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Abstract

Edge turbulence across the L-H transition has been measured
using the gas puff imaging (GPI) diagnostic over a 2-D region ~25
cm poloidal by ~25 cm radial at the outer midplane edge and
scrape-off-layer (SOL) of NSTX. An improved GPIl camera system
is capable of imaging up to 285,000 frames/sec for over 50 msec
at 4 ys/frame with a ~1 cm spatial resolution. The GPI system
shows a clear reduction in the SOL turbulence fluctuation levels
over a period <100 us during the L-H transition. The cross-
correlation data from the GPI diagnostic has been analyzed to
determine the time- and space-dependent radial and poloidal
correlation lengths L. and L, and flow speeds V, and V, across the
transition.

Work supported by USDOE Contract No’s. DE-AC02-09CH11466, DE-FG03-99ER54527.
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Outline of Poster

Gas puff imaging (GPI) diagnostic on NSTX
Examples of GPIl images (movies)

Fast dithers before the L-H transition
Correlation analysis of turbulence
Fine-scale velocimetry (Munsat)

Wavelet bispectrum / bicoherence (Poli)

Comparisons with other diagnostics (Kubota, Lee)

NSTX
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Gas Puff Imaging (GPI) Diagnostic

- Looks at D line of neutral deuterium from a gas puff
- View = along B field line to see 2-D structure L B

Shot 113732 — D0.183 s

. e viewing ared
view from center column 5 | % 25425 cm
B Gas Cloud spatial

/ resolution
y =1-2m
Blob—>
_ Outer
Midplane
Reentrant . Filament X _
Viewport [ TPev rvvs o X WIVIPIONY
0.20.40.60.81.01.21.41.6
R(m)

see: R.J. Maqueda et al, Rev. Sci. Inst. 2003
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Interpretation of GPI Fluctuations

» Line emission signal levels « n T P with 0.5 < a, p <2, so
measured signals are nonlinear functions of nand T,
[see Stotler et al, Cont. Plasma Phys. 44, 294, 2004]

* However, turbulence structure and motion are approximately
independent of these nonlinearities (~ “contrast knob”)
[see S.J. Zweben et al, Nucl. Fusion 44, 134, 2004]

=> Assume that structure and motion of GPI light fluctuations
represents structure and motion of the turbulence
(not necessarily the same as the fluid motion)
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Recent L-H Transition Experiment

Shots:
135042
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GPI
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Seconds

Trangition

Q.5

« Standard NSTX discharge

 Transition after added NBI

 Ultra-high speed GPI camera
two Phantom 7.3 cameras
viewing same image but

interleaved in time

=> ~300,000 frames/sec
In 64x64 pixel format
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GPI location in Time and Space

Shots: 30 msec around L-H transition Edge at transition
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Examples of GPl Images from Movie

L-mode period H-mode period

4135043 = 4135043
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SOL :

SOL main |
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IrdfitC ©Irdfit
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Examples of Images at L-H Transition

showing every third frame . e @ 11 ps intervals 25040

aa
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Fast Dithers Before L-H Transition

showing every third frame, i.e. @ 11 us intervals
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Fast Dithers Before L-H Transition

AXIQP T AR

F main L-H

Ix10°F transition :

2x10°F / ]

: fast 3

b2 0 T P A L]
0.242 0.243 0.244 0.245 0.246 0.247

Irdfits sec
* Main L-H transition seen in GPI occurs over ~ 100 ps

 Note 6 fast dithers over ~2 msec before main transition
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Correlation Analysis of Turbulence

+ Use simple analysis via 2-point cross-correlation function of
fluctuations in GPI light signals “S” vs. space and time:

C(AX, At) = 2 Syt t+At)
time

« Correlation time from FWHM of C(0,At) for each position

- Correlation length from FWHM of C(AX, 0) [= 1.6 X 0g4,ssianl
 Turbulence velocity from 2D location of peak in C(Ax, At)

These are averaged over a chosen space and time range

N STX 51st APS-DPP  GPI Measurements of H-mode transition (Roquemore) Nov 2-6 2009



Correlation Analysis vs. Time in SOL

« Some variations with fast dithering & small S/N in H-mode

mean and rms at x=a
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Shear vs. Fast Dithers in SOL

Partial reversal of V, direction during fast dithers in L-mode

No clear Change in normalized flow shear VV (L/L,)x
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Preliminary Results of Analysis

