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Turbulence Lecture #4:
Understanding magnetized plasma
turbulence using experiment &
simulation
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Outline

Measurement and simulation of magnetized (~2D) plasma turbulence
characteristics

Will consider different “flavors” of plasma turbulence that depend on
plasma state (R/L.=-RVT/T, RIL,, B, ...)

Threshold and stiffness of measured and predicted turbulent transport
Multiscale turbulence characteristics and energy cascades

Zonal flows & GAMs (Geodesic Acoustic Modes)

Transport barriers

Boundary turbulence



Tokamaks

« AXisymmetric
« Helical field lines confine plasma
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Tokamaks

« AXisymmetric
« Helical field lines confine plasma
* Closed, nested flux surfaces

Inner Poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Outer Poloidal field coils
(for plasma positioning and shaping)

Resulting Helical Magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)
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We use 1D transport equations to interpret
experiments

« Take moments of Vlasov equation + average over short space and
time scales of turbulence (assume sufficient scale separation, e.g

Tiurb << Ttransport)

« Take flux surface average, i.e. everything depends only on flux
surface label (p) = macroscopic transport equation for evolution of
equilibrium (non-turbulent) plasma state

3 dT(p, t)

En(p» t) ot + V- Q(p,t) — Psource (pr t) o psink(pr t)

* To infer experimental transport, Q.
— Measure profiles (Thomson Scattering, CHERS)
— Measure / calculate sources (NBI, RF)
— Measure / calculate losses (Prad)



Inferred experimental transport larger than collisional
(neoclassical) theory — extra “anomalous” contribution

Reporting
transport as
diffusivities —
does not mean
the transport
processes are
collisionally
diffusive!

TFTR
Hawryluk, Phys. Plasmas (1998)
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Figure 1. Results from TFTR showing 1on thermal, momentum,
diffusivities 1n an L-mode discharge; reprinted with permission fi
Amencan Institute of Physics.
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Correlation between local transport and density fluctuations
hints at turbulence as source of anomalous transport

(6n?)
(n)?

Garbet, Nuclear Fusion (1992)
Tynan, PPCF (2009)
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We discussed Reynolds stresses u;u; in
Lecture #1. similar concept applies here

« Transport a result of finite average correlation between
perturbed drift velocity (ov) and perturbed fluid moments (on,
oT, oV)

— Particle flux, I = (dvdn)
— Heat flux, Q = 3/2ny(6voT) + 3/2T(dvdn)
— Momentum flux, IT ~ (dvdVv) (Reynolds stress, just like Navier Stokes)

 Electrostatic turbulence often most relevant — ExB drift from
potential perturbations: 6ve=BxV(6¢)/B? ~ ky(6¢)/B

« Can also have magnetic contributions at high beta,
6vg~V,(6B,/B) (magnetic “flutter” transport)



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

General predicted drift wave characteristics (see Lectures #2 & #3):

* Fluctuations in EM fields (¢, B) and fluid quantities (n,v,T)
(although really kinetic at high temperature/low collisionality)
* Quasi-2D, elongated along the field lines (L,>>L , k, <<k )
— Particles can rapidly move along field lines to smooth out perturbations
 Finite-frequency drifting waves, o(ky)~o.~(kyp)v,/L

— Can propagate in ion or electron diamagnetic direction, depending on
conditions/dominant gradients

 Perpendicular sizes linked to local gyroradius, L, ~p;, or k,p; .~1
 Correlation times linked to acoustic velocity, t.,,~CJ/R
* Fluctuation strength loosely follows mixing length scaling

* In a tokamak expected to be “ballooning’, i.e. stronger on
outboard side

— Due to “bad curvature”/’effective gravity” pointing outwards from
symmetry axis

— Often only measured at one location (e.g. outboard midplane)




Broad drift wave turbulent spectrum verified simultaneously
with Langmuir probes and FIR scattering

TEXT, Ritz, Nuclear Fusion (1987)

Wooton, Phys. Fluids B (1990) ° I”ustrates drlft wave
’ dispersion
 However, real frequency

almost always dominated by
Doppler shift

frequency  [kHz]

(Dlab — (Dmode (ke) + k6?Vdoppler

« 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  Measurements also often
used to measure show on/ny~o6¢/T, (electrons

fluctuation amplitudes nearly Boltzmann)

