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This talk Is completely biased and in no way
comprehensive

I've used examples I'm familiar with and find useful for illustration
See the following for broader reviews and thousands of useful references

Transport & Turbulence reviews:
— Liewer, Nuclear Fusion (1985)
— Wootton, Phys. Fluids B (1990)
— Carreras, IEEE Trans. Plasma Science (1997)
— Wolf, PPCF (2003)
— Tynan, PPCF (2009)
— ITER Physics Basis (IPB), Nuclear Fusion (1999)
— Progress in ITER Physics Basis (PIPB), Nuclear Fusion (2007)
Drift wave reviews:
— Horton, Rev. Modern Physics (1999)
— Tang, Nuclear Fusion (1978)
Gyrokinetic simulation review:
— Garbet, Nuclear Fusion (2010)
Zonal flow/GAM reviews:
— Diamond et al., PPCF (2005)
— Fujisawa, Nuclear Fusion (2009)
Measurement techniques:
— Bretz, RSI (1997)
» Special issue on gyrokinetic validation (Plasma Phys. Control. Fusion 2017)

« There are many more examples in the last 10 years (review paper expected next year on
“Comparing gyrokinetic simulations with experiments”)



Some topics I'll try to touch on in two days

Refresher of tokamaks & gyrokinetics
General turbulence characteristics of magnetized 2D drift waves
Tokamak core turbulence measurements and gyrokinetic validation

Tokamak edge turbulence*

*Courtesy S. Zweben for some slides and videos on scrape-off-layer turbulence



TOKAMAKS AND CONFINEMENT



Magnetic fusion plasmas are a possible solution for large-
scale clean energy production

* Need sufficient pressure (p~2-8 atmospheres, at >100 Million °C) confined for
sufficiently long (tg~1-4 s) for high gain (P;,cion >> Phreat) PUrning plasmas

Tokamak energy confinement time scaling
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« Confinement time set by turbulent losses

- Can we understand turbulence and therefore reduce/optimize it?
= Requires measurement and theory



Tokamaks

e AXisymmetric
« Helical field lines confine plasma
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Going to refer to different spatial regions in the tokamaks

« Especially core (~100% ionized), edge (just inside separatrix), and
scrape-off layer (SOL, just outside separatrix)
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Inferred experimental transport larger than collisional
(neoclassical) theory — extra “anomalous” contribution

Hawryluk, Phys. Plasmas (1998)
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« Correlation between local transport

and density fluctuations hints at

turbulence

—

Garbet, Nuclear Fusion (1992)
Tynan, PPCF (2009)
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Increasing gradients eventually cause small scale
micro-instability — turbulence

+ Quasi-2D dynamics: small perpendicular scales (L, ~p;), elongated along field lines
« Small amplitude (dn/n<1%), still effective at transport, limiting tz=3nT/P, .

- GENE gyrokinetic simulation
genecode.org
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Increasing gradients eventually cause small scale
micro-instability — turbulence

« Quasi-2D dynamics: small perpendicular scales (L, ~p;), elongated along field lines
« Small amplitude (dn/n<1%), still effective at transport, limiting tz=3nT/P,

e S
* Turbulence measurements in ~100 Million C plasma
will always be challenging and incomplete -

* I'm going to show a lot of results from gyrokinetic
turbulence simulations, as they help develop the b
physics basis to explain and predict

« Such simulations are being used more frequently to
predlct first and guide experiments

GENE gyrokinetic simulation
genecode.org
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Gyrokinetics in brief — evolving 5D gyro-averaged
distribution function

A S 1 f(i:' {}: t) e >f(]z_i=1”r|:vj_at)

Guiding Center Position

» Average over fast gyro-motion —
evolve a distribution of gyro-rings

Howes et al., Astro. J. (2006)

@ NSTX-U Guttenfelder - UCLA Plasma Seminar (Feb. 11, 2016) 11



Gyrokinetics in brief — evolving 5D gyro-averaged

distribution function

o p &f K 1
s s {'Ci - = gyroaverag » . _
Q'L k f(x,v.t) >T(R.v. v, . 1) f=F,+df
a(3f)
5 —|—V"b V&t +v, -Vt +3v-VE, + Vg, (r)- Vof + 6v- Vot = C(8f)
t I I I I — I
Fast parallel Perpendicular
motion non-linearity
P Slow perpendicular Advection across Dopper shift
vV =mv2 bx toroidal drifts equilibrium gradients due to sheared
e — qB (VTo, Vg, VVp) equilibrium E(r)
_ mv? bxVB/B
Vog = - .
2 qB v, = B b x VW,

v, (R) = <(ir:}{R +p) — l_{Vu +v)- AR + p]>
‘ R

+ Must also solve gyrokinetic Maxwell equations self-consistently to obtain d¢, 6B
Note to self: add d(6¢)/dt term

@NsTX-U

Guttenfelder — UCLA Plasma Seminar (Feb. 11, 2018)
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Example of state-of-the-art in multi-scale (p; to p,) nonlinear
gyrokinetic simulations (for the core)

Linear growth rates Nonlinear density power spectra Nonlinear heat flux spectra
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* Energy drive can occur across large range of scales, but turbulent spectra still exhibit decay

* Energy and enstrophy conserved in 2D

— Inverse energy cascade E(k) ~ k>/3

— Forward enstrophy [w?~(VxV)?] cascade E(k)~k3

— Non-local wavenumber interactions can couple over larger range in k-space (e.g. to zonal flows)
* Nonlinear spectra often downshifted in k, (w.r.t. linear growth rates)

« Both drive and damping can overlap over wide range of k

— Very distinct from neutral fluid turbulence with large-scale drive + small scale dissipation
13



Turbulence advects/mixes/transports energy, particles and
momentum

Turbulence provides a highly nonlinear flux-gradient relationship due to sources
of free energy

I _ . -1 Vn
flux —gradient
Il : . RVQ
* | =— relationship
Q : VT,
matrix
Qe ) ) vTe

| realize I'm largely focusing on energy transport (=>fusion gain), but just as
important for a self-consistent reactor solution is:

— Particle transport - need to fuel D & T in reactors

— Impurity transport = expelling He ash; avoiding impurity accumulation from
e.g. sputtering high-Z (e.g. tungsten) walls

— Momentum transport = rotation is critical to macrostability (RWM/NTM) and
part of self-consistent turbulence solution via ExB sheared flows (more later)
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GENERAL CORE TURBULENCE
CHARACTERISTICS



40+ years of theory predicts turbulence in magnetized plasma
should often be drift wave in nature

General predicted drift wave characteristics:
* Finite-frequency drifting waves, o(ky)~o.~k,V.~(kyp)Vv{/L,
— Driven by Vn, VT (1/L, = -1/n-Vn)

* Quasi-2D, elongated along the field lines (L, >>L |, k, <<k)
— Particles can rapidly move along field lines to smooth out perturbations
— Perpendicular sizes linked to local gyroradius, L, ~p;, or k, p; ,~1

* |n a tokamak, often expected to be “ballooning”, i.e. stronger on outboard
side
— Due to “bad curvature”/"effective gravity” pointing outwards from symmetry
axis

« Transport has gyrobohm scaling, ygg=p;i?V+i/R
— But other factors important like threshold and stiffness: ., ~ %ge'F(-+)- [RIL+-R/Ly ¢ ]
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Microwave & far-infrared (FIR) scattering used extensively for
density fluctuation measurements

| Park, RSI (1985)
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Canter
Line MULTICHAMMNEL FIR SCATTERING APPARATUS

Fi1G. 1. Scannable mutichanncl FIR scattering apparatus employed on the
TEXT wokamak.