 Before L-H transition, H-mode-like fast dithers occur in SOL:

Occur at ~3 kHz for at least 20 msec before transition
Partial reversal of poloidal velocity at dithers (to EDD)
No clear change in turbulence correlation lengths

No clear change in normalized shear (~ 0 to 2)

 Just after L-H transition, GPI signal is very small in SOL

- Probably due to reduction in density in SOL
- Difficult to analyze SOL turbulence at this time

Analysis will continue...
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Fine-Scale Velocimetry

Y. Sechrest and T. Munsat, Univ. Colorado

« Combination of Opftical Flow and Direct Pattern Matching

techniques used to derive velocity fields from image frames
[Munsat and Zweben, RSI 2006]

* “Dense” flow fields

* No a-priori knowledge of velocity behavior required
* No a-priori knowledge of structures required

* Analysis of turbulent flow fields possible

* Techniques applicable to many diagnostic systems
 Derive higher-order statistics from dense field maps

« “Thresholding” performed to eliminate vectors with low
correlation (<0.9, representing poor tracking)
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Typical Velocity Behavior of Structures

Shot: 135044 t: 0.24418 sec Shot: 135044 t: 0.24478 sec

* L-mode: high curl
(up one side of sep.,
down the other)

15

* H-mode: extremely : -
quiet, with little
velocity g

* % of vectors above
threshold fairly
steady at ~40-50%

Correlation > 90%,
Intensity > .15 x max

T 10

0 S 10 15 20

x [em]
Shot: 135044 t: 0.24524 sec

» Brightness highly
variable as blobs s
come and go

(]

o] 5 10 15 20 0.24300.24350.24400.24450.24500.2455 0.2460
x [ecm] sec
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Poloidal and Radial Velocity vs. Time

« “Dithering” H-mode-like behavior e R O R i
highly visible in time-dependent , = .
velocity field maps 040

o
o
a

» Separate spatial averages (inside and
outside separatrix) plotted vs. t

S
[
o

velocity [km/s]

» Poloidal motion is highly intermittent;
reverses during transition out of quiet/ :

o
N
o

0.243 0.244 0.245 0.246

* Marked difference in V, inside and
outside separatrix -

~77]0.45

-0.40

* During dim periods, pronounced
poloidal velocity inside separatrix (not
fully H-mode quiet)

o
o
)

i

LAl

1 y 1 R A N

velocity [km/s)
Avg. Brightness / Mox Brightness

-- Blobs don’t cross separatrix and
complete their normal trajector-- VAT
Almost no activity outside separatrix 0243 0:244

Avg. Brightness / Mox Brightness
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V-fields Closely Track Local Intensity

Avg. Poloidal Velocity outside Sep.
135042I 1 T 1 1 T

-1-0.10

» Average brightness outside
separatrix (renormalized, to
show relative trends and
direction) plotted with average sf |
poloidal and radial velocities |

I
o
o

Brightness

1-0.20 5

velocity [km/s]

-1.0 + Avg

-1-0.30

* High correlation between
intensity of structures and their
velocities

* Primary motion is poloidal

velocity [km/s]
Avg. Brightness

« Small radial (outward) velocity
of traveling structures also
consistent with intensity scaling

—0.1F
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Wavelet Bispectrum / Bicoherence

F. Poli

M
B(w,w,) = LEXZU XX D The bispectrum characterizes 3-wave
M i1 coupling

w,+w, =0, Resonance condition among

- frequencies
X, =X, (w)= ‘Xl ‘e ' spectral components

‘B(a)l,oz)m)‘2 | |
> > bicoherence (normalized
<‘X1Xm‘ ><‘Xl+m‘ > bispectrum )

b*(w,,0,) =

Average over many samples is needed Use the Morlet wavelet for

for convergence of the bispectrum computations of X,
to Increase statistics

(1) = Lle"wof o'/ Sinusoidal function to extract the mode structure
' Gaussian function for energy localization
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Moderate Increase in Nonlinear

2
B =S ) o (20ns
@ _ GPI (x1.5)

10000 + | | | f | 'ﬂ -
8000 -
6000 F
4000
2000 -

O | | | | |
0242 02425 0243 02435 0244 02445 0245 02455 0.246
time (s)
- the total bicoherence b?,, gives an indication of the level of nonlinear interaction in time