ATF stellarator, Hanson, Nuclear Fusion (1992) TEXT tokamak, Wooton, PoFB (1990)
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Mixing length estimate for fluctuation amplitude

* In the presence of an
equilibrium gradient,
Vn,, turbulence with
radial correlation L, will
mix regions of high
and low density

instantaneous
temperature
or density time-averaged
\[/ temperature or density

/
Vno

turbulent eddy
(~mm-cm)

core boundary

1-2m >

N
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Mixing length estimate for fluctuation amplitude

* In the presence of an instantaneous

temperature

equilibrium gradient, or density time-averaged

\[/ temperature or density

Vn,, turbulence with
radial correlation L, will
mix regions of high
and low density

 |Leads to fluctuation dn

turbulent eddy
(~mm-cm)

core boundary

< 1-2m >
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Mixing length estimate for fluctuation amplitude

* In the presence of an
equilibrium gradient,
Vn,, turbulence with
radial correlation L, will
mix regions of high
and low density

 |Leads to fluctuation dn

* Another interpretation:
local, instantaneous
gradient limited to
equilibrium gradient

instantaneous
temperature
or density time-averaged
\[/ temperature or density

/
Yno

on
|V611|~L—~kr61’1

r

>

core boundary

1-2m >

N



Mixing length estimate for fluctuation amplitude

on~=Vvn,-L,
N Yo L @i —vn,in,)
n0 nO Ln
on 1 1% 1
~ ~— |k ~L,;k, p, ~constant
n, kL, L, b~ Lik,p )

IF turbulence scale
length linked to p.,
would loosely
expect don/ny~p /L,
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Fluctuation intensity across machines loosely scales with
mixing length estimate, reinforces local p, drift nature

.01

Q.00

Liewer, Nuclear Fusion (1985)

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)
“ -k
4

10

z (cm)

R=Rg (cm)
TJ-K [Ramisch, PoP (2005)]
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Radial and poloidal correlation lengths scale with pg

reinforcing drift wave nature

« Turbulence close to isotropic

L~L,

(Lg = Ly)

Le (cm)

10

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=3>2k,=656.1nm)

BES Viewing
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75 KeV D9 Neutral Beam
(150 L (R))

High Temperaiure Plasma Dlagnosiics Mesting, Willamsbung, WA-5L2008-3. Mckee



Spectroscopic imaging provides a 2D picture of turbulence in
hot tokamak core: cm spatial scales, us 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 ¢ 20

0.80 .86 082 0.8830 0.86 0.92 0.98
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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Many other examples from laboratory experiments
Illustrating general drift wave expectations

« See supplemental slides for more examples

« General turbulence characteristics are useful for testing
theory predictions, but we mostly care about transport
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Useful to Fourier decompose transport
contributions, especially for theory comparisons

« E.g. particle flux from electrostatic perturbations:
I'(x,t) = (6ndv, )

on(k,)|o¢(K,)

T

rk,) =" >k,

Ky

?/nq)(ke)Sin an(p(ke)

V coherence Cross phase

Amplitude spectra

€

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

« Usually think of drift waves as gradient driven (VT,, VT, Vn)
— Often exhibit threshold in one or more of these parameters

» Different theoretical “flavors” exhibit different parametric
dependencies, predicted in various limits, depending on
gradients, T./T;, v, B, geometry, location in plasma...

— Electrostatic, ion scale (ky,pi<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 (ky,pi<1)

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

25



Challenging to definitively identify a particular
theoretical turbulent transport mechanism

« Best we can do:

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

— Compare with theory (simulation) predictions
— Scale equilibrium parameters to investigate trends/sensitivities
— Make new predictions and test them

* This is the rough outline of “validation” for turbulence and
transport theory and modeling

 Let's look at some modern validation studies
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Going to refer to different spatial regions

« Especially core (~100% ionized), edge (just inside separatrix), and
scrape-off layer (SOL, just outside separatrix — open field lines)

Open
magnetic
surfaces

~
&

&
Scrape-off layer

Strike points X-point

Divertor plates Private plasira

Closed magnetic
surfaces

Vertical distance

A

2

Edge
¥ region

A\

Magnetic
flux surfaces

Separatrix

/ g

Divertor strike points

: - - ’
Major radius
27



CORE ION SCALE TURBULENCE



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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Downshift of nonlinear spectra w.r.t. peak linear growth rates