« Geometry and

frequency determine
measureable o, k

Mmeas = Dscat = Dincident

kmeas = Kgecat ~ kincident

Can be configured for
forward scattering,
backscattering,
reflectometery, ...
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Broad frequency spectra measured for given scattering
wavenumber

Mazzucato, PRL (1982)
Surko & Slusher, Science (1983)
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Broad drift wave turbulent spectrum verified simultaneously
with Langmuir probes and FIR scattering
TEXT, Ritz, Nuclear Fusion (1987) ]
Wooton, Phys. Fluids B (1990 * lllustrates drift wave
’ dispersion

 However, real frequency
almost always dominated by
Doppler shift

frequency  [kHz]

O‘)Iab — (Dmode (ke) T k(9Vdoppler

« Often challenging to
determine mode frequency
(in plasma frame) within
uncertainties

FIG. 1. The 5(k,.e2) spectrum at r= 0,255 m in TEXT, from Langmuir
probes (contours) and FIR scattering {bars indicate FWHM ).
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Small normalized fluctuations in core (£1%) increasing to the
edge

« Combination of diagnostics
used to measure
fluctuation amplitudes

ATF stellarator, Hanson, Nuclear Fusion (1992)
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Fiz. 4 PRadial profile of density fluctuations (in 2%} m ATF stellarator
obtained by combining results from different diagnestics [177].

« Measurements also often
show dn/ny~d¢/T, (within
factor ~2), expected for

TEXT tokamak, Wooton, PoFB (1990)
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FIG. 6. The spatial variation of /s from TEXT (B, =2T, I, =200KkA,
A, =2t03x10" m-?, H' ), shown as crosses (HIBP). Also shown are
the predictions of two mixing length estimates, (A/n)™ and (i/m)"*.
Both electron feature /n and &, (k,p, = 0.1) are interpreted assuming no
ion feature is present.
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Mixing length estimate for fluctuation amplitude

‘Lithri instantaneous
* In thg presence of an equmprlum temperature
gradient, Vn,, turbulence with or density time-averaged
. . . . temperature or densit
radial correlation L, will mix v P g
regions of high and low density

 Leads to fluctuation on

n=vn,-L, <«— L ~1/k,
on ~ Vi, L, = i (1/ L. = VnO/no) turbulent eddy
n, N L. (~mm-cm)

core boundary
n__1 _» (ki1 ~L,; k, o, ~constan t) < 1-2m >
n0 kLLn Ln

N

IF turbulence scale length linked to pq,
would loosely expect dn/n,~p. /L, 21



Fluctuation intensity across machines loosely scales with
mixing length estimate, reinforces local p, drift nature

Liewer, Nuclear Fusion (1985)

0 Lechte, New J. of Physics (2002)
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2D Langmuir probe array in TJ-K stellarator used to directly
measure spatial and temporal structures

tungsten tips

Simultaneously acquiring 64 time signals
— can directly calculate 2D correlation,
with time

Caveat — relatively cool (T~10 eV)
compared to fusion performance plasmas
(T~10 keV)

z (em)

R=Rga (cm)
TJ-K [Ramisch, PoP (2005)]
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Radial and poloidal correlation lengths scale with p
reinforcing drift wave nature

« Turbulence close to isotropic

L~L,

Le (cm)

10

TJ-K [Ramisch, PoP (2005)]
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Temporal scales loosely correlated with acoustic times c./a

Te (us)

100

[ e o —————
L O H e X Ar -

a/cs (us)

TJ-K [Ramisch, PoP (2005)]
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BeEaM EMISSION SPECTROSCOPY MEASUREMENT OF LOCALIZED,
LONG-WAVELENGTH (k | p; < 1) DENSITY FLUCTUATIONS

Collisionally-excited, Doppler-shifted
neutral beam fluorescence

D° +ei>»(D°) 3D +y(n=332k,=656.1nm)
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Spectroscopic imaging provides a 2D picture of turbulence in
hot tokamak core: cm spatial scales, pus time scales

« Utilize interaction of neutral atoms with
charged particles to measure density

DIII-D tokamak (General Atomics)

'

142369.01510

Movies at: https://fusion.gat.com/global/BESMovies ¢

~ 0.80 .86 082 0.8830 0.86 0.92 0.98 2 7
Minor Radius (r/a) Minor Radius (r/a)



BES videos

https://fusion.gat.com/global/BESMovies

(University of Wisconsin; General Atomics)
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Radial and poloidal correlation lengths scale with p. in core
Imaging, reinforcing local drift wave nature

DII-D
Mckee, Nucl. Fusion (2001)
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Example of stronger turbulence measured on outboard side,
“ballooning” in nature

 Consistent with bad curvature drive

ISSTOK [Silva, PPCF (2011)] - @1>0,B>0 ¢1.<0,B,>0 ]
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Evidence for quasi-2D (L, >> L )

« Assume an exponential or

Gaussian correlation function
C(A,A) =exp(-A, /L )exp(-A, /L)

Measure correlation between
two probes “on the same field
line” (A,~0) separated a large
distance A >>0

JET edge plasma
L, ~ many meters
L, ~ mm-cm

JET edge [Thomsen, Contrib. Plasma Phys. (2001)]
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gas inlet port,
barometer,
mass spectrometer T3

helical field coil

02

vacuum vessel

microwave interferometer O4

2D-moveable probe unit 06
(Langmuir probe)

More direct measurement

In TJ-K plasmas

TJ-K [Birkenmeier, PPCF (2012)]
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General turbulence characteristics are useful for testing
theory predictions, but we mostly care about transport

Transport a result of finite average correlation between perturbed drift
velocity (ov) and perturbed fluid moments (dn, oT, 6V)

— Particle flux, I" = (dvon)
— Heat flux, Q = 3/2ny(dv3T) + 3/2T (5vdn)
— Momentum flux, IT ~ {dvdV) (Reynolds stress, just like Navier Stokes)

Electrostatic turbulence often most relevant — ExB drift from potential
perturbations: dvg=BxV(5¢)/B? ~ ky(5¢)/B

Can also have magnetic contributions at high beta, dvg~v,(3B,/B)
(magnetic “flutter” transport — more later)
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Measuring turbulent particle and heat fluxes using Langmuir

probes

» lllustrates that turbulent transport can account for inferred anomalous

transport (only possible in edge region)

TEXT, Wooton, PoFB (1990)
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Useful to Fourier decompose transport contributions,
especially for theory comparisons

« E.g. particle flux from electrostatic perturbations:

on(k,)|op(K,)

e (K, )sinz,, (K, )

| f \
V coherence Cross phase

Amplitude spectra

Mk, =2k,

Ko

€

« Everything is a function of wavenumber
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Edge Langmuir probe arrays used to
decompose turbulent fluxes in kg

TJ-K [Birkenmeier, PPCF (2012)]
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« Useful for challenging theory calculations
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Threshold-like transport behavior observed experimentally

