with the pedestal buildup 

Inter-ELM density fluctuation through BES enables the localization of fluctuation peaks detected 
on Mirnov coils but no clear signature of modes correlated with the pedestal structure.
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Advected-diffusion equation in k-space:

d�Ik
dτ = µ

�
(kξ ±

∂V0

∂r
kη)

2 + k2η

�

� �� �
k2

�Ik

Let ∂V0
∂r rcos(ωτ)

k2 = (kξ ± ∂V0
∂r kητ sin(ωτ)/(ωτ))2 + k2η

k2 = k2eff + 2
kξkη
ω

∂V0

∂r
sin(ωτ) + (kη/ω

∂V0

∂r
sin(ωτ))2

� �� �
δk2

The limit ω → 0, one has the linear drift in k. Diallo. PRL, 101 2008

In harmonic fluctuations at constant kη/kξ; from δk2, we extract ∂V0
∂r .

NSTX NO4.00007 APS-DPP2010

The flow shear is encoded in mod |k| fluctuations

16

Freq [kHz]

Spectrum of the fluctuating module of K before and after ELM
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Essentially, we obtain the change of flow shear before and after the ELM  
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ELMy discharges in NSTX at the kink/peeling boundary 
from ELITE

17

code [25]. (2) Map the individual ne, Te, and Ti profiles to
normalized poloidal magnetic flux c N to construct a single
profile from the multiple time slice data. For the pre-
lithium ELMy discharge, profile data from the last 20%
of the ELM cycle are binned [23], with a maximum time
window of 100 msec to minimize the effect of the density
ramp in Fig. 1. For the post-lithium discharge, multiple
profiles using data from 100–200 msec time windows are
generated to determine the dependence of the edge stability
on density or collisionality. (3) Perform a free boundary
kinetic equilibrium fit, using the profiles from step 2 as the
target pressure profiles. The target edge current is com-
puted from the neoclassical bootstrap current [26] with Zeff

computed from the carbon content as computed from the
ChERS data. The stability of these individual equilibria is
evaluated with the PEST ideal MHD code [27]. (4) Perform
a set of fixed boundary kinetic equilibrium fits (EFITs),
while varying the edge pressure gradient at fixed edge
current and vice versa. The stability of these various equi-
libria is evaluated with the ELITE ideal MHD code [4,5] to
assess the proximity to the peeling mode (high edge cur-
rent) and ballooning mode (high pressure gradient)
boundaries.

A comparison of the plasma total pressure profile and its
radial gradient from representative free boundary kinetic
equilibria for the pre- and post-lithium discharges is shown
in Fig. 3. Note that a different pre-lithium discharge
(no. 129015, programmed identically to no. 129019) was
chosen for this analysis, because three Thomson profiles
were obtained in a 100 msec window in the last 20% of the
inter-ELM period. The pre-lithium discharge had a steep
pressure gradient very near the separatrix (c N ¼ 1),
whereas the peak gradient was shifted inward substantially
for the post-lithium discharge [Figs. 3(a) and 3(b)], owing
primarily to the change in the ne profile. In addition, the
spatial width of the steep gradient region is larger in the
post-lithium discharge (i.e., from 0:8< c N < 1), which
also enhanced the edge stability.

PEST calculations of the pre-lithium discharge equilibria
indicate instability to low-n (n ¼ 2; 3; 4) peeling or bal-
looning modes, with the growth rate peaking for n ¼ 3.
The maximum linear growth rate was computed at 1.5% of
the Alfvén frequency. Figure 3(c) shows that the radial
displacement !2 peaks at the low field side plasma edge. In
comparison, the post-lithium profiles are stable to these
modes.

The fixed boundary kinetic EFITs from step 4 above
were shown to be close to the peeling mode instability
threshold from ELITE calculations. Figure 3(d) shows an
edge stability space diagram of normalized edge current as
a function of the normalized pressure gradient [28]. The
colors represent contours of the ratio of the mode linear
growth rate " to the diamagnetic drift frequency !". Here
the white rectangle and error bars, representing the experi-
mental profiles and their uncertainties, respectively, lie
very close to the kink/peeling mode stability boundary.

This boundary is the transition from the blue to the orange
region, which corresponds with "=!" > 5%. While this is
an alternate stability threshold criterion than was used for
assessment with PEST as discussed above, this stability
criterion takes into account that rapid diamagnetic drift
can stabilize peeling or ballooning modes [24]. The most
unstable mode from ELITE had n ¼ 4, i.e., relatively low-n
in agreement with the PEST calculation.
As in the PEST calculations above, the post-lithium

discharges were computed to be stable with ELITE [e.g.,
Fig. 3(e) showing three time slices from no. 129038],
owing to two reasons: (1) The peak pressure gradient and
calculated edge bootstrap current peak were shifted in-
board to a region of reduced magnetic shear, which is
stabilizing for the ballooning drive of these coupled
peeling-ballooning modes, and (2) the peak pressure gra-
dient was modestly reduced by up to 10%–20%, which is
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FIG. 3 (color). (a) Kinetic pressure and (b) pressure gradient in
normalized flux space for the pre- and post-lithium equilibria;
(c) radial displacement of n ¼ 3 mode from PEST, with the
calculation outer boundary at c N ¼ 0:99 given by the black
vertical lines; stability boundary (blue to orange color transition)
from ELITE code with fixed boundary kinetic EFITs for (d) pre-
lithium discharge and (e) post-lithium discharge.
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NSTX NO4.00007 APS-DPP2010

Mapping the reflectometer signals to normalized flux coordinates 
allow for better targeting of density fluctuation at the pedestal top

SHOT#139047

300 400 500 600 700
Time [ms]

0

10

20

30

40

fre
q.

 [k
Hz

]
Freq [kHz]

Reflectometry 139047
 80% −90% ELM cycle

 

 

0 5 10 15 20 25 30 35 40 45
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

18



NSTX NO4.00007 APS-DPP2010

Wave activities before ELM crash, difficult to discern as intrinsic MHD 
activity already present
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NSTX NO4.00007 APS-DPP2010

Dominant contribution of the density gradient in the critical pressure 
gradient and weak correlation of the      with normalized beta poloidal

The pressure gradient scales with Ip at constant toroidal field and the density gradient increases much 
faster than temperature gradient. 
Correlation between the normalized poloidal beta with      evaluated at electron pedestal temperature is 
weaker than similar scaling in MAST. 
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