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Summary of key observations

• Inter-ELM fluctuation measurements show evidence of the onset of 
coherent density and magnetic fluctuations with frequency in the 
range of 300 kHz and spatial poloidal scale kθρs ~ 0.04.

• Results clearly show that the mode is consistent with an edge 
localized mode; the mode onset points to the kinetic ballooning 
mode (KBM).

• Edge stability analysis using ELITE and BALOO indicate that the 
experimental point is close to the peeling-ballooning limit and that 
the pedestal region is infinite-n-ballooning unstable, all consistent 
with measurements.
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Leverage the β-dependence of the linear growth rate to 
investigate the edge transport between ELMs

• The goal is identify the fluctuation 
amplitude during the ELM cycle
– One approach is to track the 

fluctuation amplitude during 
the β evolution. 

• The hard onset of KBM will leave 
signatures in all transport 
channels.

• Expected characteristics
– Intermediate-n and electromagnetic mode 
– Sudden change in growth rate
– Ion spatial scale (kρs< 1)
– Propagates in ion diamagnetic direction 
– Even parity ballooning mode structure in ES 

potential. 
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Dedicated Alcator C-Mod experiments examine the pedestal 
turbulence between ELMs

• In C-Mod, EDA are obtained at higher collisionality. ELMy regimes are  
achieved using reduced target density.
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B  magnetic probe~

Reflectometer

Gas-Puff Imaging (GPI)

Phase-Contrast Imaging (PCI)

+ Mirnov coils

Various poloidally separated diagnostics provide edge 
fluctuations measurements between ELMs
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EDA H-mode

PCI spectrogram of inter-ELM fluctuations contrasts 
those of EDA H-mode

• PCI provides an upper bound on the radial component 
wavevector kR ➠ kθ when mode is edge localized. 6
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Density fluctuations from reflectometry point to an 
edge localization of mode

• The edge localization of the mode is also observed with GPI. 
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Low kθρs magnetic fluctuations between ELMs propagate 
in electron diamagnetic direction (lab frame)
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Magnetic fluctuations between 
ELMs develop/onset as the edge 
electron temperature increases 
and subsequently saturate

• Edge temperature increase 
leads to the onset of the 
fluctuations; in turn leading to a 
clamping of the edge 
temperature

• β-limit is consistent with the 
expected KBM dependence.
• Expected threshold from gyrokinetic 

calculations are being determined.
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Wavenumber measurements from various diagnostics compared with 
field-aligned perturbation predictions show good agreement
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From ELITE, the pedestal is ballooning unstable; from 
infinite-n calculations most of the pedestal is unstable 

• Experimental point is near both the nominal P-B and KBM thresholds.
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Summary of key observations and 
future work
• We observed the onset of coherent density and magnetic fluctuations with 

frequency in the range of 300kHz and spatial poloidal scale kθρs ~ 0.04.
The mode is observed on various poloidally separated edge diagnostics pointing to a 
field-aligned-edge mode with a ballooning character.
Mode has magnetic signature and is n=10 as observed with array of Mirnov (not shown here)

• Results clearly show characteristic features of KBM-like:
Mode turns on and its amplitude saturates prior to an ELM
Mode onset is associated with monotonic increase of the edge temperature (suggesting 
that the gradient is destabilizing)
Onset subsequently leads to a clamping of the edge gradient.
Ion spatial scale kθρs ~ 0.04 and aligned with the pedestal buildup via ELM cycle.

– Collisions appears to be playing a role in determining dominant instability growth rate.
Missing piece: propagation direction in the plasma frame. 