 Linear spectra often peak at higher k,p,~0.3-1 than
turbulence peaks k,p,~0.15-0.3 = indication of inverse
cascade from most (linearly) unstable models
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Threshold-like behavior observed experimentally

« Experimentally inferred threshold varies with equilibrium, plasma rotation, ...
« Stiffness (~dQ/dVT above threshold) also varies
« x =-Q/nVT highly nonlinear (also use perturbative experiments to probe stiffness)
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QlLe===a="= | | | _———d e == === ()
0 2 4 6 8 2 4 6 8 10

R/L R/L+

JET
Mantica, PRL (2011)

31



Threshold like behavior analogous to Rayleigh-
Benard instability ~VT

Analogous to convective transport when

_ heating a fluid from below ... boiling
Heat flux ~ heating power

water (before the boiling)

diffusion
+

turbulence

[ Coaieton

Vv

Temperature gradient
(Thot - Tcold)

Rayleigh, Benard, early 1900’s

Threshold gradient for temperature gradient driven instabilities have been
characterized over parameter space with gyrokinetic simulations
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Modern gyrokinetics has helped uncover key physical effects
that influence threshold and stiffness

* Including kinetic electrons, ions, fast ions, realistic equilibrium, collisions,
electromagnetic perturbations (3A,, 5By, drive from rotation gradient, ...)

16F 1 T T T T T T T T T e 80 I T T T T
(El) With fast ions T
14| No fast ions + i 70 - i
With fast ions, ES i . j
EXP power balance -
12 inear threshold, EM = | | 60 |
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__ 10} j : 501 I ; ]
m X o) t Noni -
4 1 Nonlinear GENE sims
E_ 81 s T O, 40+ : {7 Citrin, PPCF (2015)
o2 ol ;
6 I 30} i : -
: LI i
al ,.f S o0 ' /L Fast, rot, EM —— _
/ T g i Fast, no rot, EM -
/ - 5./ No fast, norot, EM -
2r / r—l E - 101 . ;;-J',.- Fast r-::-t ES —- -
ol o X A | P J EXP power balance H-a-
2.533.5445555665??58 02 3 4 6 ? 8
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Understanding of thresholds & scaling, and stiffness lead to advances in
modeling (Greg’s Lecture #2 & next lecture) 33



Potentially very important consequence on reactor

___Reference (CRONOS/GLF23, T o= keV): P =350MW
With core EM stabilization: P, =420MW
25: . fus
Including impact of fast ions
o0l + EM effects implies more |
< I peaked temperature - more
O Tl fusion power for ITER
- 15¢
10_ \
5r | | | “‘“:-,
0 0.2 0.4 0.6 0.8



Measurement of both electron density and temperature

fluctuations at overlapping locations (DllI-D)

» Using electron cyclotron emission (ECE) to measure 8T,
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Normalized density and temperature fluctuations are very
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Comparing én,, 6T, fluctuation spectra with simulations using
synthetic diaghostic
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Simultaneous measurement of n, and T, using same beam
path allows for cross-phase measurement
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ne-Te cross phases agree amazingly well with simulations!
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Fluctuation Level (%)
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Inhomogeneous magnetic field causes
trapped particles to precess toroidally

E =1/2mv? = constant

Toroidal
i =mv 2/2B = constant Direction
“«— —
Separatrix A
: Banana
Trajectory
. \. | o—
Projection of Trapped lon p “ . -
Trajectories is Banana Shaped ' . ‘ N\ T ;
(for illustration only) / r ® N O &
X-point . 3
d ‘ / \ s
\ lon gyro-motion N o
4 Divertor
Targets

Trapped electron precession frequencies can be comparable to drift wave
frequency (o~Vv;/R) = resonance can enhance ITG instability and lead to
distinct trapped electron mode (TEM) instabilities driven by VT, Vn,



Simulations can reproduce transport for some observations

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

« Discrepancies point to missing physics in theory/simulation — what have
we been neglecting?
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Instabilities also occur at electron scales

ITG/TEM turbulence exists at ion scales, k, p;~0.1 —1
ETG instability occurs at electron scales k; p.~0.1 — 1 (k, pj~6 — 60)

ETG is “isomorphic” to ITG
— Replace m;> m_, T, 2 T, so that p, 2 p,, V12 Vre,
— Replace Boltzmann electrons, on./n_=edop/T, = adiabaticions, on/n=2Z.ed¢/T,

Recover same threshold and appropriately-normalized growth rate except
ETG occurs at scale sizes & times 60x smaller and faster [p./p~(m./m;)"?,
Vie/Vri~(mi/m,)"?]

