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Typical Density, Temperature, and Floating Potential Profiles
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Turbulence Levels
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Levels increase
slightly with ~ °°

. 0.4
connection length .
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Levels decrease at
higher collisionality
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No Mass Effect -- Ar, He, H similar

Neither density nor
floating potential

7= o .
uctuations vary
with 10n mass
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Annlication of Bias

» Field lines terminate on
1solated end plates

» Biasing one set (set 2 for
data shown) with respect to
others biases annulus of field
lines, imposes radial electric
field, current

» Other plates and vessel
grounded
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Simple Phenomenology

I, (t) -- < n(t) -- from probes across radial profile
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Profile Changes with Bias

Positive, Negative, Zero Bias
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» Temperature ~ constant; density changes modest

» Effects extend outward from plate, esp. negative bias
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Density Fluctuations
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» Reduced across plate
» Effect extends outward for
negative bias




Turbulence Reduction -- Density
Reduction = An/n(B1as)/ An/n(Grnd)

Reduction Factor

Bias Voltage _— -5

1.4

1.2 12
L --20

0.8 — .40

0.6 -4

0.4 6

0.2 _ 8
0 , Bias : : - 10

m -
0.6 R 0.8 1 12 1.4Myg 15
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Turbulence Reduction: Positive Bias
2
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Weak dependence 1> |
on connection 1

length
0.5 I

Reductions weaker
at highest
collisionality,
otherwise little
effect




Less reduction for
long connection 5
lengths, L, =200 m. ;5
Optimum depends on

Turbulence Reduction: Negative Bias

3
2.5

location.

0.5
0
- Ratio
oo Weaker reduction at
,,,,, higher collisionality for

V¥ ~ 0.1 connection lengths from
i 50-200 m
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Similar Turbulence Reductions in H, He, and Xe
" Hydrogen 1.4

Helium
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seen 1n all gases, but
the specific radial
patterns vary with gas,
L,, and collisionality.



Change in Radial Correlation Length

Bias Voltage --35
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Change 1n radial correlation length generally
follows change in turbulence level

Argon L, =40 m
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Measured Flow Velocity
Ion Doppler Velocity for Argon -- The Plasma Ion
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Spline fits -- data points for O bias case only



|Shear]
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Measured Flow Shear

0.9 R 1 1.1 1.2 (m) 1.3 1.4

hear increases greatest for + bias > +10 V
hear not greatly increased for - bias until -20 V

hear often not at locations “needed”






Decorrelation Rate vs. Shearing Rate
(All radii, all bias voltages)

Decorrelation Rate
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Shear often sufficient to stabilize turbulence in
theory, but all combinations actually observed



Shear Magnitude vs. Density Fluctuations

0.8 r

® Normal
An/n - A Reduced
|
0.6 [ u Em [
..f - | = ‘ m ' - u -
n m = m
] ' | I.
n |
. [ W [ Ny - [

u E m A . ] n [

0.4 ‘. . A A 1 'l A >
. , 8 m ¥ mm
A A A . ‘ AA
mA A: :‘AA‘AAAAAAA LI |
0.2 | A 4 - w o ARGl A
A A A AA A
A
A .
0
0 |Shear| 4000 8000 (sh) 12000

» No evidence for a general physical relation
» Turbulence reductions even at low shear
» High turbulence may persist at high shear



Shear vs. Radial Correlation Length

Radial Correlation Length
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» No evidence for a physical relation
» No trace of inverse trend



Density Fluctuations vs. Radial Correlation Length

0.3 r Radial correlation length ,
. Argon

0.25 r . " ’
02 L Co e . Linear fit

' S y = 0.051x + 0.0292

R* = 0.034

0.15
0.1 " -
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0 R . . .
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Correct tendency, but very large scatter and offset
with marginal significance



Turbulence Reduction vs. Change in Length

Radial Correlation Ratio ,
R? = 0.57

1.5 r

0.5 r

0 0.5 1 1.5 An Reduction 2 2.5

Change 1n radial correlation length roughly
correlated with change in turbulence level







V, (Poloidal) Flows -- Zonal Flows ?