• Future and ongoing work:
– Resolve the propagation direction of the mode
– Perform linear gyrokinetic simulations in the edge pedestal to check for dominant mode.12

First evidence of KBM-like mode limiting the pedestal gradient



Backup
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HeI GPI measurements confirm the presence of the mode in the
edge region propagation in the electron diamagnetic direction but its 
localization remains unclear 
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Analysis of Mirnov coils indicates the presence of a 
broadband n=+10 mode characteristics of a ballooning 
mode

• n=10 yields kθ ~ 0.7 cm-1 (note that QCM is a n=20 mode)
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The determined propagation velocity enables the 
localization of the radial structure in the edge region

• Based on the ExB velocity profile the radial structure is localized in the edge region. 
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Magnetic signature



Fluctuations analysis: Global and local
Phase contrast imaging PCI

O-mode Reflectometer
Gas puff imaging
Magnetic probes

Mirnov coils
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Peeling ballooning theory is the leading model for providing 
the threshold for the edge localized modes (ELM)

• It is hypothesized that ELMs are triggered when the plasma 
edge (current and/or pressure gradient) crosses the stability 
boundary
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Figure 3. Simplified diagram of the ELITE results for the
peeling–ballooning mode stability of the edge plasma in an H-mode
discharge. The horizontal axis is the MHD α parameter, which is
proportional to the peak pressure gradient in the edge pedestal; for
the exact definition, see [14]. The vertical axis is the normalized
edge current, see [13]. The colour encodes the ratio of instability
growth rate to one-half the diamagnetic frequency. Blue regions are
stable, red are unstable. The original discharge used to generate this
plot was a single-null divertor plasma.

along the peeling boundary have toroidal mode numbers n < 5.
As edge density and collisionality increase, the most unstable
modes move to higher n > 25 along the ballooning boundary.
When the operating point for QH-mode plasmas is plotted in
the space shown in figure 3, those points are near the peeling
boundary. All QH-modes analysed to date show that ELM-
free operation is consistent with the stability predictions of
the theory, with the operating points on or below the peeling
boundary within the experimental error bars [1, 8, 12, 13].

The peeling–ballooning mode stability theory has recently
been extended to provide a semi-quantitative theory of the
edge harmonic oscillation (EHO) [13]. The EHO is an
electromagnetic mode localized in the edge pedestal region
which provides the extra particle transport necessary to
keep the edge operating point below the peeling–ballooning
boundary in QH-mode [1, 12]. Although the dominant
instability drives are the edge pressure gradient and edge
current density, the edge rotation gradient can also affect
peeling–ballooning modes [13]. As illustrated in figure 4, the
linear growth rate of the peeling–ballooning modes with low
toroidal mode number n increases with increasing rotational
shear [13]. Based on this result, the theory posits that the
EHO is a low n peeling mode driven unstable by rotational
shear at edge conditions slightly below the ELM stability
limit in the absence of rotation. Although the linear stability
calculations cannot predict the saturated amplitude of the
mode, we can identify at least two mechanisms which lead
the mode to saturate at a finite amplitude. First, as the mode
grows to finite amplitude, its magnetic fields interact with the
vacuum vessel wall, slowing the plasma rotation, decreasing
the rotational shear and, hence, reducing the drive for the mode.
Experimentally, we see a decrease in edge rotation and an
increase in edge particle transport whenever the EHO starts and
grows to finite amplitude [1]. The increased particle transport
leads to reduced edge density and edge density gradient, which

Figure 4. Growth rate of the peeling–ballooning modes γ
normalized to half the diamagnetic frequency ω∗ versus the
difference in the plasma toroidal angular rotation speed at the top of
the pedestal and on the separatrix. Modes with various toroidal
mode numbers n become increasingly unstable as the edge
rotational shear increases.

Figure 5. Peeling–ballooning mode stability diagram showing
contours of growth rate of the most unstable mode, γ , divided by
one-half the ion diamagnetic frequency, ω∗, plotted as a function of
normalized edge pressure gradient and normalized edge current
density. Blue regions are stable, red are unstable. Data points show
the operating points for a series of discharges, shots 125729-734,
where the edge conditions are changed by changing the edge
rotation speed. These shots are also shown in figure 6. Note that the
QH-mode points with the EHO are further from the stability
boundary than the ELMing points.

in turn reduces the edge bootstrap current. The reduction in
edge pressure gradient and edge current density also reduces
the drive for the mode, providing a second mechanism for
the plasma to reach a steady state in the presence of a finite
amplitude mode. A more complete theory, however, is still
needed to quantitatively predict the saturated amplitude; this
theory must also explain how the EHO enhances the edge
particle transport. The transport increase is the essential
feature that holds the edge pressure gradient and, hence, the
edge bootstrap current below the ELM stability limit.