2
Electron scale gyroBohm diffusivity (XGB,ETG = pez”) also 60x smaller than

ITG, but it can still play an important role...
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MULTI-SCALE TURBULENCE
(FROM p; TO p, SCALES)



ETG-like “streamers” predicted to exist on top of ion scale
turbulence (https://www.youtube.com/watch?v=3TyHtE9 trg)

30 Standard,
lon-Scale Sim

n
(o)

— Howard, PoP (2014)

-0.015
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20 -10 0 10 20
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S kO pS< 48.0 0.018
=

o

= 0.009
o

©

T 0.0
O

O

o -0.009
QUJ
; -0.018

-0.027
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Non-intuitive change in predicted transport due to cross-
scale coupling between ~p; and ~p,

 As alL; (=-aVT/T,) is reduced towards ITG threshold, Q, decreases while
electron transport increases due to very small scale (kyp;>1, Kyp.<1)
turbulence

« Challenge to incorporate in models (next lecture)

Howard, NF (2016)

1| ton-Scale Simulation
1 | Mutti-Scale Simulation

MW/m®
MW/m®

1 | Multi-Scale Components

1 | High-k (ETG) Contributions
1 | Low-k (ITG) Contributions

e

op

a7




Hot topic: measure change in turbulence spectrum
consistent with multi-scale effects

Q. (kgps) XKy P

0.015 - a/Lt =1.92

UL |

~ Peak of ETG
linear growth rate

~Peak of ETG
streamer-driven Qa

N

A

| N
] 101

Howard, PoP (2016)

E Power Spectrum of
F | Density Fluctuations
I l."i-'rl_ . — 225 i

i kﬂps iu\/':'

-5
107F ally, =192 —4—
F la/ly, =175 e
1DB I M i i i1 gl i i i PR B M i
14 1 10 48.0
48 Ko Ps

Indication of inverse cascade

Simulations spanning >2 orders of magnitude in both perpendicular dimensions
and time (~ 20M cpu-hrs/sim)

Some “multi-scale” turbulence measurements in L. Schmitz, NF (2012)



In simulations, we can diagnose energy transfer from
nonlinear 3-wave interactions

Nonlinear term is a 3-wave interaction, e.qg. 6v — v exp(ik - x)

(6v - Vén)yz — Z Vi1 - Kongo

k1,k2

where k; = k; + Kk,

Quantify nonlinear energy transfer through the use of bispectra (look for
correlated interactions between ky, k,, k; satisfying k;=k;+k,)

T(ks. ki) = —Re<f (k3)V (ks — ky)

- RE’<f (k3)V g(k3 — ki )=
where T(ks. ki) represents the transfer of energy from gra-
dients of a fluctuating field, £, that exist as a wavenumber,
ky, to fluctuations existing with a wavenumber, k5, which are
mediated by E x B velocity fluctuations existing with a
wavenumber k,. The brackets, () in Equation (1) represent a

fff(’rfl

dr

| df (k

)

db

)

1)

)

Howard, PoP (2016)
Holland, PoP (2007)
C. Ritz, PoFB (1989)
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Strong electron scale drive and cross-scale coupling leads to
significant inverse energy cascade

ETG streamer dominated ITG dominant

Panel A :a/Ly.=1.75

20[) Energy
Into
Ky sp
\ 0.3
15 ’
&
g} 10 0.0
- H
5
' Energy
» Out of
ke,sp
0 5 10 15 20 ) 0 5 10 15 20 2

k9,1 ps k0,1 ps
Positive: energy transfer from k; =2 Kk,
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Strong electron scale drive and cross-scale coupling leads to
significant inverse energy cascade

« Low-k turbulence and transport larger than would have been otherwise!