Theory and simulations == Turbulence “interchange-like™:
Zero frequency, non-propagating in plasma frame ==y
Apparent propagation indication of flow

V_ inferred from density fluctuations at probe pairs Az=
0.04 m at top and bottom for various R: Cross-
correlation and cross-phase over 10s sample, and cross-
correlation over sequence of 1 ms sub-samples.

Zonal Flows -- Essential Characteristics
» Flow “m=0; ®=0" Same at top and bottom

» May vanish over 10s (~10° Ty o relation)

» Should be clear and slowly varying in sequence of 1
ms subsamples (~10 T ... relation)



e, . Density gradient region

R=1.24m

At

0.0001 r Top

0.0000

» Clear mean flow -- well-defined delay time At,
consistent top/bottom

» No secular variation

» Small, fast random variations about mean -- local
turbulence



0.0005

At

-0.0005 -

Near Density Peak (R =1 m)
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No mean flow; only local turbulent fluctuations.
Fast, random variations in delay times; top and

bottom independent.



General Flow Characteristics

» In the density gradient region (R = 1.2 m), well-defined
mean bulk flows <V_(R)> ~ 1000 m/s,
consistent top/bottom by all measures with no secular
or shot-to-shot variation and small, fast random
variations about mean in the sub-samples.

» Near the density maximum (R < 1.2 m), flows less well-
defined. Most often, no mean flow, no top-bottom
consistency, and random fast variation in sub-
sample times -- flows are local turbulent motion.

» Never a characteristic zonal flow -- a clear flow but
with secular or shot-to-shot variation. All flows are
mean equilibrium bulk flows.
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Fields from 3-D Calculation

1 m X 2 m cross-section
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Flow and Flow Shear -- Normal,

Flow (V)

Flows modified,

especially near plate =

boundary
(Bias values scaled to T,)

Flow Shear
Shapes change, but

significant increase

=

only for + bias, the case
of weaker suppression
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Relations Between Turbulent Fields

e No strict covariance,
as in a simple linear
theory, but all levels
comparable.

e Density fluctuations

“independent” of others.

e Temperature and
potential most closely
related, but temporal
cross-correlation
negative.

0.8

0.6

04 r

0.2 r

AQ/Te .
pA .
g ¢ = 0.99
* @®8Beee o o y = 9.99%
o ® PS ‘0 L 4 0 Q ‘\
* °%3° 0“‘ ¢
.“ A * P L 4
* @ *
MR § L ‘£ *
L 4 PS ,00
* ‘0‘ *® e o
*e L 4
L 2 » * *
® R o @ ¢ XS * o
L 4 ® o Q‘ ® e o oo * L 4
0.2 0.4 An/n 0.6 0.8
ATe/Te
-~ A
A y = 0.96x
AaA 4 adaa a N e
A A A
A A A o
A A A 4 A A A ‘_-—-" A
“ A Nl Sl A A
ﬂ‘ at "k Aaaa A
AA AL T, AN
A atmp Al KT 4 A
A -
e A, LY VY'Y
A e A
eEh, = A M‘
2 AA A A
0.2 0.4 An/n 0.6 0.8
ATe/Te
/ y = 0.78x
s, R? = 0.68
A A LA
anda 45
A A .t A
T e :
A .
A AA A A__A-‘_ A A
A A
A M —— ? AA A‘
A - A
AA'A';“A A
A-ak A AAAA
L oma As, L taaaat, 4
kK A
0.2 0.4 0.6 AG/Te 0.8 1



Gradient Region
Propagation with high coherency
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Correlation Lengths

Perpendicular
correlation lengths
comparable with
scale lengths;
small compared
with plasma size

Parallel correlation
length comparable
with connection
lengths; waves
coherent over L,

0.8

0.6 [

0.4

0.2 r

0.8 r

0.6 r

0.4

0.2

Vertical
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Parallel correlation
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General Features of Power Spectra P(w)

Based on 100,000+ spectra from all observable conditions

1. At high frequency, P(w)xw™, 2<k<5
2. Absolutely nothing else!

e Examine individual spectra

» Optional inertial range,
P(w)=constant at low w

e Optional peak at finite ®

e Optional intermediate power
law, P(w)xw, s<k

e Great variation in power law
exponents

* Never a good fit to an
exponential

10000

100

Power

1000

10

1 L

0.1

0.01

\

e Inertial range
e Peak in w

e k~-5 (2 decades)

