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Summary of key observations e

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 keps ~ 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.



Leverage the 3-dependence of the linear growth rate to

‘Alcator

investigate the edge transport between ELMs fﬂ”"d

Growth Rate

Real Frequency

FIG. 1. (Color online) Cyclone base case scan comparing GYRO against GS2
results including both 6A; and 6B,. The linear growth rate 7y and real fre-
quency w, are compared as functions of the electron beta S, ;.. Also shown
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are GYRO results for 64, only.

The goal is identify the fluctuation
amplitude during the ELM cycle

— One approach is to track the
fluctuation amplitude during
the 3 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

— lon spatial scale (kps< 1)

— Propagates in ion diamagnetic direction

— Even parity ballooning mode structure in ES
potential.

Test the KBM hypothesis in the EPED predictive model



Dedicated Alcator C-Mod experiments examine the pedestalé%ﬁf%f
turbulence between ELMs )ﬂ”’o
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* In C-Mod, EDA are obtained at higher collisionality. ELMy regimes are
achieved using reduced target density.



Various poloidally separated diagnostics provide edge
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. C-Mod
fluctuations measurements between ELMs M”
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Gas-Puff Imaging (GPI)

Phase-Contrast Imaging (PCI) @




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

ELMy H-mode EDA H- mode
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* PCI provides an upper bound on the radial component
wavevector kr ™ kg when mode is edge localized. :



Density fluctuations from reflectometry point to an
edge localization of mode

Electron Density [1020 m'3]
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The edge localization of the mode is also observed with GPI.



Low keps magnetic fluctuations between ELMs propagate
in electron diamagnetic direction (lab frame)
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Freq (kHz)

Magnetic fluctuations between A’C f‘g
ELMs develop/onset as the edg ?
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

és;w) - :
2.3W/[\'\n_:’[‘m o | |
' B-limit is consistent with the

21F

0-26E (e) BPe4[%] estimated at LFS

022 expected KBM dependence.
0.18 « Expected threshold from gyrokinetic
0T 2 a3 11 s calculations are being determined.

Time [s]



Wavenumber measurements from various diagnostics compared with  A/cator

field-aligned perturbation predictions show good agreement )ijd
Predicted assuming a field-aligned mode (k- B = 0)
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From ELITE, the pedestal is ballooning unstable; from
infinite-n calculations most of the pedestal is unstable
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Experimental point is near both the nominal P-B and KBM thresholds.
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Summary of key observations and * ;c;ﬂi‘i?
future work

« We observed the onset of coherent density and magnetic fluctuations with
frequency in the range of 300kHz and spatial poloidal scale keps ~ 0.04.

M 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

™M Mode onset is associated with monotonic increase of the edge temperature (suggesting
that the gradient is destabilizing)

4 Onset subsequently leads to a clamping of the edge gradient.

M lon spatial scale keps ~ 0.04 and aligned with the pedestal buildup via ELM cycle.

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

First evidence of KBM-like mode limiting the pedestal gradient

« Future and ongoing work:
— Resolve the propagation direction of the mode
— Perform linear gyrokinetic simulations in the edge pedestal to check for dominant mode,,



'Alcator

Backup WOd

13



Hel GPl measurements confirm the presence of the mode in the ‘Aldator
edge region propagation in the electron diamagnetic direction but Itstd
localization remains unclear
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Analysis of Mirnov coils indicates the presence of a ‘Alcator
broadband n=+10 mode characteristics of a ballooning M
mode 1120815023- ernov spectogram
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« n=10 yields kg ~ 0.7 cm™! (note that QCM is a n=20 mode)
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The determined propagation velocity enables the é/c tc;r
localization of the radial structure in the edge region )ﬂ”"
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« Based on the ExB velocity profile the radial structure is localized in the edge region.
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Magnetic signature
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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 Alcator
the threshold for the edge localized modes (ELM) CMod
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Connor, PoP (1998)
Wilson, PoP (2002)
Snyder, PoP (2002)

* ltis hypothesized that ELMs are triggered when the plasma
edge (current and/or pressure gradient) crosses the stability

boundary
( Fundamental question: What sets the pedestal? )
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EPED -leading pedestal predictive model - combines PBM ‘Alcator
and KBM constraints to predict maximum achievable )Cﬂ”"d

height and width
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Combined models for bootstrap
current, PB stability, KBM
stability

Inputs: BT, Ip, R, a, «,0, Nped,
Bglobal

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

Hypothesis: EPED prediction
should match pressure height/
width observed just prior to ELM
onset

Good agreement with
experiment

Test of the KBM argument? Snyder, PoP (2002)
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Density fluctuations at the pedestal top indicates the occurrence Alcator
of the mode when the line-averaged density increases fj”oo’

