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Why is intermediate/small-scale turbulence important?

* Understanding electiron thermal fransport in H-mode plasmas is
critical for next-step burning plasma experiments such as ITER
(a-particle heating).

* Electron transport is driven by multi-scale phenomena.
Local measurements of intermediate/smaller-scale density
fluctuations (kp, < 0.2) have become available (Doppler
Backscattering, DBS).

* Gyrokinetic code results (GENE, GYRO) predict that
intermediate/small-scale turbulence may be important
(or possibly dominant) in H-Mode.

* Local multi-scale turbulence measurements provide
critical tests and validation of Gyrokinetic predictive codes.
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* |Introduction

®* Core turbulence behavior across the L-H transition

* Multi-scale turbulence in high temperature,
low collisionality H-mode plasmas:

- radial profiles
- wavenumber spectra, linear stability
- GYRO simulations

°* ECH-Heated QH-modes: T_/T, ~1
e Zonal Flows and intermediate-scale turbulence
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Intermediate/high-k turbulence may drive 50% or more of

the electron heat flux once ITG modes are subdominant
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Doppler Backscattering (DBS) measures local density

fluctuation level and ExB velocity versus wavenumber

X-mode cutoff-layer o = w, ,

/ Radial resolution:

Ar<0.5cm
Wavenumber
ki resolution:
k Ak 1k, ~0.3

AL

,K;

Backscattering off density fluctuations
with k_ = k;- k,, k,= -2k;

I

Several Effects localize backscattering
to the cut-off layer.
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Fluctuation level vs. k, from
back-scattered amplitude:

ﬁ(ke) ~ A(kg)

ExB velocity evaluated from
Doppler shift Aw, of the
backscattered signal:

VExB =Vmeasx(gh = AwD/ 2’(1

The probed wavenumber is set

by the beam tilt angle o.
k, is obtained from GENRAY
ray tracing:
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GENRAY ray tracing is used to obtain the DBS

probed radius and wavenumber

Example ray tracing
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Core electron thermal diffusivity decreases within

~10 ms of H-mode edge barrier formation
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At the L-H transition, core fluctuations (0.4 < r/a < 0.8) are

reduced across a range of wavenumbers

CECE (T_/T.)*, BES (ii/n), r/a=0.7  Doppler Backscattering, r/a=0.4

. 075) . L'H 1a=07 _ 'H rla=04
[au]l o5 : kps<0.5 - [%] (@) 0.2 +
025 M\ mpent 0.1 b
: : &
BES Noise level o i e 8
! 0.12 ;
*T rla=0.4
' kps=2
0.08 ; :
E : 3 h/n T +
(au) +
800 1000 1200 0.04]
Time [ms] : i + %
0 i
*L. Schmitz, A.E. White et 800 1000 1200
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2008).
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The ExB shearing rate exceeds the linear growth rate

in the ITG/TEM range in the core plasma in H-mode

Linear growth rate vy, is calculated by 1204
TGLF. The radial electric field/shear ra=t | 06
in the core is dominated by toroidal 0.2 '
rotation (E, ~ v, x B,). Fluctuation Y 2/Cs(kps<3) ' - /
suppression expected for k p, < 4 0<0g,5>a/Cs L Ner@Cs
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Electron temperature and density profiles and ExB shearing

rate in L- and H-Mode, #131912

| L-Mode (|875m's) ]
H-Mode (1100 ms)
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Radial profile of Density Fluctuations in L and H-Mode

1.E+00
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In H-mode, core fluctuations are reduced

in the wavenumber range where o<wg,;> > ¥,

Exponential
spectra found
in L-Mode:

n/n ~ e-Blkey)

with g =1.5...1.7

TGLF growth
rate of most
unstable mode

OpWE,pQ/C
is the normalized
shear quench rate
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Initial multi-scale GYRO calculations indicate importance

of ETG range (kyp, > 3) for electron thermal transport

Specfrum Of pofen.fldl f|UC|'UCﬂI0nS Elecfron iranspoﬂ- specfrum
(outboard midplane)
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2-D wavenumber spectrum (k /k, asymmetry)

Outboard midplane reconstruction

(GYRO) DBS measurement
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Achieved T_/T;> 1 and T, > 10 keV in ECH-assisted