The ELITE stability predictions depend on the full radial
structure of the current and pressure profiles. In making
two-dimensional diagrams such as those in figures 3 and 5,
we follow the procedures discussed in [12, 13]. A full set
of experimentally measured radial profiles of electron and
ion densities and temperatures is used along with calculated
fast ion pressure to obtain the complete pressure profile [12].
The equilibria used for stability analysis are generated with
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EPED -leading pedestal predictive model - combines PBM 
and KBM constraints to predict maximum achievable 
height and width

• Combined models for bootstrap 
current, PB stability, KBM 
stability

• Inputs: BT, IP, R, a, κ,δ, nped, 
βglobal 

• Outputs: Pedestal height and 
width (no free or fit parameters)

• Hypothesis: EPED prediction 
should match pressure height/
width observed just prior to ELM 
onset
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Density fluctuations at the pedestal top indicates the occurrence 
of the mode when the line-averaged density increases

• Increased line-averaged 
density is indicative of a 
higher pedestal density
– Leading the reflectometer to 

probe the pedestal region 

• Mode is observed 
observed when the density 
cutoff is localized near the 
steep gradient region
– Suggesting that the mode is 

edge localized.
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S(f,k) conditional spectrum at t=1.145s suggests that the 
inter-ELM mode has a radial structure 

• Presence of both positive and negative radial wavenumber is due to the line 
integration of the measurements, which picks up top and bottom propagations.

• Evidence of asymmetry between the two propagation direction. 22

-10 -5 0 5 10

200

400

600

800

1000
Fr

eq
ue

nc
y[k

Hz
]

     

 

 

 

 

 
11208156026 time[s] = 1.145

R



Line-integration from field aligned propagating structure 
would yield an apparent radial structure
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C-Mod shows temperature equilibration in both ELMy 
and EDA H-mode suggesting collisional plasma

• Temperature pedestal height and width in ELMy regimes are larger than that of EDA cases.
– Pedestal pressure height and width increases between ELMs with the gradient 

clamped (shown in Hughes NF 2013) 

ELMy H-mode
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Edge radial electric field deepens from EDA to ELMy regimes

• Gas Puff (GP) CXRS 
provide measurements of 
the edge radial electric field
– similar to McDermott 

previous results

• Associated ExB velocities 
in ELMy regimes provide 
propagation direction of 
fluctuations in plasma 
frame.

25

ρ = r/a

E r [k
V/

m
]

 

 

0.8 0.85 0.9 0.95 1 1.05
−100

−80

−60

−40

−20

0

20

40

1120815024

ρ = r/a

VEr × B [km/s]

 

 

0.8 0.85 0.9 0.95 1 1.05
−20

−10

0

10

20

ion diamagnetic direction

electron diamagnetic direction

M. Churchill et al. to be submitted

C. Theiler et al. TTF 2013



Evidence of intrinsic impurity density buildup during 
ELM cycle
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KBM has been hypothesized to provide the mechanism 
for setting the pedestal width-poloidal-β-scaling

• Strong KBM onset imposes 
constraint on edge pressure 
gradient, which can be described 
when α~ αcrit

• Correlation between pedestal width 
and poloidal β has been observed 
on DIII-D, JET, C-Mod, JT-60U, 
MAST, NSTX
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NSTX measured pedestal width scales like (βθ)α with exponent 
ranging from 0.8 to 1 consistently larger than other tokamaks

• In NSTX, the observed 
width is larger than 
conventional tokamaks
– NSTX pedestal width is 1.7 and 

2.4  larger than MAST and DIII-
D & C-Mod respectively

• Pedestal width scaling is 
consistent with predicted 
width for KBM constrained 
pedestal 
– “ballooning critical pedestal”-

BCP technique from EPED 
Model [Snyder Nucl. Fusion (2011)]

– Conventional tokamaks show 
an exponent of 0.5 and 
predictions agree with data
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Development of the mode power radial structure after
after the ELM crash with up to 60% contrast

• In the ELM early stage, the intensity is peaked at larger radii and increases and 
saturates during the ELM cycle.