« Vary location of heating source to locally change heat flux, map out Q vs. VT
— Experimentally inferred threshold varies with equilibrium, plasma rotation, ...
— Stiffness (~dQ/dVT above threshold) also varies
— % =-Q/nVT highly nonlinear (also use perturbative experiments to probe stiffness)
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Stellarators exhibit anomalous energy losses and similar
broad spectrum of fluctuations as in tokamaks and

No direction of true symmetry, but can optimize to be quasi-symmetric (symmetry direction
in [B]) or quasi-omnigenous / quasi-isodynamic (closed drift orbits), both which reduce

traditionally poor 3D neoclassical transport
Validated in HSX [Gerhardt, 2004; Canik, 2006] and W7-X [Helander, APS-DPP 2020 and references therein]

HSX (UW—Madlson) W7-X (IPP-Greifswald, Germany)

» Generally, theory indicates drift wave dynamics should be similar to tokamaks, but 3D
variation (of curvature, grad-B drifts, diamagnetic “drifts”, parallel streaming, zonal flows)

makes a quantitative impact
« Alittle more challenging to solve numerically, BUT more degrees of freedom for
optimization [Mynick; Hegna; Helander]



Beyond general characteristics, there are many theoretical
“flavors” of drift waves possible in tokamak core & edge

« Often useful to think of drift waves as gradient driven (VT;, VT, Vn)
— Drift waves exhibit thresholds in one or more of these parameters

« Different theoretical “flavors” of microturbulence
— Electrostatic, ion scale (kypi<1)

* lon temperature gradient (ITG) — driven by VT,, weakened by Vn
» Trapped electron mode (TEM) — driven by VT, & Vn,, weakened by v,

— Electrostatic, electron scale (kyp.<1)

» Electron temperature gradient (ETG) - driven by VT,, weakened by Vn

— Electromagnetic, ion scale (kypi<1)

* Kinetic ballooning mode (KBM) - driven by V3,
* Microtearing mode (MTM) — driven by VT, at sufficient (3,

« Each theoretical instability is distinguished by:

Scaling with parameters (a/L;, a/L,, B, v, a, S, q, ...)

Mode frequency (ion, electron diamagnetic direction)

Spatial structure (ballooning, tearing; ES, EM)

Partition of transport (', T1, Q = Dy, x,/x) ['transport fingerprint”, Kotschenreuther, 2019]
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Challenging to definitively identify a particular theoretical
turbulent transport mechanism

Best we can do:

— Measure as many transport and turbulence quantities as possible (amplitude
spectra, cross-phases)

— Scale equilibrium parameters to investigate trends, key dependencies

— Compare with theory & simulation to (in)validate the predictions with
experimental data

» Use “synthetic diagnostics” to ensure apples-to-apples comparison
« Quantify uncertainties and sensitivities

— Reformulate the theory & simulation as needed
— Make a testable prediction
— Repeat

A.K.A. apply the Scientific Method

40



Example validation of core
gyrokinetic theory/simulation
predictions



Transport, density fluctuation amplitude (from reflectometry) and spectral
characteristics all consistent with nonlinear ITG simulations in Tore Supra

* Provides confidence in interpretation of transport in conditions when ITG

instability/turbulence predicted to be most important
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Important to consider the impact of the diagnostic instrument
response when comparing to experiment (“synthetic diagnostic”)

« E.g. using FDTD full wave simulations of EM wave propagation into predicted on by
nonlinear GK simulation to predict X-mode and O-mode Doppler reflectomery signal

Doppler reflectometry scattering locations
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Synthetic diagnostic captures significant difference seen with
scattering polarization (X-mode vs. O-mode, ASDEX-Upgrade)

Synthetic diagnostic also changes predicted location of “knee” in spectra & spectral decay

Raw measured Doppler reflectometry spectra
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Validation using multi-field
turbulence measurements
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Multi-field measurement of both electron density and
temperature fluctuations at overlapping locations (DIlI-D)

» Using electron cyclotron emission (ECE) to measure 8T,

EFITO6
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‘L e '-.‘.-" '
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_|I.l|'.
-'Iu'.
.I..I
A
. ’
Ey
L /" Shot 128913
N—

/7 1300-1700 ms
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/' Mirror

IFFilters  video Amplifiers
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Mixerx\‘ xl N

\ b R

-
Lens f2 o
| , tfa ~0.75 ‘
| ea DIII-D
A lCEEE White, PoP (2008)
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Normalized density and temperature fluctuations are very
similar in amplitude

[ {a] _||||]1|||||||||rrrri||||||||l'
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White, PoP (2008)



Comparing én,, 6T, fluctuation spectra with simulations using
synthetic diagnostic

-12 = L
198 200 2

204
R (cm)

0.059
0.039

10.020

0.000

0.020
-0.039

Level of agreement sensitive to accounting

for realistic instrument function

p=0.5 (mid-radius)
[
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C. Holland, PoP (2009)
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1075 infkHz

1078 T2 Az

1.0

0.8

0.6

25

20 i

1.0

0.5

0.0

Agreement worse further out (p=0.75)

Measured intensity larger than simulations (as is transport), so called
“edge shortfall” problem challenging gyrokinetic simulations
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Can also compare 2D correlation functions for additional
validation, try to understand “shortfall” discrepancy

Comparing 2D correlation/spectra reveals that simulated <k,> is larger

than experiment at p=0.75

p=0.75 (outer half)

p=0.5 (mid-radius)

Synthetic GYRO _ - Synthetic GYRO
Raw BES 5 ] t Raw BES :
2 - o4 =5 i
- | & £ | '
2 ] ':_5:‘ LR —_“’-(-'!-‘ 2le
Z1 0.2 FAF *-\\
(d)] ? (c)]
e et ()0 ot i
-2 2 -2 - 1

ke (cm~)

Larger <k,> in simulations possibly from
tilting due to sheared equilibrium ExB flows
being too strongly represented - also
consistent with small predicted transport
(more later)

Has sparked a huge international code
benchmarking & validation effort

kr (cm™T)

+

Sheared Flows

|

)

Shafer, PoP (2012)
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Simultaneous measurement of n, and T, using same beam
path allows for cross-phase measurement

133626 ecrf1 refli_1600-1900 ms
n'mn1453 wI'EMB delf 2.4 I:Hz
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ne-Te cross phases agree well with simulations

« Amplitude spectra and transport fluxes still off by 2-3

TABLE IV. Postexperiment GYRO simulations from 138 038, p=0.65,
t=1525 ms. Turbulence amplitudes and cross phase are compared with syn-
thetic diagnostic results.

p = 0.65, 138038 ot07 p0.65

Parameter GYRO Experiment
0, (MW) 3.77Tx0.06 243x0.02
0; (MW) 0.34 =0.01 1.32+=0.02
iJT,. (%) 1.07 = 0.10 0.95=0.05
iiln (%) 0.25+0.01 0.57=0.06
T1x1 6l =12

Q1. (degrees)

D Al ﬂ:l T — G?HO ]
L L GYRO (Syn. Diag.)?
‘ || Experiment ]

h :I:J_ml

1 Jil
T ,,,,glﬁlgu i

(Raw)