QH-mode plasma

Reduced 3
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rotation and
reduced 19
central
ion 6
temperature
with ECH 16
8
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Transport Dependence on T_/T;: Radial Profiles

with/without ECH (#141407, 2.8 MW ECH)
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Increasing T_./T.(ECH) leads to increased ion heat

transport (flat T, profile) and ITG/TEM transition

Normalized Linear Growth Rate Normalized Real Frequency
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ITG-TEM transition in core plasma with ECH (r/a = 0.4)

(using correct L, during ECH phase)

Normalized Linear Growth Rate Normalized Real Frequency
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Electron Temperature gradient stays above ETG
crifical gradient

Normalized Linear Growth Rate
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Evidence of infermediate-scale turbulence regulation

by Zonal Flows in an electron ITB

/gradi%ts @% \

[t bul ]‘é‘; Zonal fl ]
urbulence onal flows

no transport

@ appin % :
Qansport M dampm/g
® Zonal Flows thought to regulate ITG-scale turbulence saturation; the

influence on intermediate-scale turbulence is less well understood.

® We present evidence of a ZF-induced shear layer and infermediate-
scale fluctuation suppression at/near the g=1 rational surface.

® Fluctuation suppression sustains an L-Mode electron transport barrier
at the g=2 surface in the data shown.
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L-Mode electron transport barrier at the q = 2

rational surface

Previous evidence in DIlI-D
of ion ITBs and transient
electron ITBs formed near
Amin as the q=2 surface
enters the plasma.*

We investigate the
interaction of ZF's with
turbulence in a sustained

electron ITB (L-mode). v
3
*M. Austin et al., <I|_ 1150 ms
Phys. Plasmas 13, ™ 3
082502 (2006). L-Mode, 1190 ms
Pw =7 MW
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Localized shear layer (Zonal Flow siructure) detected near

q=2 surface by Doppler Backscaitering

Turbulence velocity v, + v,

P 21
0.6
4 DBS
channels /I
© 1
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o3 i —
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0.4 ' | ' . . . : ,
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Phase velocity is neglected
(Vpn <0.05 v, from TGLF,
Vi~ Vi)
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Localized Zonal Flows are observed near the q=2

surface

ZMF (zero-mean Flow velocity spectrum from

frequency) and low Doppler Backscattering
frequency Zonal Flows r/a

are observed near the 0.46 0.48 0.47 06 0.85
q = 2 surface (r/a ~ 0.5) 60 '

A 3/2 tearing mode f(kHz)
grows at 1190 ms and is 40 :
fransiently observed at 3/2-Mode ~
the same radius. An N —
island forms at 1230 m 20
(observed on ECE

data), collapsing the

shear layer. N - o= - Zonal Flows
L-mode plasma, 1100 1150 1200 1250 1300
co-injected 7 MW Time (ms)
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Intermediate-scale fluctuations are reduced in local ZF

shear layer near the q=2 surface

0, (10°s7) Local ExB
i [ 0.67cm 1 shearing rate
(0)) (0))
ExB shear is : ] e
calculated from 0 Y
adjacent DBS of h .

. [ I'meast0.67cm Barrier
ChCInne|S. [ Co"apses
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(measured by DBS) .06} Fluctuation
[ Amplitude
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ExB flow shear is anti-correlated with intermediate-scale

density fluctuation amplitude

6 0.4
[r:u] i kAR ~ 0'2:
_ C(n(v4-vp)) |
,él 4
[105 2 | |
rad/s] ¢ AN 0.4 y
: [ 1200 ms]
0 1 -2 -1 0 1 2
Time (ms) At [ms]
First experimental evidence of Zonal Flow * r/a~0.48
interaction with Intermediate scale turbulence
e Probed
Anti-correlation is consistent with k ¢~6 cm’!
theoretical expectations. k 3
1Ps™
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Anti-correlation is most pronounced in regions of

high shear
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Summary

» Core electron transport and ITG/intermediate scale core turbulence
are substantially reduced across the L-H transition in low-collisionality
H-mode plasmas.

« Wavenumber specira (measured by Doppler Backscattering)
and TGLF/GYRO simulations indicate that core turbulence reduction
is consistent with ExB shear.

 Initial GYRO multi-scale modeling results indicate dominance of high-k
turbulence in the core. Fixed-flux runs are in preparation to allow
quantitative comparisons to experimentally measured density
fluctuation wavenumber specira.

« T./T.~ 1 achieved with ECH; reduced ExB shear: interesting regime
for studying electron fransport.

 DBS data indicate intermediate-scale turbulence regulation by Zonal
Flows in an electron ITB near the q=2 rational surface (L-Mode).
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