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Overview of results

ATV,

First measurements of high-k turbulence (k~35 cm!, k;p.~10) on DIII-D have
been made.

— Combined with low and intermediate-k measurements, these provide a new,
more complete picture of turbulence behavior on DIII-D.

— Clear turbulence signals at k~35 cm-!, k;p,~10 using new mm-wave
backscatter.

— kp, ~ 0.2-10 a range relevant to ITG, TEM and ETG instabilities.

GKS code shows plasma unstable to ITG, TEM, and ETG consistent with
observed turbulent activity

— however some differences between GKS and observations found.
— High-k (k~35 cm!, kp,~10) turbulence increases with Te increase (with Ln,
L_Te ~ constant) seemingly contrary to expectation.

Both measured and cal culated response to perturbations (NBI, ECH) varied with
wavenumber, supporting need for broad wavenumber comparisons.
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M otivation

Growth rate spectrum at p = 0.6
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Detailed comparison of transport
properties and broad wavenumber
range turbulence measurements to
theoretical predictionsis essential in

developing this predictive capability.
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* The understanding of anomalous
electron and ion transport leading to
development of a predictive
transport capability represents a
significant scientific challenge.

* Provides confidence extrapolating
to next-step devices.

* Potentially lead to improved
transport control (1 optimized

pressure profiles and enhanced
AT fusion performance.



Broad wavenumber diagnostic set being developed at DIII-D to
address anomalous electron and ion transport

k (cm™) » Wavenumber region potentially occupied by
0.1 1 10 100 |TG, TEM, and ETG type instabilities.
e 09090909090 » Diagnostic k-space large on DI 1-D
' _ i * UCLA FIR scattering system upgraded to
- ' probe low (0-2 cm) and intermediate

I Backscattering wavenumbers (8-20 cm'l)

&PCl —>

' » New concept high-k backscattering system
added ( ~ 40 cm!) (UCLA).

: » U. Wisc. beam emission spectroscopy
! . (BES), upgraded for improved sensitivity,
' i probes 0 - 3.5 cm-!

and long A P =03cm . - -
! S - * MIT phase contrast imaging (PCI)
1 L2l 1 Ll 1 a2 aaaal 1 _ _1
0.01 01 1 10 upgraded to probe core plasma, 0-30 cm-!.
K Ps * Fluctuation and correlation reflectometry

DIlI-D probe 0 - 5 cm -1,
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Properties of FIR and mm-wave turbulence diagnostics

Diagnostic K krange Kkgp. Spatial
(cm™) resolution

Low-k FIR Kq 0-2 0-0.3 [ -a a]
-1<p<l

Intermediate-k FIR kg 8-15 2-5 varieswithk, e.g.

-04<p<04
02<p<0.6
High-k mm-wave k., 35-40 ~10 ~al2
backscatter Pp=04
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Collective scattering principles

» Collective Thomson scattering is well-suited to study short wavelength
turbulence — only known technique to probe such short wavelengths.

Momentum matching gives Energy conservation gives

Kk, =k, . - |
- = W+W,, =W i.e scattered radiation Doppler shif ted by

propagation in lab reference.

Bragg L aw:

For k; ~ k,, can show that
k,, = 2k;SinB/;

Where 0 is the scattering angle.

[ When scattering is backward (~180°) probed wavenumber ~2k; ]

— ks ki >
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Low & intermediate k measurementsvia FIR scattering

N\

288 GHz sources

Low k receiver

)

Intermediate k
receiver

Incident &
:| retoreflected beam P.\ Carbon ftile
-------- L

Parabolic mirror

 Forward scattering at 288GHz (A ~1mm).
» Low and intermediate-k passed multiple validity tests: no cross correlation
between signals, Doppler shifts consistent as k changed.
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Validity tests of intermediate-k data

__ localized scattering 107" |

l ST e volumes
- [} =
-,-' ] 1"|.

107" |
14-16 cm!

Pover (a..)

o

radial elecirie Teld I-'.r

10-12 emy!

— 10
- . i S0 LD 1500
radius r/a f(kHz)

e |nitial FIR data from Ohmic discharge.
» Expect proportionally higher Doppler shiftsask isincreased
» Size of scattering volume appx. same - overlap of volumesis~ 10 cm.