Reflectometer Fluctuations for Shot 1120815026
b ] [ - \
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* Increased line-averaged
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higher pedestal density
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S(f,k) conditional spectrum at t=1.145s suggests that the A %tor
inter-ELM mode has a radial structure CHod
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* 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.
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Line-integration from field aligned propagating structure %kg
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
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« 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)
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Alcator
Edge radial electric field deepens from EDA to ELMy regimes )c:jﬂod
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Evidence of intrinsic impurity density buildup during  rator
ELM cycle CHlod

0.743328 s

1 | __ C-Mod # 1120815026
2 ]
~ r a .
= 009¢ :
g |
n = C
9 b f
o g 0.8E
O <
S z
>< 07: ]
< - [ T S
0.735 0.740 0.745 0.750 0.755
Time [s]
— Ay S Mod # 1120815026
o A
£
= _
=,
2>
> : . 5
n 1 1
R . 1t AXUV detector .
& ; It 0.744196 s |
o AXUV detector ! 1T 0.748040 s .
< i 0./36260 s : I 0.752008 s |
5 02- 0.739484 s ' -4 F :

80 82 84 86 88 90 92 80 82 84 86 88 0 92
Radius [cm] Radius [cm]

26



KBM has been hypothesized to provide the mechanlsm;%ator
for setting the pedestal width-poloidal-3-scaling SHod

Argument (for standard aspect ratio and

, . « Strong KBM onset imposes
neglecting aspect ratio dependence)

constraint on edge pressure

used in Snyder PoP 2009 gradient, which can be described
20,V [V 1/2 5 when o~ Ocrit
= (27)2 (271'2R0> HOTYP
ped ped
~ 0
W”] <a> <Qerit> » Correlation between pedestal width
— and poloidal f has been observed
Note aepie ~ 1/3/3 on DIII-D, JET, C-Mod, JT-60U,
p MAST, NSTX
e
S scales < ]bootstmp > ( b ) :iiringPNCFFzgggg

OsbornedJNM 2009
Beurkens NF 2011

/ d / d Diallo NF 2012
< Qlgpit > ge :>(A % ge ) Walk NF 2012
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NSTX measured pedestal width scales like (Be¢)* with exponent Alcator

ranging from 0.8 to 1 consistently larger than other tokamaks

0.16—
7 O NSTX-ELMy

0.14—] NSTX fit (0.4 + 0.1)(0°) 100 =02
] NSTX - BCP Theory 0.2(82°%)*®

0.12—

Pedestal width [wn]
| 0|O |

C-Mod - Theory 0.08(85°%)*®

D3D & MAST - Theory 0.07(8°%°%°

0 T T T[T T [ TT T [ TT T T[T T T[T I T T [TTIT[TTTT)
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Diallo Submitted to NF 2013

de

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

— “pallooning 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

FIuctuatlon amplltude averaged between 270 kHz - 300 kHz
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* Inthe ELM early stage, the intensity is peaked at larger radii and increases and
saturates during the ELM cycle.
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Density fluctuation spectrogram from O-mode Alcator
reflectometer show the onset of fluctuations in the )Cj”"’d
steep gradient region
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* Inter-ELM density fluctuations track the edge temperature increase.
« Steep density gradient is clamped but the density pedestal varies over a large range.
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] . Alcator
Motivation C-Mod

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

pedestal of ITER and other future tokamaks
Snyder NF 2009

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. Yan PRL 2011

Boom NF 2012
Diallo PoP 2013

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 Alcator
T . . C-Mod
performance prediction of fusion devices e

» Pedestal is an edge transport barrier associated with high-confinement
regime (H-mode)

e Predictive models indicate that the pedestal height plays a crucial role in

fU S | on pe I'fO rmance Predicted fusion power vs pedestal temperature
at fixed pedestal density
80 " Pressure, T 800 | ITER H-mode —%L{?(S |
- d ity, . F P30 MW7 R |
te;nsel?r);tzrre 700 E n§:§=9.0919 — —-TGLF-APSO7 |
-y C =O
i H-mode Pedestal. % 500 F ¢ 5
: P usion ™
40 1 o 400 /
Pped, Nped; Tped o 300 - _____________________
20 1 200f |
L-mode i |
- 100 F T |
O 1 ] 1 ] 1 ] 1 O O -r._._.—.—l ST R .|| . IKlinsleyIM{cllFuls(?mli
0.80 0.85 090 0.95 100 10 20 30 40 50 60
Normalized radial coordinate T o (keV)
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,/A.bator

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 @e%r
stability diagram CMo

Edge Current [(j,,tisep)/2(D)]

Urano NF 2008
Kirk PPCF 2009
Osborne JNM 2009

Normalized Pressure Gradient () S E o
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‘Alcator
Mode power radial structure prior to the ELM onset )Cjﬂéd

Integrated Intensity [(10'® m®)?]

4000 ——————— ———r s
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* 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 /4,05¢0r
the Hel light fluctuations indicate that the mode is predominant in
ELMy case
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Dedicated Alcator C-Mod experiments examine the pedestal A/cator
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 Here EDA and ELMy regimes are contrasted

— Reduced target density for lower collisionality
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