LhLs | PRI

Frequency (kHz)
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Measured changes of 6T, n.-T, crossphase and transport
with increasing VT, provides constraint for simulations

* Increasing fluctuations and

Fluctuation Level (%)
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Simulations can reproduce transport...

observations

for some

Predicted turbulence levels always too small, even when accounting for
sensitivity to VTe

Discrepancies point to missing physics in theory/simulation

10 Qg/Qgn -
Qgp = NeleCs (ps/a)?
o5 p=06 -
... Power balance
201 -
GYRO (+25% a/Ly,, +50% all 1)
15| —
o *o°
. . u ¢ ¢
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05} - l GYRO (+25% a/L e,
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alte

Holland, PoP (2013)
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ZONAL FLOWS, GAMSs

(important elements of 2D turbulence nonlinear saturation)
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Nonlinearly-generated “zonal flows” also impact saturation

* Potential perturbations uniform on flux surfaces (k,=0) - marginally stable, do not

cause transport
« Turbulence can condense to system size - ZF driven largely by non-local (in k)

NL interactions (k >> k,¢)

Linear instability stage Large flow shear from Zonal flows help moderate
demonstrate_s structure of mstablllty caus“e ) the turbulence
fastest growing modes perpendicular “zonal flows

(potential contours - stream functions)

Rayleigh-Taylor like instability driving Kelvin-Helmholtz-like instability
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Zonal flows can saturate at relatively large amplitude for
toroidal ITG turbulence

Regulates saturation via (i) shear decorrelation of eddies, (ii) energy sink
Into marginal (non-transport-causing) modes

* Typically have distinct k, spectra (overall 2D spectra anisotropic in k,,k,)

* Marginally stable zonal modes (k,=0)
E,(K)|

‘\ Transport causing (finite-k,) modes
k,=0 K
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Evidence of zonal flows from measuring potential on same
flux surface at two different toroidal locations

High coherency at very low frequency with zero phase shift suggests
uniform zonal perturbation

Also evidence of a coherent mode around 17 kHZ - geodesic acoustic
mode (oga=Cs/R) from associated n=0, m=1 pressure perturbation

a b ;—11 fll 1 c T T TT]
( ]HIBP#1 (b) N 3 { ]E L § Bz |
cbservation points Ir 5 a o
E g (3 [ T —l‘?%
o @ = W T L
= L =
o O 2 phase
| B R R
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B 01
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z 3
Poigidal Crosssection 1 - ; — H
noise level = . #h
= - ar oo O oo - ] &
50 A P A A P P = ﬂ“ﬁ L'm
Poloidal Cross saction 2 0.01 al v vl vl v v 0. | |
0.1 1 f(kHz) 10 10 5 2

CHS, Fujisawa, PRL (2004)



Also found using poloidal flow measurements from BES on
DIII-D

- AZ=1.2CmM
== AZ=2.4cCm

* Poloidal flow determined from 025}
time delay estimation of | :‘ff\%zé{gq
poloidally separated BES ol
channels 0.05|

« High coherency at low
frequency, zero phase shift

o
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GAM seen on numerous devices using different
measurement techniques
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Broad cross-machine agreement of GAM frequency with

theory

« Discrepancies have spurred additional theory developments
to refine GAM frequency and damping rates (due to

geometry, nonlinear effects, ...)
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Suppression of ion scale turbulence
In tokamaks

ExB shear
Reverse magnetic shear
Low aspect ratio + high beta equilibrium
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Equilibrium background (ExB) flows can suppress turbulence

.-__.-'""If Hl"‘-._ (@) #_.a-"_ -F-ff?
e/ 5, .

||Ir 'lff..--""r.f
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- R gt )
U .Hm—d'jﬁ X

(Y

: Coherence length
1
I 1

Loosely need.:
du/dy > t*

« Shear flow in neutral (3D) fluids is a source of free-energy, how does it

stabilize turbulence in magnetized plasmas?

* Three conditions for sheared flow suppression of turbulence (Terry, RMP

2000):

— Shear flow should be stable (= Kelvin-Helmholtz threshold different in 2D)

— Turbulence must reside in region of shear flow for longer than an eddy-
turnover time/decorrelation time (->tokamak is a periodic system)

— Dynamics should be 2D (->strong guide magnetic field)

K.H. Burrell, PoP (1997,1999); Biglari, Diamond, Terry, PoFB (1990)

74



Large scale sheared flows can tear apart turbulent eddies,

reduce turbulence —» improve confinement

Simulations for NSTX (PPPL) — a low aspect ratio tokamak

Snapshot of density without flow shear

'
”
_
<. e
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— > -
c‘:- 4 - - .
E—— — ‘.‘
v .. - ——
"‘ -
‘.~ o e ’
i o
100 ion radii
<— 6,000 electron radii —
~50 cm

Snapshot of density with flow shear

Lower amplitude
Smaller (titled) eddies
Reduced transport

TTT """ S
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There are also examples of turbulence suppression via
sheared flows in neutral fluids

« Thin (quasi-2D) atmosphere in axisymmetric geometry of rotating
planets similar to tokamak plasma turbulence

« Stratospheric ash from Mt. Pinatubo eruption (1991) spread rapidly
around equator, but confined in latitude by flow shear

20n

=) Large shear in
§ of stratospheric
£ equatorial jet
~J 20s

40s B8
(Trepte, 1993;
i | R - P.W. Terry, 2000)
180W 120W 80w 0 60E 120E 180E
Longitude (Deg) 76



Negative magnetic shear (rate of change in field line pitch/

helicity) can minimize ITG turbulence

E.g., magnetic shear influences stability by twisting radially-elongated instability to better
align (or misalign) with bad curvature drive

Negative magnetic shear can minimize radial extent, growth and resulting transport

Antoneson (1996)

77



Reverse magnetic shear can lead to internal transport
barriers (ITBs)
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Low aspect ratio “spherical” tokamaks, like NSTX-U at PPPL,
access very high B=p/B?%/2pn, = suppresses ITG

New Central Magnet
1 Tesla at plasma center, |, = 2MA, 5s

Original NBI
(Ryay = 50, 60, 70cm)
5MW, 5s, 80keV

s

New 2"d NBI
(R;5=110, 120, 130cm)
SMW, 55, 80keV

/Y

LT |



Aspect ratio Is an important free parameter,
can try to make smaller reactors (i.e. cheaper)

AspectratioA=R/a
Elongation x=b /a

R = major radius, a = minor radius, b = vertical Y2 height
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Many elements of ST are stabilizing to
toroidal, electrostatic ITG/TEM drift waves

Short connection length — smaller average bad curvature

Magnetic Surface
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Many elements of ST are stabilizing to
toroidal, electrostatic ITG/TEM drift waves

Short connection length — smaller average bad curvature

Quasi-isodynamic (~constant B) at high f — grad-B drifts stabilizing [Peng
& Strickler, NF 1986]

IIIIIIIIII | TTTTTTTTT | T T T T TTTTT | TT T T T T T T1TT3 ~
- bad curvature =,
oF  —pc T N\ g , bxx

N T \

\
\

1 |- mViBXVB/B
] Vv T3 qB

040608 1 1.2 14 @ (rad)
R (m)
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Many elements of ST are stabilizing to
toroidal, electrostatic ITG/TEM drift waves