» Spectral width at higher k larger than that at lower k by approx ratio of k’s.
o Consistent with Doppler shift Aw = kv (dominated by ExB turbulent flow)

FUATENLLL FLINDN MLCKITY



Low and intermediate-k power spectra have different
widths and no correlation

- Power o Cross-correlation |

ar 107 ;' |J| 3107 o 0B
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» Ohmic discharge, FIR data.

 Low-k is chord averaged while intermediate-k from p = 0.4-0.8 .

o Intermediate-k spectrum wider in frequency space.

 Important test: No cross-corrdation between low and intermediate-k signals:

[J low-k not contaminating intermediate-k, and vice-versa
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94 GHz backscattering to probe high-k

94 GHz backscattering system

N\

f.. resonance

.

Parabolic mirror

\
e 94 GHz radiation is shown in green and the 288GHz FIR in red.

 2f., resonance |layer used as beam dump for 94 GHz probe beam.

» High-k data passed multiple validity tests.
pii-b



Multiple tests of mm-wave backscattering performed

» Backscatter signal clearly
different from lower-k
signals, e.g. showing none of
coherent modes often seen at

| e low-k.
" sectionoftokamak " ...+ No coherency was found
locy between the low-k FIR and
-4 backscattered signal.

« Concept of wavenumber
matching provided excdlent
test of system performance.

k near edge k near center

mismatch angle

DI - probe beam

* G e mm-wave backscatter



K-matching requires both magnitude and direction to match

- lo-l- "
> .
3 o8l Mirror 3
g angle g
5 ()
3 9-6f .\ scanned s
a o
3 0.4} %
I . g
= 0.2¢ A )
A S
0 2 4 6 8 15 -10 -05 00 05 10 15

. mismatch angle (degrees
mismatch angle (degrees) gle (degrees)

In scattering theory, if wavenumber probed does not physically align in such away
as to satisfy the momentum balance then no scattering occurs.

Instrument function given by [Slusher and Surko, PhysFluids1980]:

- - 2 _k.,z 2 - _qu 2
ES{R?HI=[R:mt?”%[ﬁiﬂd”{dze;{p(- {Kx 41] ED)EKP( {KF : ,IJ ﬂu)

_ _ * {exp(i(K, + kg ~ k3)z] exp[ - iw (t - R /c) (K, w) + c.c.}
Changed K, by varying mirror angie and by moving plasma.

Good agreement with theory expectation further confirming diagnostic operation
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| nitial measurements of low (0-1 cm-1), inter mediate (15 cm -1), and
high-k (40 cm -1) density fluctuations performed

kDps ~ 12 kDps ~ 5 kDps ~ 02
O‘.................., 1...................: O"'l"'l"'l"'l"'
10k 20 ol @1 OF5emt 0] OFo-1cmt (c)
L 1 10_1. 1
= = 10°% =
S s < 107
5107 & 18
s S -l 3107 1
a o a 10 ¢ N . { A
: BN e e L A RN 1
107 N g2 \ (T A N s
0 200 400 600 800 1000 ~ 0 200 400 600 800 1000 0 200 400 600 800 1000
f (kHz) f (kHz) f (kHz)

» Initial data in Ohmic, diverted plasma, [,=1MA,n
B;=2.1T.

e krange consistent with ITG, TEM and ETG type instabilities.

* Gaussian fits give ~50 kHz and ~490 kHz for the high-k, 260 kHz and
24 kHz respectively for intermediate and low-k.

=2.6x10"Y m3,

e,avg

— The observed trend is for increasing frequency width with
increasing wavenumber.
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GKSlinear stability code indicatesthese discharges unstableto a
wide range of instabilities: ETG, ITG and TEM.

* Real frequency of unstable modes
from GKS over radial range p =

0.1-0.9

— for different k values.