* b? increases ~25% during 0.5 ms prior to transition, during quiet periods (yellow line)
« drop in level of b2, , after the transition
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Change in the Character of Turbulence

Summed bicoherence

_t-1.4ms
50 ' | " 06
iti t -0.6ms
Before transition |t b (w)= Ebz(wl )
60 _t0-04ms W+, =0,
= ~1,-0.15ms Average over 250 samples
o« 40 .
ﬁ __before (@min)
_ before (@max)
201 i,
__after transition
100
OO 26 46 66
80 -
/2 (kHz)
. | _ S 60; -
Increased coupling at intermediate o~
Frequencies before the transition. o 40| ]
Work in progress on 2D data to assess
range of scales involved. 2
Drop in coupling at intermediate frequencies. O 20 40 80
Residual coupling between low and high frequencies w/25 (kHz)
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summary of Nonlinear Coupling

« Within <1ms before L-H transition:
— Indications of an increase in the total level of coupling
— Turbulence character changes
FROM coupling between small and large scales

TO mostly coupling at intermediate-large scales

o After L-H transition

— Drop in the total level of coupling observed

— Residual coupling between small and large scales
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Comparison of GPI with FIReTIP n, Measurement

GPI Pixel (29,32) 135042

3000 — Bayk
3 V4 o
2000 CH1: 32 cm 3
1000 —— CH2:57cm %
CH3:85cm
0 . . CH4: 118 cm %,
0.242 0.243 0.244 rime [s] 0.245 0.246 0.247 CH5 132 cm (new -08)
- - - - a CH7: 150 cm
#135042 A
FIReTIP: CH5 (R;=132 cm) == MBI Anmor
5 --— CH7
E Q o
u L/H
0.242 0.2;43 O.2I44 0.2I45 O.2I46 0.247
Time [s]
e FIReTIP density fluctuation shows weak correlation
e FIReTIP density rising earlier than L/H transition KC. Lee
UC Davis
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TOF [ns]

Density Turbulence and Profile

Information from FMCW Reflectometry

L-Mode Radar Image

1.0

Quiescent
Core

1.5 2.0
Density [x10" ¢m™]

TOF [ns]

H-Mode Radar Image

Edge Turbulence
Disappears

8 Steep Edge
Gradient

e W e

¢
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5
Density [x10% em™]

FMCW reflectometry radar image similar to “ionogram”.
Radial snapshot of electron density profile and turbulence with 7 us
time resolution.

Images show low-k (reflection near cutoff) and high-k (reflection

away from cutoeff) turbulence.

See poster by S. Kubota for details of the analysis techniques.

(S. Kubota)
PP8.00064
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Derwity Seae Length [am]

Electron Density Profile Evolution

Electron Density Scale Length
(at n=1.0-1.5x10"% cm™) Eleciron Density Contours

0242 0.243

0244 0.245 0246 o247 0.242 0243 0244 0,245 0746 o247
Time [3] Time [s]

FMCW reflectometry (At=7 us) tracks fast evolution of the electron

density profile near the L-H fransition.

Edge gradient begins to increase ~1 ms for transition.
Density at the edge (below ~1.5x10'3 cm3) dithers between L-

mode and H-mode gradients (1=0.2452 and 0.2458 s).
Rapid oscillations in the density scale length in a few tens of us.

(S. Kubota)

NSTX
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Comparison of Reflectometer Phase With GPI

135042

GPI Pixel (29,32) =

i & § §

0242 0.243 0244 0248 0248 o247
Tive [5]

30 GHz Reflectometer
Phase

Phase [rodans]

=<ON/N

Tive [s]

30 GHz Reflectometer | 1
Amplitude |

[

N ..L.Jlmjnh Uil “L.tlul. JW&

0242 0.243 0244 0240

(S. Kubota)
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Summary of NSTX L-H Transition

« L-H transition measured with GPI at ~300,000 frames/sec
e SOL turbulence drops over ~100 ysec at L-H transition

« Fast dithers, i.e. H-mode-like quiet times, occur before the
main L-H transition with a frequency of ~3 kHz

» Poloidal velocity changes sign to EDD direction during
these fast dithers

« Some changes in mode coupling <1 msec before transition

* Reduction in SOL turbulence seen with GPIl seems to
precede drop of turbulence seen inside SOL with reflectometer
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