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Abstract

@ NSTX =

Electron gyro-scale fluctuations are studied to reveal the existence and nature
of electron temperature gradient (ETG) turbulence in NSTX plasmas. The
role of parameters relevant to ETG turbulence, such as VT, §, and T/T,, are
highlighted. Fluctuation spectra are obtained using a multi-channel,
collective scattering system that measures fluctuations with k, < 20 cm~' and
K.p. = 0.6. The system measures up to five distinct wavenumbers
simultaneously, and the k-space resolution is dk, = 0.7 cm™'. The probe and
receiving beams are positioned nearly on the equatorial midplane and
configured for tangential scattering, so measured fluctuations are primarily
radial. Steerable optics can position the scattering volume throughout the
outer half-plasma from the magnetic axis to the edge. In addition to fluctuation
spectra, transport calculations using TRANSP and linear gyrokinetic
calculations using GS2 are also presented.

This work was supported by the U.S. Department of Energy under Contract Nos.
DE-AC02-76CH03073, DE-FG03-95ER54295, and DE-FG03-99ER54531.



NSTX “high-k” scattering system
measures fluctuations up to kip, = 0.6

280 GHz (A=1 mm) scattering system

Instrumental minimum detectable
fluctuation is A /n~10-

5 detection channels
— ko spectrum with up to 5 discrete k.
— w spectrum from time domain sampling

Probe and receiving beams positioned
nearly on equatorial midplane
— System sensitive to radial fluctuations

Steerable optics

— Scattering volume can be positioned
throughout the outboard minor radius

First data during FY06 run campaign
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Electromagnetic waves scatter
density fluctuations

Wavenumber and frequency matching conditions %R

— —

ke=ki+k and o= +o

Bragg condition
— high frequency probe beam: w,>>w — ki =Kk
— need multiple detection channels to construct k-spectrum

k = 2k; sin(@/2)

K-space resolution is set by the beam size
— trade-off between spatial and k-space resolution

Scattering volume — spatially localized measurement

off

eceiver

K A
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Scattering system layout

DO NSTX=
« BWO source
é:\ — outside test cell
9’%“@\_ — ~100 mW at 280 GHz
| BN Overmoded, corrugated
- s e waveguide
Collection f= ‘ /P — low-loss transmission

‘ Laahch
Optics

Steerable optics
— quasi-optical design

Reference  Probe
Signal Beam

Heterodyne receiver
— 5 channels

— reference signal
extracted from main
beam




Scattering system plcture% NTY—
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exit
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Heterodyne receiver
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Gunn LO
l 280 GHz
mixer |IF amps
reference %, | tracking 880 MHz
signal from — S | Gircuit
BWO z <3.75 MHz
power splitter
spectrum | | | |
analyzer
Gunn LO
l 90°
mixer IF amps | a5
scattered o S o
signal from — /'O/c#@ D@ I Q ==
plasma a _® 59
Detection Channel (x5)




Steerable optics enable good radial coverage
DO NSTX =

Inboard r/a =0.05 Intermediate r/a=0.4 Outboard r/fa=0.75
Kip, up to 0.7 Kip, up to 0.3 Kip, up to 0.2




Ray tracing calculations needed to ensure

k-space alignment & to interpret measurements
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k, distinguishes good data from junk data because plasma turbulence
satisfies k*B=0. ky/k. is needed when comparing to nonlinear GK simulations.
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ETG critical gradient, based upon linear GS2
simulations, predicts onset of fluctuations
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/

Linear GK
simulations

/

Nonlinear GK
simulations

Xe (0% v/Ly)

0 Ll Ll L1l Ll Ll Ll
0 2 4 6 8 10 12
R/L~R/Ly
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Key questions and answers
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Question:

Answer:

Question:

Answer:

Question:

Answer:

Do turbulence-like electron gyro-scale
fluctuations exist in NSTX plasmas?

Yes.

Do electron gyro-scale fluctuations in NSTX
plasmas exhibit ETG turbulence characteristics?