Short connection length — smaller average bad curvature

Quasi-isodynamic (~constant B) at high 3 — grad-B drifts stabilizing [Peng
& Strickler, NF 1986]

These same features stabilize macroinstabilities (MHD), allowing for
very high B equilibrium: ~40% on NSTX, ~100% on Pegasus (U-Wisc)

120 F : ' | F
Operating Spaces
m ST (NSTX, START) AA
100 k| ™ High-A Tokamaks ]
”
Pegasus Helicity Injection A“/A
80 || @ © Bt constant A _
A A B, ramped Bn=6.5 A

60

B [%]

40

20
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Many elements of ST are stabilizing to
toroidal, electrostatic ITG/TEM drift waves

« Short connection length —» smaller average bad curvature
* Quasi-isodynamic (~constant B) at high B — grad-B drifts stabilizing [Peng

& Strickler, NF 1986]

« Large fraction of trapped electrons, BUT precession weaker at low A —
reduced TEM drive [Rewoldt, Phys. Plasmas 1996]

Projection of Tra| pp dI
Trajectones |s a Shaped

(for illustratio Iy) i
X-point ‘

05 +——————

Orbit-averaged drift of trapped

12 IF partlcle | A%' :
0 "bad curvature’

0.8 1
(barely trapped}

0 02 0.4
(deeply trapped) K (pitch angle variable)
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Many elements of ST are stabilizing to
toroidal, electrostatic ITG/TEM drift waves

Short connection length — smaller average bad curvature

Quasi-isodynamic (~constant B) at high f — grad-B drifts stabilizing [Peng
& Strickler, NF 1986]

Large fraction of trapped electrons, BUT precession weaker at low A —
reduced TEM drive [Rewoldt, Phys. Plasmas 1996]

Strong coupling to 6B, ~6A, at high B — stabilizing to ES-ITG

a5 T T

Kim, Horton, Dong, PoFB (1993)
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Many elements of ST are stabilizing to
toroidal, electrostatic ITG/TEM drift waves

Short connection length — smaller average bad curvature
Quasi-isodynamic (~constant B) at high f — grad-B drifts stabilizing [Peng

& Strickler, NF 1986]

Large fraction of trapped electrons, BUT precession weaker at low A —
reduced TEM drive [Rewoldt, Phys. Plasmas 1996]

Strong coupling to B, ~3A at high 8 — stabilizing to ES-ITG
Small inertia (nmR?) with uni-directional NBI heating gives strong toroidal

flow & flow shear - ExB shear stabilization (dv,/dr)
¥

- f,f'"- ___'1“‘&& {a) - ""F;;_x:'
- N\ T

i 1 'E...--'"-.f.

II". .:,']""-!--"?

kY _...-":l_.- _..-""'.
* "'\-\ - r ._-"’

", ik}
AN 2 ;
oY)

: Coherence length

Biglari, Diamond, Terry, PoFB
(1990)
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Many elements of ST are stabilizing to
toroidal, electrostatic ITG/TEM drift waves

Short connection length — smaller average bad curvature

Quasi-isodynamic (~constant B) at high f — grad-B drifts stabilizing [Peng
& Strickler, NF 1986]

Large fraction of trapped electrons, BUT precession weaker at low A —
reduced TEM drive [Rewoldt, Phys. Plasmas 1996]

Strong coupling to B, ~3A at high 8 — stabilizing to ES-ITG

Small inertia (hnmR?) with uni-directional NBI heating gives strong toroidal flow
& flow shear -» ExB shear stabilization (dv,/dr)

Not expecting strong ES ITG/TEM instability (much higher thresholds)

BUT High beta drives EM instabilities:
— microtearing modes (MTM) ~ B.-VT,

— kinetic ballooning modes/energetic particle modes (KBM/EPM) ~
Aynp~02VP/B? & VP;

Large shear in parallel velocity can drive Kelvin-Helmholtz-like instability
~dv,/dr
|
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lon thermal transport in ST H-modes (higher beta) usually
very close to collisional (neoclassical) transport theory

10 F

Courtesy Y. Ren

(m?/s)

0 Zi.nc

10 E From NCLASS

-lllllllllljlllllllllllll

100 110 120 130 140 150
R (cm)

* Consistent with ITG/TEM stabilization by equilibrium configuration & strong ExB
flow shear

— Impurity transport (intrinsic carbon, injected Ne, ...) also usually well described
by neoclassical theory [Delgado-Aparicio, NF 2009 & 2011 ; Scotti, NF 2013]

 Electron energy transport always anomalous
— Toroidal angular momentum transport also anomalous (Kaye, NF 2009)
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Beyond ITG/TEM turbulence



Electron scale (ETG) turbulence

ETG is “isomorphic” to ITG:

replace m—=>mg, T2T, (pi 2 Pe» V1i 2 V1e)

Yire ! (Vrillt) VS Kgpi 2 Yera ! (Vrellte) VS Kgpe
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Microwave scattering used to detect high-k;
(~mm) fluctuations

High-k microwave scattering configuration

5 density fluctuations from ETG simulation

spherical

ﬁ
ki
ZQ 6 ion radii
<— 360 electron radii >
~2 cm
Guttenfelder, PoP (2011)

) i 280 GHz
2 ) °%F probe beam

Mazzucato, PRL (2008) N STX

Smith, RSI (2008)

@NSTX-U Guttenfelder, U. Washington Plasma Seminar (Feb. 7, 2017)
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Correlation observed between high-k
scattering fluctuations and VT,

SNt S

« Applying RF heating to increase Te

* Fluctuations increase as expected =
for ETG turbulence (R/Le>R/lpec) =

L]
]

 Other trends measured that are consistent R TR T
with ETG expectations, e.g. reduction of high- R [m]
k scattering fluctuations with: O o < ‘ ape=0.25
1. Strongly reversed magnetic shear (Yuh, PRL "9 [direction |
2011) =2 e
— Simulations predict comparable suppression w 107
(Peterson, PoP 2012) 10°®
2. Increasing density gradient (Ren, PRL 2011) 10° "
— Simulations predict comparable trend (Ren, PoP w/2n (MHz)
2012, Guttenfelder NF, 2013, Ruiz PoP 2015) E. Mazzucato et al., NF (2009)
3. Sufficiently large ExB shear (Smith, PRL
2009)

Many ETG trends observed in
NSTX, challenging to correctly
predict transport

— Observed in ETG simulations (Roach, PPCF
2009; Guttenfelder, PoP 2011)

@NSTX-U Guttenfelder, U. Washington Plasma Seminar (Feb. 7, 2017) 92



Rigorous validation of NSTX ETG predictions via resolution & sensitivity
tests + comparing turbulence measurements via synthetic diagnostic

Matched experimental fluxes varying inputs within
uncertainties

a) Strong ETG: using exp. Vn

1 EXP (TRANSP)
} ion-scale sim
25+ ] e scalesim
[ ‘big-box’ e- scale: base sim,
§ 'big-box’ e-scale: (VT, g, s)-scansim,

—
s
= 15
@

o

;

05 i
.
0 -* -*
0 1 2 3 4

b)

P, [MW]

25

ra

0.5

Strong ETG: using scaled 1-(Vn)

HEXP (TRANSP)

} ion-scale sim

| § e-scale sim

{ ‘big-box' e- scale: (VT, Vn}-scan sim,
‘big-box’ e- scale: (Vn, g, s}-scan sim,

I ‘big-box' e- scale: (VT , Vn, g, s)-scan

HH

Matched turbulence frequency spectra using simulation &
synthetic diagnostic for high-k microwave scattering

-8

Spectral Density: ch1

——Diagnostic (strong ETE)

10 ¢

-12

S(f) [a.u.]