» (Colored squares indicate Gaussian
widths of measured fluctuation

Frequency (MHz)

\ w spectra.
1 cm—L 2 em-1 1 + Magenta line is electron bounce

_015-| c by oo o b oo boeocoa b o - frequency, O.)b/ZTTNSI/zVe/Rq
00 0.2 0.4 0.6 0.8 1.0

» Data and predictions are seen to be
Radial position r/a similar.
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M odulated probe beam shows sgnal isnot due ECE

ot shot 120784, channel: mmspc3, log scale of (autopower)“tlgé%sity
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mm-wave backscatter signal not dueto ECE

ECE signal from rho = 0.57, 0.62, 120321
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Mon Oct 18 11:09:46 2004, User is rhodes
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ECE and
mm-wave
backscatter
signals
clearly
different.

mm-wave
does see 94
GHz ECE
whichis
similar to
ECE system.



Short duration NBI used to affect turbulenceand Te

shot 118561, channel: mmspc4, log scale of (autopower)*ftensity

0.065

3000

e Intermediate-k (11 cm-i, k ~11 cmr, k.p.~3

kyp,=3) turbulence

2500
decreases with NBI.
e Low-k (~1cmt?, kp=.3) =
g/ 2000
and high-k (35 cm?, -
kp,~10) turbulence

) . 1500
increase with NBI.

* NBlincreases T, but little

affect on other parameters. ~ 0.30

0.10 "RMSlevels

1600 1800 2000 2200 2400 2600 2800
bni-b time (msec)



Short duration NBI used to affect turbulenceand Te

Yntensity
scale
0.085

shot 118561, channel: mmspc3, log scale of (autopower)
* Low-k (~=1cmt kpp=.3) k ~1cm? k-p~0.3

turbulence increases 2150

with NBL

2100

f (kHz)

2050

0.000
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Short duration NBI used to affect turbulenceand Te

shot 120321, channel: mmspc4, log scale of (gutopower)*fntensity
0

2000

« High-k (35cm?, k p~10 k ~35cm?, kp,~10
turbulence increases
, 1500
with NBI.
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Short duration NBI affects mostly Te

n_e (10713 cm-3)
N w A~ Ol

=

O'm
1

20

| zpte_exp =a/L_Te | zpne_exp = alLn_e

zpti_exp=a/L_Ti -

Ol—=e=

0O 02 04 06 08 10 00 0.2 04 06 08 1.0 0O 02 04 06 08 1.0
rla rla rla

« Little change in L_Te or other parameters with short duration NBI
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Short duration neutral beams used to modify
profiles and fluctuations

Neutral beam injection power
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Different dischar ge showing high-k
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A(k =1cm?)
kop,~ 0.3

A( k =35cm?)
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Fluctuations respond differently depending upon
wavenumber

« RMS levels are integrated across the frequency
range where the fluctuations appear.
« RMS levels are seen to respond quite differently,

— with the low-k increasing to a maximum after the
beam turns off

— Intermediate-k decreases to a minimum.

— Interestingly the high-k fluctuations also increase
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Responseto short duration NBI: both h measurementsand GK S
predictionsvary with wavenumber

kDpsz 03 kDpsz 3 kDpsz 10
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£ 100}
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Responseto short duration NBI: both h measurementsand GK S
predictionsvary with wavenumber

k=1cm-1 k=1cm-1 k=1cm-1
— %)
— © S
: 4l ~ o o
g n g S
~ :l/ ~
('T.) 5 ® 5‘
% 107¢ = S
g = =
10°F = 2
0 50 100 150 00 02 04 06 08 1.0 00 02 04 06 08 1.0
f (kHz) rho rho
k=11cm-1 k=11cm-1 k=11cm-1
- - 200 - - - - - 300 - - - -
—_— ' - @ 150} y S
Ohmic = 10° 3 S 200} W o
8 S 100} =) 100
— ~ > F
2 10° g s50f 2
g IS g 0
o
— NBI 10° 5 ° g
. . . -50 = -100 . . . .
-1000 -500 0 500 1000 0.0 02 04 06 08 1.0 00 02 04 06 08 1.0
f (kHz) rho rho
k=35cm-1 k=35cm-1 k=35cm-1
10" A 400 T - 800 R
- 2 300t S 600}
=S [y o o
S 10%¢ n 8 200} 2 400}
— ~ >
S g 100} 2 200}
£ 10°% £ g
< 0 o 0
> o
, , . . -100 =200 . . . ,
0 100 200 300 400 500 0.0 02 04 06 08 1.0 00 02 04 06 08 1.0
f (kHz) rho rho

Mon Oct 18 10:59:15 2004, User is rhodes

ﬂﬂ'l-ﬂ 118561 and 120321
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Response to short duration NBI: high and intermediate k
measur ements differ from expectation

* GKS calculations for low-k (k p~0.3) show an increase in growth rate
over much of radius consistent with observed fluctuation increase.