Yes.

Can high-k turbulence impact electron thermal
transport in NSTX plasmas?

Yes.
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Case 1: R/L;, and neutron emission fall
when core fluctuations saturate

124885 - Ch. 4
. 124885: 4 MW NBI, T
0.7 MA, 5.5 kG, D fuel s s
« High-k measurements at  § §
R=113cm, r/a=0.25 £ 2 g2
0.30 0.535 0:40 O,I45 0.50
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124885 - Ch. 5

-20
-22

Power (dB)

neutrons fall
when turb. is
fully developed

e ol

030 035 0.40

- 382.0 mg
415.0 mg

Time (s)

045 0.5
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Case 1: Core fluctuations appear as
R/L+, approaches critical value
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124885 - Ch. 4

Frequency (MHz)

O,SG 0.1:35 0.I40 0.45 0.50
Time (s)
124885 Ch 4

3?9 0 ms
-22 420.0 ms

24
26/
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-30°
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-2 0 2
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Power (dB)

124885 - Ch. 5

124885 @ 113.0 cm

. Measured Gradient
_ Theoretical Critical Gradient

Power (dB)

0.30 0.35 0.40 0.45 0.50

Time (s) [ ————
124885-Ch. 5 ol T
Sl
0.30 0.35 0.40 0.45 0.50
Time (s)

-2 0 2
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Note: The magnetic shear at the measurement location, § = 0.05,
is not within the validity range for the critical gradient formula.

13



Case 2: Higher Te achieved when core

fluctuations are reduced in similar discharges
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125180 - Ch. 4 125182 - Ch. 4

- 125180 & 125182: 5, 5 M
2 MW NBI, 1 MA, 5 of 2 B
5.5 kG, He fuel g2 __ g < g

o | AR w1 -30

» High-k measurements at " e T e
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2 26 2 26
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Case 2: Only slight difference in magnetic
and rotational shear observed
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Case 3: Fluctuations increase in
confinement region at higher B

« 124888 & 1248809:
4 MW NBI, 0.7 MA, D fuel

* High-k measurements at

R~133cm, r/a = 0.68

400/420 ms | k p, | k,p | ko/k,
Ch. 1 0.34 | 20.7 | 0.21
Ch. 2 0.25(15.3(0.21
Ch. 1 0.30(18.3|0.23
Ch. 2 0.22]113.5(0.22

ne (1e13/cm**3)

6
5
4
3
2
1
0
1
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124888 - 4.5 kG
124889 - 5.5 kG

Channel 1

389.9 ms
-+ 425.0 ms

3 -2 1 0
Frequency (MHz)

1

P\E

- 398.3 ms
- 431.7 ms

Radius (cm)

00 110 120 130 140 150

—

S 08
Q

X 06
2 0.4

0.2}

0.0

Channel 2

389.9 ms
- 425.0 ms

3 -2 1 0 1
Frequency (MHz)

a

398.3 ms
- 431.7 ms

100 110 120 130

140 150
Radius (cm)
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Case 4. Appearance of core fluctuations

coincides with R/L;, exceeding critical value
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124887: 4 MW NBI, @ 300 ms K,po | K, ps Kq/K.
0.7 MA, 4.5 kG, D fuel
Ch. 4 0.30(18.3|0.37
High-k measurements at Ch.5 1039]234]034
R=~=113cm, r/a= 0.25
124887 - Ch. 4 124887 - Ch. 5 . 124887 @ 113.0cm

§ o R ; 2 | | |
s S 2 b o 24
g g o s 26
] ] , § 28 - Theoretical Critical Gradient .
E B £ | 05 (note: §=0.02-0.1) l
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Time (s) Time (s) =
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o 2 w5oms g 2 wsems | |
% ol § 6 : Measured Gradient
0%: 28 GE_ .28 I

-30 -30 ; Sl e

O R T o2l B TR 0.25 0.30 0.35 0.40 0.45
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Case 5. Core fluctuations grow as