100

1000 Frequency

10000 100000



Power Spectra P(w)

* No inertial range
e No middle range
e Power law,
2+ decades,
various k

* Exponential fits
limited, ~1 decade
* Wide T range

e Lorentzian (tail)
T << Autocorr T

10000

0.1

0.01

10000

Power

1000 r¥

10

100 1000 Frequency 10000 100000
: ° °
:
TN Exponential Fits
1 ‘
100 - ¢ % 20 ps
|l 250 ps - " -
70 ps e 10 us
1r v -
. . e, 7 ys, 1.5 decades
Lorentzian pulse width < '
7 HUs
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0.01

0 10000 20000 30000 40000 (Hz) 50000



0.0010 ¢ -

At

0.0005 r
0.0000 ="
-0.0005

-0.0010 &

Near Density Peak (R =0.9 m)

* Top

. |
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SN R 115° 410
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Bottom

Some clustering at At=0 (V, ~ 0), but mostly fast-
changing, random turbulent variations with top and

bottom independent.



Near Density Peak (R =0.9 m, + Bias)
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Some clustering at V, ~ 1000 m/s, but methods
and top/bottom differ somewhat, and substantial
fast, random scatter.
=) Strong turbulent modification of mean flow.




Turbulence Levels

0.8 r An/n
Levels increase ¢ | 6 kW
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(density) 1 kW
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Turbulence Reduction: Power

Reductiq Positive Bias
Effect disappears '° [ L kw
at low power 1 e\ S
(density) .
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0 1
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Helimak

Probe plate connections
Movable probe
Vacuum Vessel

Toroidal field coils

Vertical field coils
Magnetic probe
Microwave feed
Magnetron
Amplifiers and A/D

Scale

Optical Vertical View



Radial Flows

Radial Cross-correlations: /\

No indication of mean 7&

flows

Time delays from 1 ms sub-samples

Time sequence
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Uniform distribution, random sequence =No flows




Relation of Turbulence Reduction to Velocity Shear in Interchange Turbulence

K.W. Gentle, W.L. Rowan, University of Texas at Austin
B. Li, Peking University

S hear in the flow velocity transverse to the magnetic field is a very general mechanism for stabilizing turbulence in a magnetized
plasma, and most cases of turbulence suppression, from H-mode to internal transport barriers, are attributed to this mechanism. The Helimak
allows a controlled study of the relation between flow shear and turbulence in a simple geometry with good diagnostics. The Helimak is an
experimental approximation to the infinite cylindrical slab or Simple Magnetized Torus. The magnetic geometry is similar to the tokamak
SOL at the outer midplane, turbulence levels are similar, and simulations show the instabilities are dominantly interchange-like. The device
is large compared with scale and correlation lengths. Since the open field lines terminate on the ends of the finite cylinder, radially-
segmented isolated end plates may be biased to allow application of radial electric fields. A plasma flow is thereby driven in the axial
(“poloidal™) direction. Above a threshold in applied voltage, the fractional turbulent amplitude is greatly reduced. The experiment is
uniquely simple because the equilibrium is largely determined by end loss -- suppressing the turbulence does not lead to inexorable strong
changes in the equilibrium. Turbulence reductions occur for both positive and negative bias and without hysteresis in the control voltage.
Concurrent measurements of the ion flow velocity are made by Doppler spectroscopy. The argon plasma produced by ECH has cold ions that
give no diamagnetic contribution to the measured ion velocity.

T he observations are compared with the results of a two-fluid, 3-D nonlinear simulation of the SMT that shows the basic features of
the normal turbulence — a high level of interchange-like modes -- as well as turbulence suppression at sufficient bias. Although large changes
in turbulence, turbulent structures, flows, and flow shear are seen in both experiment and simulation, the suppression is not associated with a
simple increase in local flow shear as one might expect. Zonal flows are never observed experimentally. Although there is no general
correlation between turbulence level and radial correlation length, the local change in turbulence level with bias is roughly correlated with the
local change in correlation length.

Work supported by the Department of Energy OFES DE-FG02-04ER54766.
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