* Intermediate-k (k p,~3) decreases with NBI but GKS predicts increase
at edge and possible decrease in core.

* High-k (k p~10) increases with NBI but GKS shows little change.

— Only change in plasma i1s increase in Te so that increase in high-k

seemingly contrary to expectation.

FAATIEVAAL FLINIDN mACT
LLL]

pIN-D



Electron cyclotron heating (ECH) modifies

profiles (n,and T,) and fluctuations

ECH power (a.u.)

] ECH
3 power
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Electron cyclotron heating (ECH) resulted in
different changesfor different wavenumbers

« Integrated fluctuation signals from low-k did not
change appreciably with ECH

» Intermediate-k decreases (~10%)
* high-k increases (~10-15%).
» The high-k fluctuation level decreases rapidly after

ECH turn-off, similar to the Te signal from the outer
part of the plasma

« It should be noted that Ti did not change appreciably
during the ECH.
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With ECH electron heat flux increasesfor p = 0.55

g_e (W/cm”"2)

FLATIEVAAL FLINDN

electron heat flux ion heat flux
8 AL A B B 08 -
6 — i
_ Ohmic 0.6
[ S [
T ECH S 04|
: \\;/ 0.4 .
2+ =
[ o -
- é 0.2
0 .
5] I 0.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

normalized radius, p normalized radius, p

Increase in q, correlates with increase in high-k fluctuations, intermediate-k
centered at p=0 S0 decrease in g, might also be consistent.

Ion heat flux also increases, but to a smaller extent, doesn’t appear to correlate
well with little or no change in low-k fluctuations.
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ECH affectsboth n_,and T, and their scale lengths

8t 8t : .
zpne_exp = alLn_e zpti_exp =a/L_Ti
CD| 6F 6F
c
-l
T 4t 4F
2F oF
. . . . 0 . . . . 0 . . . .
0 02 04 06 08 1.0 00 02 04 06 08 1.0 00 02 04 06 08 1.0
rla rla rla

« Little change in T1 with ECH
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Responseto ECH: both n measurements and GK S predictions
vary with wavenumber
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Responseto ECH: both n measurements and GK S predictions
vary with wavenumber
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Responseto ECH: both n measurements and GK S predictions
vary with wavenumber

* GKS calculations for low-k (kp~=0.3) ) appears different from observations but
Er' needs to be accounted for.
* Growth rates for intermediate-k (k p/=2) both decrease and increase with ECH.

— Observed signal comes from different radii so different frequencies may be associated

with different radial positions, indicating a radial variation in fluctuation response.
« Growth rates for k = 35 cm™! (k;p,~10) decrease in core and increase near edge.

— Experimental data shows an increase which appears inconsistent with the signal

coming from a radial extent of p=0.4to 1.0.
— Very interesting observation with more work needed to fully understand it.
« Changes in electron heat flux roughly correlate with high-k fluctuation changes.

— Ion heat transport does not appear to correlate with low-k fluctuations.
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Summary

ATV,

First measurements of high-k turbulence (k~35 cm!, k;p.~10) on DIII-D have
been made.

— Combined with low and intermediate-k measurements, these provide a new,
more complete picture of turbulence behavior on DIII-D.

— Clear turbulence signals at k~35 cm-!, k;p,~10 using new mm-wave
backscatter.

— kp, ~ 0.2-10 a range relevant to ITG, TEM and ETG instabilities.

GKS code shows plasma unstable to ITG, TEM, and ETG consistent with
observed turbulent activity

— however some differences between GKS and observations found.
— High-k (k~35 cm!, kp,~10) turbulence increases with Te increase (with Ln,
L_Te ~ constant) seemingly contrary to expectation.

Both measured and cal culated response to perturbations (NBI, ECH) varied with
wavenumber, supporting need for broad wavenumber comparisons.
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