ETG streamer dominated ITG dominant

Panel A :a/Ly.=1.75 Panel C:a/Ly,=2.25

20 20T Energy
~. Into
[f' . ke,3ps
155
X | a
o 10f M 10 0.0
= i N
5
' Energy
Out of
] o T 0 k2 Ko 3P
0 5 10 15 20 ) 0 5 10 15 -

k9,1 ps k0,1 ps
Positive: energy transfer from k; =2 Kk,
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Strong electron scale drive and cross-scale coupling leads to
significant inverse energy cascade

« Low-k turbulence and transport larger than would have been otherwise!
» Also identify more “local-k” inverse cascade (near diagonal)

ETG streamer dominated ITG dominant

Panel A :a/Ly.=1.75

Energy
Into

Ko3P

0.0

Energy
Out of

Ko3P,

0 5 10 15 20 ) 0 5 10 15 20

k9,1 ps k0,1 ps
Positive: energy transfer from k; =2 Kk,
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“PURE” ELECTRON SCALE
TURBULENCE (not multiscale)



Microwave scattering used to detect high-k;
(~mm) fluctuations

density fluctuations from ETG simulation

spherical

ﬁ
ki
24 6 ion radii
< 360 electron radii >
~2Ccm
Guttenfelder, PoP (2011)

-2 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,

3 - T T -.I-

« Applying RF heating to increase Te

 Fluctuations increase as expected
for ETG turbulence (R/L1x>R/Lye ¢1it)

* Other trends measured that are consistent

with ETG expectations, e.g. reduction of high- - Rm
o . . . ']I:I_d - T ™ T T
k scattering fluctuations with: o < kipe025 |
1. Strongly reversed magnetic shear (Yuh, PRL 1”_ 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 @/2n (MHz)
2012, Guttenfelder NF, 2013, Ruiz PoP 2015) E. Mazzucato et al., NF (2009)
3. Sufficiently large ExB shear (Smith, PRL
2009)
— Observed in ETG simulations (Roach, PPCF NSTX

2009; Guttenfelder, PoP 2011)

@NSTX-U Guttenfelder, U. Washington Plasma Seminar (Feb. 7, 2017) 55



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

« BUT majority of nonlinear gyrokinetic ETG simulations
predict Q_ too small to explain experiment
Measured high-k power spectra Electron heat flux (exp & sim)
-40 T Ry e N I I I
- g 3 B E':?{F:' ]
high vn_3 lowVn
-50 156 :
c E % iE high V &
= 1a" ¢
-70 F i
- Jlow V on E',m' .
-80 = high V n_:
MH i i
MH2)  Ruiz-Ruiz, PoP (2015) __ 'Te

Are multi-scale simulations required???



Measurement, simulation and validation has had some
success under predominantly electrostatic conditions (low B)

« But steady state tokamak scenarios require high 3 (for self-
generated bootstrap current) - brings in numerous EM
effects, has been more challenging to model, is the focus of

a lot of recent research
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“PURE”
ELECTROMAGNETIC
TURBULENCE



Linear microtearing instability

* High-m tearing mode around a rational q(r,)=m/n surface (k-B=0-> k;(r;)=0)
(Classical tearing mode stable for large m, A’=-2m/r<0)
* In the core, driven by VT, with® time-dependent thermal force = requires collisionality

Conceptual linear picture
« Imagine helically resonant (g=m/n) 3B, perturbation OB, ~ cos(mO —no)

1/2
+ OB, leads to radially perturbed field line, finite island width W= 4(65“ :]F:)

. B-VT,, 8B

« VT, projected onto field line gives parallel gradient Vileo =3 B

H Ve

* Time-dependent parallel thermal force (phase shifted, ~iw/v*n,V,T,) balanced by
inductive electric field E=-dA,/dt with a 3B, that reinforces the instability

* Instability requires sufficient VT, B, v, (differences predicted in the edge)

* Not explicitly driven by bad-curvature
*e.g. Hazeltine et al., Phys. Fluids (1975); Drake & Lee, Phys. Fluids (1977); A. Hassam (1980)

@NSTX-U Guttenfelder — UCLA Plasma Seminar (Feb. 11, 2016) 59



Onset of magnetic stochasticity leads to large
electron thermal transport, Q.,~Vv+.|0B/B|?