29

0
500

1000
1500
2000
2500
3000
3500

t = 1.1445s

0.64 0.66 0.68 0.70 0.72 0.74
R[m] 

0

1000

2000

3000

4000

t = 1.1515s

0
500

1000

1500

2000

2500
3000

t = 1.142s

R[m] 
0.64 0.66 0.68 0.70 0.72 0.74
0

1000

2000

3000

4000

t = 1.1485s

Fluctuation amplitude averaged between 270 kHz - 300 kHz

     

      

100

200

300

400

500

600

fre
qu

en
cy

[kH
z]

  

 

 

 

 

 

 

0

0.1

10

100

int
en

sit
y[(

10
16

 m
-2

)2 /k
Hz

]

1.12 1.13 1.14 1.15 1.16 1.17
time[s]

3.0

3.1

3.2

3.3

3.4

D α
 (A

U)

      

 

 

 

 

 

EDA H-mode

      

100

200

300

400

500

600

fre
qu

en
cy

[kH
z]

 

 

 

 

 

 

 

0

0.01

1

10

int
en

sit
y[(

10
16

 m
-2

)2 /
kH

z]

1.12 1.13 1.14 1.15 1.16 1.17
time[s]

0.3

0.4

0.5

0.6

0.7

      

 

 

 

 

 

D α
 (A

U)

ELMy H-mode

1120815008, ch = 15 (R[m] = 0.687) 
Edge channel

1120815026, ch = 15 (R[m] = 0.687) 
Edge channel



Density fluctuation spectrogram from O-mode 
reflectometer show the onset of fluctuations in the 
steep gradient region

• Inter-ELM density fluctuations track the edge temperature increase.
• Steep density gradient is clamped but the density pedestal varies over a large range.

30

 

0.7 0.8 0.9 1 1.1 1.2
0

0.5

1

1.5

2

2.5

3

112 GHz

88 GHz

75 GHz

60 GHz

Time [s]

keV

Steep gradient region



Motivation
• Test the hypothesis of EPED model - the leading candidate for predicting the 

pedestal of ITER and other future tokamaks

• It has been observed in many machines that the pedestal gradient is limited 
prior to the ELM onset.
– EPED hypothesizes that the onset of KBM provide the necessary transport for 

clamping the edge gradient
– Recent results from DIII-D, AUG, and NSTX showed the existence of ion scale 

mode during the ELMy regimes.

• To show that KBM provides the necessary transport for edge gradient 
limitation, it is necessary to show that the mode turns on in response to an 
increase of pressure gradient.
– A proxy consists of observing the onset of a mode in the pedestal region 
– Characterize its properties (e.g., spatial structure, propagation direction, etc…)
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 Understanding the pedestal structure is crucial for 
performance prediction of fusion devices
• Pedestal is an edge transport barrier associated with high-confinement 

regime (H-mode)

•  Predictive models indicate that the pedestal height plays a crucial role in 
fusion performance
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PCI fluctuation indicate that the inter-ELM fluctuations 
are uncorrelated with sawteeth pulses 
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Pre-ELM-onset operating point of machines on the 
stability diagram
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Figure 3. Simplified diagram of the ELITE results for the
peeling–ballooning mode stability of the edge plasma in an H-mode
discharge. The horizontal axis is the MHD α parameter, which is
proportional to the peak pressure gradient in the edge pedestal; for
the exact definition, see [14]. The vertical axis is the normalized
edge current, see [13]. The colour encodes the ratio of instability
growth rate to one-half the diamagnetic frequency. Blue regions are
stable, red are unstable. The original discharge used to generate this
plot was a single-null divertor plasma.

along the peeling boundary have toroidal mode numbers n < 5.
As edge density and collisionality increase, the most unstable
modes move to higher n > 25 along the ballooning boundary.
When the operating point for QH-mode plasmas is plotted in
the space shown in figure 3, those points are near the peeling
boundary. All QH-modes analysed to date show that ELM-
free operation is consistent with the stability predictions of
the theory, with the operating points on or below the peeling
boundary within the experimental error bars [1, 8, 12, 13].