4l

Syn. {strong ETG)
——Diagnostic {weak ETG)
—3Syn. (weak ETG)

Matching turbulence wavenumber spectra shape via sim +
synthetic diagnostic & varying inputs within uncertainties

Wavenumber spectra shape comparisons for the strong ETG condition

a) Pesim ._$B/D Peexp
10° f

HH High-k diagnostic
—8—Synhk: base

b) Psim ~ 70% P o

1 High-k diagnostic
—8—Synhk: { VT, ¥Vn)

C) Psim ~ 95% P o

t

W High-k diagnostic
—B—Synhk: {VT),q.s

B 8 10 12 14 16 18 6 8 10 12 14 16 18 & 8 10 12 14 16 18
k,pg ki pg K, P
[a) €) P.sm ~ 170% P o
10 A
+ ]
10°F ?
HH High-k diagnostic |'§'| High-k diagnostic
Synhk: (Vn), g, s =d=Synhk: { VT, ¥n),d, s

6 8

10 12 14 16 18 6 8 10

12 14 16
J_‘Ds klps

18

J. Ruiz-Ruiz, PPCF (2019, 2020), PoP (2020)
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Electromagnetic (drift wave)
turbulence

Microtearing mode (MTM) turbulence: small scale (large n, m)
tearing modes driven unstable by VT, at sufficient 3,

Kinetic ballooning mode (KBM) turbulence: kinetic analog to ideal
MHD high-n ballooning modes driven by Vp,,, expected to set
upper limit on achievable pressure gradient

All high performance tokamak discharges either have transport barriers or operate at high
beta (for significant self-driven bootstrap current) = EM turbulence will always be important
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MTM density fluctuations distinct from
ballooning modes like ITG (simulations)

NSTX MTM turbulence DIII-D ITG turbulence

-/

Guttenfelder, PRL (2011), PoP (2012) Candy, Waltz (GA)
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MTM structure distinct from ballooning modes

Predictions from MTM simulation

» Narrow density perturbations due
to high-m tearing mode around
rational surfaces g=m/n
— Potential to validate with beam

emission spectroscopy (BES)
Imaging

i‘i’fﬂ}.’,’.“l)v. o

-
'n:l
i)
o]
wt
-
-
-
-
=
=
=y
ay
-

« Large amplitude 6B/B~10-3

— Potential for internal 6B
measurements

.
4'
s 1
o
-
=
-
=
=,

Visualization courtesy F. Scotti (LLNL)
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Very challenging to measure internal magnetic
fluctuations

NSTX (PPPL)

S ]

Fluctuations in magnetic field

>

microwaves experience a
shift in polarization

’
L& 4
s

UCLA

Synthetic diagnostic calculations
predict polarimetery should be
sensitive

-12
Y
wr
S 14
a
Pl
g | | | -
E_ : : : —n, only
T ) S S R B‘r only
(a) _'ﬁ'a +§r
A7 i i i . .
0 0.2 0.4 0.6 0.8 1
t (ms)

Zhang, PPCF (2013)
Guttenfelder, PRL (2011)

UCLA collaborators will be
installing polarimetry and cross-
polarization scattering (CPS) on
NSTX-U in 2021-2025 (good time
to get involved!)
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S(f) [a.u.]

Inference of microtearing turbulence via magnetic probes in

RFX reversed field pinch (Zuin, PRL 2013)

Used internal array of closely spaced (~wavenumber resolved) high frequency Mirnov coils
(~dB/dt) mounted near vacuum vessel wall

Confinement and T, increase during “quasi-single helicity” (QSH) state > broadband 5B
measured (left figure, #3 curve)

0B amplitude increases with a/L,, & B (expected for MTM)

Measured frequency and mode numbers (n,m) align with linear gyrokinetic predictions of MTM

25["
2.0}

15]
1.0
0.5
0.0L.

T

@ 15

@ 19

@ 209 ms QSH
@ 23

oms QSH

0ms QSH Crash

10 100

1000

Frequency [kHz]

Additional MTM inferences using novel heavy ion beam probe technique (internal, non-

10— T
(3) @ 209 ms : ]
%) »’:%ﬁ% V
¢ "
0.6] ?i L 4
: ‘r I.“{J»i::\;l # O |
0.4f &%B° @f@
f (1) @ 159 ms ]
0.2 ™ . ]
1.0 05 00 05
r‘a

perturbative) in JIPPT-IIU tokamak (Hamada, NF 2015)

1.(

109



Analysis indicates MTM sets electron transport in the internal

transport barrier in DIII-D high-B,, discharges

* Large a ~ VB, gives strong Shafranov shift + negative magnetic shear (s<0)
stabilizes ITG/TEM (ion thermal transport is neoclassical)

« MTM turbulence predicted to limit electron thermal transport in region of s<0
2 |

0.2 04 06 08 1
l|"I
—4—CGYRO (C)
EI.SI HH Exp 30.0
Qr__ 1I !uu':-
e

' 0.06

k o =0.08
0.1%25

0
-1 -0.8-06-04-0.2 0
5

« Significant correlation between interferometer measurements and MTM expectations in
other DIII-D discharges [J. Chen, APS 2019]
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EDGE TURBULENCE
L-H TRANSITION



Moving outwards from the hot core

« Especially core, edge (just inside separatrix), and scrape-off layer

(SOL, just outside separatrix)

Open
magnetic
surfaces

~
&

&
Scrape-off layer

Strike points X-point

Divertor plates Privale plasima

Closed magnetic
surfaces

Vertical distance

2

Edge
¥ region

A\

Manetlc
flux surfaces

Separatrix

/ 1

Divertor strike points

: - - ’
Major radius
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Spontaneous “H-mode” edge transport barrier can form with

19

B E T T —r o 1 ]
. ﬂumml:lnlnuﬂFrrg
~ + - H-mode
4E 3
£ } - L-Mode
o 3¢
o2
U ; PP B B R P '].l-' L é
0.0 02 04 06 08 0 12
Mormalized radius rfa
5 E T —r 1+ 1 T rr 1]
Thomson and ECE Data and FIT
4t . ,|, - H-mode ]
~ : I ¥ - L-Mode
v
T 2 -5
=t 3
'
0 : ]
0.0 1.2

Mormalized raﬂl

Data from DIII-D

(from Carter, 2013)

=15 0 1B 30

Er (KV/m)

sufficient heating power = improved confinement

=30 15 0 15 -30

@ | g|l-Mode (b
N k-2
L-Mode 2
23
@ o
i o
| H-Mode -5
" T - ' [=] T T ' T
B0 0.94 0.9a8 02 0.80 0.84 0.98 1.02
Normalized | Flux MNormalized Pololdal Flux
Burrell 1997

Correlated with strong shear in
equilibrium radial electric field (E,)