R/L+. approaches critical value
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. (1)274;3/'8'1:44 I\:I(\(/;V l\[l)Bfl, | @ 420 ms |k, p, | k,ps | Ke/k,
_ , 4.5 kG, D fue Ch.4 |0.28|16.7|0.55

* High-k measurements at
R=~113 cm, r/a =~ 0.25 Ch. 5 0.37122.2]10.49

87-Ch.5

87 -Ch. 4 124887 @ 113.0 cm
T | T

107

-20

-25

Theoretical Critical Gradient ]
9~  (note: §=0.02-0.1 near 520 ms) 7

T Time(s) T Time(s) i j
124887 - Ch. 4 124887 -Ch. 5 ] |

PR A LS PN S 0
1 391.9 ms _
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Frequency (MHz)
Power (dB)

RIL.,

g 2 weems g 20[4999ms i Measured Gradient
5 -25 5 25! I
; P> .
o =30 o =30 ] 1
35 354 0.35 0.40 0.45 0.50 0.55
2 0 2 2 0 2 Time (s)

Frequency (MHz) Frequency (MHz)

Fluctuations grow before reaching critical gradient.




Case 6: Turbulence exhibits Doppler shift

as plasma spins up due to NBI
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Y (1)274&9:1345'\/|k\g '\[‘)BfL | @ 160 ms |k p, | k,p, | ky/k. | kr(cm™)
. : ue
_ ’ : Ch. 1 0.32119410.26| 1.24
* High-k measurements at
R =~ 135cm, r/a ~ 0.68 Ch. 2 0.21112.910.29| 0.96
124892 - Ch. 1 124892 - Ch. 2
o I = 124892
s s 2 g | 1 150 [ T
3 2o g 8- i |
2R N ) @ 100 1256 ms |
Tig{;5(s)0‘20 0.25 0.05 Tim;)5(5)0.20 0.25 g 1856 ms
o 124892 - Ch. 1 | o 124892 - Ch. 2 S 50'_ |
?20 | ?20 0\//\—\/\
& 25 L 100 110 120 130 140 150
30 bR Al 30 il WU Radius (cm)

Frequency (MHz) Frequency (MHz)

Fluctuations propagating in the electron drift direction (f>0)
Doppler shift to the ion drift direction (f<0).
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Case 6: Mode frequency, Doppler shift, &
observed frequency are qualitatively consistent

Frequency (MHz)

Power (dB)

Time (s)

124888 - Ch. 1

Frequency (MHz)

Power (dB)

Frequency & growth rate (MHz)

0.0 M

-0.5 -
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124888 @ 227 ms & 135.0 cm

" Mode Growth Rate

Mode Frequency
. (f>0is ion drift dir. &
- f < 0 is electron drift dir.)

1.0/
3 2 40 1 2 0 Measurement
Frequency (MHz) Frequency (MHz) 15 B range ]
f> 0 is electron drift direction and 01 10 100 100.0
f < 0 is ion drift direction k th*rho_ s
@220 ms | k, p, | k,ps K Vp fdop=kTVT/27c fero f=fdop+fETG ETG fluct.
(cm1) | (km/s) (MHz) (MHz) (MHz) shift to
Ch. 1 029 (17.7]| 1.25 | 774 1.54 -1.1 0.44 ion drift
Ch.2 |019[11.7| 0.96 | 76.6 1.17 -0.6 0.57 direction
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Summary
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The NSTX “high-k” scattering system measures electron
gyro-scale fluctuations at multiple wavenumbers; scattering
volume can be positioned throughout r/a ~ 0.1- 0.9

Electron gyro-scale fluctuations in NSTX plasmas exhibit
ETG turbulence characteristics and appear to impact
electron thermal transport

ETG-like fluctuations observed in both core region (r/a~0.25)
and confinement region (r/a~0.7)

Fluctuations can appear when the measured gradient is
below the critical gradient

Fluctuations in the confinement region increase with
higher B+ (preliminary)
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