The peeling–ballooning mode stability theory has recently
been extended to provide a semi-quantitative theory of the
edge harmonic oscillation (EHO) [13]. The EHO is an
electromagnetic mode localized in the edge pedestal region
which provides the extra particle transport necessary to
keep the edge operating point below the peeling–ballooning
boundary in QH-mode [1, 12]. Although the dominant
instability drives are the edge pressure gradient and edge
current density, the edge rotation gradient can also affect
peeling–ballooning modes [13]. As illustrated in figure 4, the
linear growth rate of the peeling–ballooning modes with low
toroidal mode number n increases with increasing rotational
shear [13]. Based on this result, the theory posits that the
EHO is a low n peeling mode driven unstable by rotational
shear at edge conditions slightly below the ELM stability
limit in the absence of rotation. Although the linear stability
calculations cannot predict the saturated amplitude of the
mode, we can identify at least two mechanisms which lead
the mode to saturate at a finite amplitude. First, as the mode
grows to finite amplitude, its magnetic fields interact with the
vacuum vessel wall, slowing the plasma rotation, decreasing
the rotational shear and, hence, reducing the drive for the mode.
Experimentally, we see a decrease in edge rotation and an
increase in edge particle transport whenever the EHO starts and
grows to finite amplitude [1]. The increased particle transport
leads to reduced edge density and edge density gradient, which

Figure 4. Growth rate of the peeling–ballooning modes γ
normalized to half the diamagnetic frequency ω∗ versus the
difference in the plasma toroidal angular rotation speed at the top of
the pedestal and on the separatrix. Modes with various toroidal
mode numbers n become increasingly unstable as the edge
rotational shear increases.

Figure 5. Peeling–ballooning mode stability diagram showing
contours of growth rate of the most unstable mode, γ , divided by
one-half the ion diamagnetic frequency, ω∗, plotted as a function of
normalized edge pressure gradient and normalized edge current
density. Blue regions are stable, red are unstable. Data points show
the operating points for a series of discharges, shots 125729-734,
where the edge conditions are changed by changing the edge
rotation speed. These shots are also shown in figure 6. Note that the
QH-mode points with the EHO are further from the stability
boundary than the ELMing points.

in turn reduces the edge bootstrap current. The reduction in
edge pressure gradient and edge current density also reduces
the drive for the mode, providing a second mechanism for
the plasma to reach a steady state in the presence of a finite
amplitude mode. A more complete theory, however, is still
needed to quantitatively predict the saturated amplitude; this
theory must also explain how the EHO enhances the edge
particle transport. The transport increase is the essential
feature that holds the edge pressure gradient and, hence, the
edge bootstrap current below the ELM stability limit.

The ELITE stability predictions depend on the full radial
structure of the current and pressure profiles. In making
two-dimensional diagrams such as those in figures 3 and 5,
we follow the procedures discussed in [12, 13]. A full set
of experimentally measured radial profiles of electron and
ion densities and temperatures is used along with calculated
fast ion pressure to obtain the complete pressure profile [12].
The equilibria used for stability analysis are generated with
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Mode power radial structure prior to the ELM onset 

• In the saturation phase of the mode, there is evidence of phase shift that increases with 
large radius.

• could be due to plasma motion…..(requires forward modeling)
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Conditional wavenumber frequency spectra of the poloidal structure of 
the HeI light fluctuations indicate that the mode is predominant in 
ELMy case  
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Dedicated Alcator C-Mod experiments examine the pedestal 
turbulence between ELMs

• Here EDA and ELMy regimes are contrasted
– Reduced target density for lower collisionality
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