 Inspecting Poincare plots during early phase of simulation (before saturation)

1

10 L L B L L B LR L B t=10 t:loa/cs t:20a/CS
. Ar) =1/k -s —20 SO T & 30 ; x . i
g \( )rat= 1Ky 30 1 |§ : ‘ |! | Hi\ Il (IAARAG lH\ : Tél!l
I 10 a | A | I ™ ; (kA I
I Ak/kz;‘ 50 | | ‘ | ” i it : TS \' |
o' g > B 1 i ‘ | il i - !
10° . . 10 ’| | ‘ | | 10 ” ‘ ‘ | il | | : I
a” - @ ~ 1 ‘ | ‘ | _ i : \ I ' |
i S ] g8 | | g o |\ 1 R e
[ s ] A A I | (R
Wisland T ol l 10 ” ‘. i } | - l‘ |,
4 kA | LI I‘ I A i
o'E RS L =
7\ | L1l Y \\\\\\\\\7 l é y | | ‘ 1 { || ‘ ‘ : |
0 0.2 0.4 0.6 08 M I I | - }!‘ I AL Sl
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S T T TSI 1 30
:I E| ‘\ “ : ' |
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| | | H
iy |
soffr It (i i o E
A | |f
2 of s g ol
ik | i§
Aol | ! Il i -10 |€
(RERT e e |
ol ] |l i = I
(Rt ! i ;
!Il : it ' ; i qrhiiEe .
goll LIE]] il | 3o LI | il I 4 & §
-40 -30 -20 - 40 -40 -30 -20 -10 . (?) ) 10 20 30 40 -40 -30 -20 -10 g ((‘)) ) 10 20 30 40
@NSTX-U Guttenfelder — UCLA Plasma Seminar (Feb. 11, 2016) 60



Microtearing-driven (MT) transport may explain spherical
tokamak confinement scaling with collisionality

Tg ~a* /Xe

10

S S

10

1/, (alpZc,)

= NSTX-U

O

experiment ~

GYRO

NSTX120968A02
t=0.560 s r/a=0.6 ’yE=D

-2

10°

(cS/a)

107"

V_.
el

10"

Guttenfelder, et al., PoP (2012)

@INSTX-U

Guttenfelder — UCLA Plasma Seminar (Feb. 11, 2016)
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MTM density fluctuations distinct from
ballooning modes like ITG (simulations)

-/

NSTX MTM turbulence DIII-D ITG turbulence

@NST)(_U Guttenfelder, U. Washington Plasma Seminar (Feb. 7, 2017) 62



Very challenging to measure small scale internal
magnetic fluctuations

NSTX (PPPL) « Synthetic diagnostic
calculations predict
polarimetery could be sensitive

S ]

Fluctuations in magnetic field

-12
214
(=N
g . .
> E : : : )11 libTIIM
g ; ; : —_— 1, only
' : T T U U R —B«.r only
microwaves experience a : : : -
o e @ : T
shift in polarization 17 . . . . .
o 0 0.2 0.4 0.6 0.8 1
" e - t (ms)
Zhang, PPCF (2013)

Guttenfelder, PRL (2011)
UCLA

« Cross Polarization Scattering
(CPS) may be useful as a local
measurement (Rhodes, RSI
2014; Barada, RSI 2017)
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S(f) [au.]

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 Te increase during “quasi-single helicity” (QSH) state -
broadband 6B measured (3 below left)

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

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

25

0.5}
0.0L.

2.0
1.5}

1.0

i AN |
@ 1569 ms QSH

@ 1

@ 209 ms QSH ]
@ 230 ms QSH Crash

10 100 1000
Frequency [kHz]

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

non-perturbative) in JIPPT-1IU tokamak (Hamada, NF 2015)
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ZONAL FLOWS, GAMSs

(critical role in saturation of 2D turbulence)



Self-generated “zonal flows” impact saturation of turbulence
and overall transport (roughly analogous to jet stream)

« Potential perturbations uniform on flux surfaces, near zero frequency (f~0)

* Predator-prey like behavior: turbulence drives ZF (linearly stable), which
regulates/clamps turbulence; if turbulence drops enough, ZF drive drops, allows

turbulence to grow again...

Linear instability stage Large flow shear from Zonal flows help moderate
demonstrate; structure of mstablllty caus:‘e ] the turbulence!ll
fastest growing modes perpendicular “zonal flows

Rayleigh-Taylor like instability ultimately driving Kelvin-Helmholtz-like instability = non-linear saturation



The Jet Stream is a zonal flow (or really, vice-versa)

NASA/Goddard Space Flight Center Scientific Visualization Studio
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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=C/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
04 06 08 A1
0.1 —0.5 f (kHz)
F coherence (d) ° ! '
n oy
2 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)
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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 | ?,fg%ﬁg{ee“
poloidally separated BES o
channels 0.05