Suppression of turbulence predicted
when equilibrium shearing rate (og,g) >
turbulence decorrelation rate (Ao
[Biglari, 1990; Hahm, 1994]
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Transition from L—H correlated with drop in turbulence

amplitude, reduction in radial correlation length

Consistent with ExB shear
suppression

Understanding what initiates
the transition and the
dynamics involved is still
being developed

Practically important for
understanding how much
power required to reach H-
mode (= almost all reactor
designs assume H-mode)

B .
T 1

fad

AMS fluctuation ampilitude (aw.) (a)

15f

05 |

Haast e e

(b)

— et

0.0

0.0

(c)

1680 1700 1710 1720
Time {ms)

Burrell, PoP (1997)
Coda, Phys. Lett. A (2000)
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Edge Turbulence Measurements in NSTX

High speed cameras make images of edge turbulence

3-D ‘filaments’ localized to 2-D by gas puff imaging (GPI)

shot 173732 — 0183 s
LA YRR AN L LA A

! Blob

\ /Gas Puff
3‘6 —
Filament .
\_\/ \
GPI View

Zweben et al, Nuclear Fusion 44 (2004), R. Maqueda et al, Nucl. Fusion 50 (2010)

0.20.40.50.81.01.21.41.5
Rirm]
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Lots of videos via Stewart Zweben:
http://w3.pppl.gov/~szweben/

* This movie 285,000 frames/sec for ~ 1.4 msec

* Viewing area ~ 25 cm radially x 25 cm poloidally

sep. L-H mode transition t~0.245 s

135044
(EDD) 0.233550

‘ BRI,

L ooade

playback @

poloidal
35 Usec/sec

(2)

radial (outward)
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Limit-Cycle

Multiple doppler backscattering
diagnostics provide 8n, dVg,g at
multiple radii simultaneously (DIlI-D)

R (m)

* During dithering L-H phase
(identified by D, signal), ovg, g ——
and S”W

« Equilibrium n,, T, begin to )
Increase

D, (10'ph/s)

« Eventually strong equilibrium
flow shear locks in, fluctuations
drop permanently, and pedestal
finishes forming

Ne

Pue (MW) kTy(keV) (10181m-3)

9., ‘ ! (]

1 | 140426 |
1265 t'° 1275 1285 1295
Time (ms)

DIlI-D, Schmitz, PRL (2012)




Dynamics consistent with two-predator — prey model (Kim,

PRL 2003)
L- I'l.u'lc:cle lert Cycle Elsc —_— H Mode
-~ 2F 140426 -
* In L-mode, increasing - M
turbulence drives stronger ZF 5.3 -2 MMWWN M w MWNIU
iu " Reomm sy (2)]
« Eventually starts to suppress s 2 R=227m(osL)
turbulence, leads to predator- ‘."i 6 JI h !f"m'li HY"N W
prey limit cycle oscillation = :‘WWMPH M
between ZF and turbulence § , , — )
o R=2.27m (OSL)
@
* As confinement (and g‘

gradients) increases,
equilibrium Er driven by VPI
Increases, until it is strong
enough to maintain
suppression

=
by 3

f/n (au)

o
-

R=2.27m (OSL) (d)

)

DIII-D, Schmitz, PRL (2012)

(need to review more recent papers) 118



EDGE TURBULENCE
H-mode pedestal



In fully-developed H-modes, periodic MHD instabilities (Edge
Localized Modes, ELMs) often occur

I — — T T T, T T T_ T T [ T
2'5-(6) Divertor O-11 139047 ]

« Rapidly expels energy (see GPI videos)

* Profiles drop after ELM, recover between |
ELMs 15F  H-mode

: transition
« (General question of what transport

10F il J hAL*
hanism limits H-mode pedestal & 3 ”
mecnanism Hmits modade peaestia ﬂ.ﬁfl//buw et

20}

Type | ELM

post-ELM recovery

0.0 ...|...l|.'|..l|l.l...:..
0.0 0.2 0.4 0.6 0.8
Time [s]
U‘?_: Reconstructed Electron Density 139037 1 JReconstructed Electron Temperature 139037
0.6 097
67 o 1}%
o - . 0.8 S
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N SCAC L 7] g
£ ] 0.6 6}@
E 041 < 067 B~
5 ] £ 05- o, oy
;u 033 ¢ Prior to the onset of ELM - 0.4
024 < After ELM crash 0.3
: 0.2
0.14 1
0.1 5
I:::I-''"|""|'"'|""|""|""|""| {} '"'I""I""l""l""l""|I
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Local density and magnetic fluctuations measured inter-ELM
- possible importance of EM turbulence

]

g &

(?E g _)'—300
& - o

= =

= 100

B 2. 0

G157 T2GH — 9500

@ @ 400

S B

& 1— 88 CHz 1 > 300

§0-5_. 75 GHz @‘;T 200

w ] 60 GHz ;,f I | 0.

0.""l""I""l""l""l""l 0 S e G'OC
0 02 04 06 08 1 12 1.084 1.090 1.096

1pn Time [s]

Density from reflectometry (& Gas Puff Imaging)

Magnetic probes inserted 2 cm from separatrix
(measures same Kk, as density)

Evidence for importance of EM turbulence?

Leading theory posits KBM (EM drift wave) as a key
contributor setting H-mode pedestal (Snyder, NF, 2011)

Recent analysis indicates magnetic signatures consistent
with MTM

Review paper on inter-ELM fluctuations: Diallo, Laggner PPCF (2021)

500

(a) Magnetic fluctuations spectrogram
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Alcator C-Mod, Diallo, PRL (2014)
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Ensemble of inter-ELM measurements (DIlI-D) indicate
magnetics amplitude correlated with recovery of VT,

Magnetics spectrogram (inter-ELM)

2 0.703 —
& 153764 channel B1 3
200 &
N m - -
T = « 8B ~ VT, more consistent with MTM
=150 e expectations
Q —
S g — MTM specifically driven by VTe (to regulate
—4 o electron heat flux)
o ° — KBM is driven by VP
[TH E tot
o
S

72520 2540 2560 2580
Time (ms)

Ensemble evolution of inter-ELM 8B & VT, 8B vs VT, (from inter-ELM ensemble)
50 0.25-
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o
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=
|—;—|

Mo 20 30 40 50
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Onset of QCF
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Recent gyrokinetic analysis indicates these magnetic
signatures are consistent with MTM

- Similar frequencies as MTM (@ jap™~®+e*®poppier)

«  Selective appearance of toroidal mode numbers correlated with overlap of corresponding rational
surfaces (g,,=m/n) with maximum .,

* Nonlinear transport predicted to be significant [Hatch, NF 2017, 2019, & 2020]

Magnetics spectrogram (DIlI-D 162940)
Frequency vs. radius (from magnetics G- = = =

I ' - I——
observation and MTM prediction)

162940 Auto B1

b) Doppler shift
Diamagnetic f (MTM in plasma frame)

Frequency [kHz]