« High coherency at low
frequency, zero phase shift

o
n
o

V, Fluctuation
Coherency
o o
—_— "
o (%)}
1

0
5 58

Phase (r rad)
-~ Soo
o o w;m

2 4 68 2 4 68

« Evidence of GAM oscillation ' Reak)
. . (b) 1.0x10" e

» Relative strength of each varies 3} ZME Zonal[— /a0 |
. . s 0.8 ow |-- ra=0.55
with radius g | e 112092

g

> “4.."""-.‘.'.?._‘.4_ 2 ]
DIll-D, Gupta PRL (2003) Qb e =

Frequency (kHz) 69



GAM seen on numerous devices using different
measurement techniques

{i ot Nt _l:a:rrbur witnout ® 10"
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. . 5 i o
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[ e x
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- See Fig. 11 of s | Aﬁ £
el | N
Fujisawa, Nuclear  ; ’“’"W Yy :
. "'-_,-,_(f \n, y o
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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, ...)

(d) 25

20 ¢

(kHz)

f
GAM

15t

10 ¢

fGAM=Cs/2 R

10 15 20

c/2nR (kHz)

Fujisawa, NF (2009)
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JFT2M(chmic)
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. 10(ohimx

T-10 (ECH)
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EDGE TURBULENCE
H-mode pedestal



Going to refer to different spatial regions in the tokamaks

» 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 Private plasira

Closed magnetic
surfaces

Vertical distance

2

Edge
¥ region
A\
Magnetic
flux surfaces
/ Separatrix
Divertor strike points
t =

Major radius
73



Spontaneous “H-mode” edge transport barrier can form with
sufficient heating power =2 improved confinement

6 — e
. Thomson Data and FIT 3
o E } - H-mode } o
oE *E } - L-Mode } o @ | g[tMode )
o 3¢ ol T ;
— £ E — *'E i
o 2t € 71 L-Mode 2
1 £33 ' l ‘E’g
: uF 2 kA
(| I T R W | AR (4 o
00 02 04 06 0840 12 ° " |
Normalized radius r/a 2 H-Mode g
-J) I o —-
5§ ' " Thomson and ECE Data and FIT : Aoo 094 098 02 080 084 098 102
4k _ + - H-mode Normalized | Flux Normalized Poloidal Flux
S s thiidd f - L-Mode Burrell 1997
C: 5
N: * Correlated with strong shear in
: equilibrium radial electric field (E,)
00 12 * Suppression of turbulence predicted

Mormalized ra;:il

when equilibrium shearing rate (og,g) >
i} turbulence decorrelation rate (Aw
Data from DIII-D [Biglari, 1990 Hahm, 1994]

(from Carter, 2013)

H-mode boundary has nearly collisional transport — like a shear flow boundary layer in neutral fluids -4



Mean velocity shear flow can suppress turbulence &
transport in quasi-2D! (Lecture #1)

* |n contrast to flow shear drive in 3D turbulence

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

Aerosol Concentratlon

Large shear in
stratospheric
equatorial jet

Latitude (Deq)

A ') L3
e (Trepte, 1993)

180W 120W 80W 0 BOE 120E }80E
Longitude (Deg)

* Flow shear suppression of turbulence important in magnetized plasmas

« See lengthy review by P.W. Terry, Rev. Mod. Physics (2000) e



Transition from L—H correlated with drop in turbulence

amplitude, reduction in radial correlation length

Consistent with ExB shear
suppression

However, there is still no clear
understanding regarding what
Initiates the transition and the
dynamics involved

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

Cia iy
T T

fad

AMS fluchuation amplitude (aw)

15f

05 |

EEEe

(b)

-

— et

0.0

0.0

(c)

Time {ms)

1710 1720

Burrell, PoP (1997)

Coda, Phys. Lett.

A (2000)
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Electron Densit

Local density and magnetic fluctuations measure possible
Importance of EM turbulence

Retlectometer Fluctuations for Shot 1120815026

20 -3
y [10 mN ]
(82}

3 - Pedestal top
(a) 400 -
=
-7 ) 300 > 1.8
; N c
‘_-‘ gzoo %_ 1.0
] £5 E
] c..0 /
1.57 £ 500 i 0.0
] ® 400 .
H * 200y ‘ :
| i ,
0.57
: 100 :
0.""l""I""l""l"“l""l Y B e = (.00
0 02 04 06 08 1 12 1.084 1.090 1.096

v Time [s]

Density from reflectometry (& Gas Puff
Imaging)

Magnetic probes inserted 2 cm from
separatrix (measures same K, as density)
Evidence for importance of EM turbulence?