° ,..‘
020 e -400 g
. - exp. freq ,«6"‘ Unstable
0.15
" .. ~300 ... MTM
o 0101 - S | N ® Unstable MTM
E\ § ® Other
= 005 ° ° & 2001 ! Spectrogram
R (m) o o e e
0.00{ o& s =100 un®®,
° [ r -
Kotschenreuther, NF (2019) =0 ® ol 5 embleM o e,
0P °
Hatch, NF (2020) e S T
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Final report of 2019 FES Theory Performance Target
Hassan, APS-DPP (2020)
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Various fluctuations observed in ELM free pedestal regions —
Weakly Coherent Mode in C-mod I-mode

11012059012

_ C-mod, White, NF (2011

* |-mode in C-mod similar to H-mode
except temperature pedestal only

Freq (kHz)

* Evidence for weakly coherent
density, temperature & magnetic
fluctuations associated with
Increased particle transport
preventing density pedestal
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0.015
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0.000

1.6x10*

« Other examples exist in ELM-free 2l

H-modes (EHO in DIII-D; QCM In
C-Mod EDA H-mode)

radlometer
(ch4,
R~89.3cm)
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SCRAPE OFF LAYER
TURBULENCE



« Concept of “turbulence” in open field lines starts to change a
bit

« Often get blobby, strongly intermittent behavior

126



Going to refer to different spatial regions in the tokamaks

« Especially core, edge (just inside separatrix), and scrape-off layer
(SOL, just outside separatrix) 163130085 0 9

Closed magnetic

surfaces E
N
Open
4 magnetic
& surfaces

&
Scrape-off layer

Strike points X-point

D

Divertor plates Private plasma

0204 060810121416
R (m) 127



Understanding scrape-off-layer (SOL) heat-flux width
extremely important under reactor conditions

Narrow SOL heat flux width 1, leads to huge (>10 MW/m?) heat flux density on
the divertor plasma facing components (PFCs) - significant concern for

sputtering and erosion

Empirical scaling (A, ~ 1/B, \p) Very unfavorable for reactors
Recent turbulence simulations suggest a possible break from this scaling

D. Brunner, APS-DPP (2017)

8 7 ; T T. Eich, PRL (2011)
~ C-Mod
7 AUG XGC-1 turbulence predictions
5 C.S. Chan
ol DIlI-D (5. chang
JET rer O
z° NSTX
E 4 MAST
<
3 new C-Mod data
ol EDA
H-mode I-mode
w
1t |
0 [ i i i
0 0.2 0.4 0.6 0.8 1.0 1.2
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Many options being considered for divertor/SOL magnetic
geometry

* Requires additional complexity in poloidal field coils and controllability

« Generally will also required impurity seeding in core/edge plasma to radiate much
of the power

« Spreading (from turbulence) could reduce heat flux density

X divertor Snowflake divertor Super-X divertor

X Divertor

T1~0.78 m?
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Outside separatrix, blobs can be ejected and self-propagate
to vessel wall (NSTX GPI)

 Plasma is much less dense farther out in scrape-off layer
* Relative intensity of blob becomes large (5l/1)
 Measurements are generally intermittent (large skewness, kurtosis)

+ #105637 ®
- ol/l (rel.
08 - ( © ) 4
O 02s /
0.165s
o8| /
0.4 L
02} AN
i - LCFS
0L aada P | PO TR S R T S o ree
136 140 144 148 152

Ryp(cm)

Many characterizations of blob size, velocity, trajectory, etc... [Zweben; Lampert; others...]
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Theories and simulations exist that predict blob
characteristics: size, density, velocity

Simulations further out in edge become progressively more challenging,

more effects to deal with (neutrals, open field lines to conducting walls,
dust, ...)

simple ‘blob’ model (Krash. 2001) 2D turbulence model (D’lppolito 2008)

wall e T ' 1= 3916
- |0 |
B - !
- {\T— —\\\ “~~_ .
/ Vyg ~C \\%O
plasma blob
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NSTX measurements investigate blob correlation along open field lines from
upstream midplane, through divertor region, to divertor floor

»  GPI for upstream separatrix turbulence near midplane (bad curvature drive)

« C2* emission to measure fluctuations in cool divertor region

* Neutral Li | emission to measure fluctuations very surface (~few mm off divertor floor in NSTX)

I = Projection of a field-aligned filament
 |Radial-downward view | ' ' .

Top-down view '
[[GPl view

(a)

lux tube! |

origin

Midplane
filament

Cuter

Divertor Leg

" Filament intersection}
# | with divertor plate FA

0 0.5 R 1.0 15 F. Scotti (NF 2018; NF 2020) 132




NSTX measurements investigate blob correlation along open field lines from
upstream midplane, through divertor region, to divertor floor
»  GPI for upstream separatrix turbulence near midplane (bad curvature drive)

« C2* emission to measure fluctuations in cool divertor region
* Neutral Li | emission to measure fluctuations very surface (~few mm off divertor floor in NSTX)

T e T C2* divertor leg image Li I divertor floor image
2 [|Radial-downward view ||

Top-down view
GPI view

100 200

Figure 6: (a) Lower divertor C IIT emission averaged over Toroidal Angle (Degrees)

1 ms; (b) raw frame acquired at 100 kHz and with 9.3

] s exposure; (c) raw frame after high pass filtering (c). Figure 4. Images of the lower divertor in neutral lithium emission:
Lo | | PP Projection of the separatrix (red), inner (green) and outer (a) average over 1 ms, (b) single frame (9 ps) after moving

0 0.5 1.0 1.5 (orange) divertor legs, inner (cyan) and outer (blue) strike minimum subtraction, (¢) image in (b) plotted as a function of

R{m]‘ points from EFITO2 afg oS cotti (NF 2018; NF 2020)loroidal angle and divertor radius.




Upstream (midplane) blob filaments seen to propagate down to divertor far away

from X-point, but can also exist in isolation, driven independently near X-point

» Correlation between upstream midplane (GPI) and divertor

floor (Li I)

+ Becomes weaker near separtrix, where strong variation in

local magnetic shear can decorrelate upstream &
downstream turbulence

GPI-Div. Cross Correlation

Figure 17. Maximum value of cross correlation between GPI and
divertor imaging for each divertor radius, plotted as a function of

«  Comparison to predictions of different blob

dynamlc regimes [D’lppolito, 2011]
RB: resistive ballooning (disconnected)
—  RX: Resistive X-point (disconnected)
—  Ci: Ideal interchange (connected)
—  Cs: Sheath connected (connected)
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These regimes can be identified in a blob regime diagram
as a function of a collisionality parameter A and a blob size
parameter ©. The collisionality parameter A is defined as
= L" - The blob size parameter O is defined as 4%/ where the
dlmensmnless blob size & is obtained normalizing the blob

size dp by the characteristic blob scale . = p; ( ) /5 In

these equations, L is the midplane to target connection length,
Vi is the electron—ion collision frequency. p, is the sound
Larmor radius, R is the major radius, and (2, is the electron
eyrofrequency.
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SUMMARY

Many experiments and diagnostics developed to measure
fluctuation amplitudes, spectra, cross-phases, transport,
etc... in various regions of magnetically confined plasmas

Have seen progress in comparing theory/simulation &
measurements, with agreement approving from order-of-
magnitude to factor of 2-3 or better in limited cases (at least
In core plasma)

Improves confidence (in some regimes) in our physics
understanding, which improves our predictive ability (not
really addressed here)

Plenty more to do (pedestals, open field lines, 3D systems)
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