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

Alcator C-Mod, Diallo, PRL (2014)
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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

I-mode in C-mod similar to H-mode
except temperature pedestal only 400

Freq (kHz)

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

Freq (kHz)

Other examples exist in ELM-free ‘q?
H-modes (EHO in DIII-D; QCM in
C-Mod)

radlometer
(ch4,
R~89.3cm)

Freq (kHz)

Are these weakly coherent, quasi-

(d)

coherent edge modes really e 67 SR T
turbulence??? S ECEsensitivitylmit _

0

.0
0.4 0.6 0.8 1.0 12 14
Time (s)

— Discuss amongst yourselves



Ultimately H-mode edge “pedestal” gradient
often close to MHD stability limit

ballooning modes (see Greg's Lecture #2, op)

Kinetic ballooning modes (KBM) are gyrokinetic analog to MHD

In part, on KBM threshold (EPED, Snyder 2000-present)

more important (Hatch NF 2015-present)

» This is a very active research area

Considered as ultimate limit on pressure gradient (in the sense of
transport, not macroscopic MHD stability)

One of the most validated models for predicting pedestal pressure relies,

More recent simulations suggest other turbulence (MTM, ETG) can be

= ETG

=+ 4+ lon NC

15&=® lon-scale

(b Sum
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SCRAPE OFF LAYER
TURBULENCE



Going to refer to different spatial regions in the tokamaks

» Especially core, edge (just inside separatrix), and scrape-off layer
(SOL, just outside separatrix — open field lines’ 11631200851 MHzoe 0

1.5F
1.0F

0.5F

Closed magnetic

surfaces E ool
M~
Open

i 0.5}

8 magnetic

S surfaces
Scrape-off layer 1.0}

Strike points , X-point

Divertor plates Private plasma

) 0.2 QAL
Exhaust heat flux comes out in narrow layer R (m)



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,, yp) Very unfavorable for reactors
Recent turbulence simulations suggest a possible break from this scaling

D. Brunner, APS-DPP (2017)

8 = 1 ' T. Eich, PRL (2011)
~ C-Mod
7 AUG XGC-1 turbulence predictions
5 C.S. Chan
ol DIII-D (5. chang
JET rer O
z° NSTX
E 4 MAST
<o
3 new C-Mod data
ol EDA
H-mode I-mode
*
1t |
0 i | i i
0 0.2 0.4 0.6 0.8 10 1.2
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Boundary region much harder to diagnose and
simulate

Plasma + neutrals
Open field lines
Material boundary conditions

Boundary turbulence (intermittent blob/filaments vs.
gaussian PDF in core)

See XGC-1, Gkeyll simulations and discussion in Lecture #3

83



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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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

(EDD)

poloidal

(2)

sep. L-H mode transition t~0.245 s

135044

W :"v x
U, 2.

" T NS
5300

B Es
23550

playback @
35 Usec/sec

radial (outward)
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Outside separatrix, blobs can be ejected and self-
propagate to vessel wall

 Plasma is much less dense farther out in scrape-off layer
« Relative intensity of blob becomes large (31/1)

« Distribution of perturbations becomes strongly non-Gaussian
(= intermittent)

1

L #105637 000 @
oal ol/l (rel.)
O 0.2s /
0.165s /
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02|

LCFS
LA L LA A A L) il Ak Al PR Y
136 140 144 148 152
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Theories and simulations exist that predict blob
characteristics: size, density, velocity

Fluid theories for lower temperature edge have provided some insight on
predicted blob sizes and propagation velocities

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

wall
- ’ 0
B = T ——
- i S =
\ K ~
7
: <P '
/ v VB ( \m
plasma blob 3
—
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Summary

« Although challenging to measure, a number of plasma
turbulence characteristics have been measured and used to
help validate and improve theoretical predictions and
understanding

« With this improved understanding we desire reduced models

that predict turbulence and the transport it causes - next
lecture
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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 {:{ - = 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 b 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,

U, (R) = <§f:}{R +p) — l_{Vu +v)-0A(R + p)>
‘ R

+ Must also solve gyrokinetic Maxwell equations self-consistently to obtain d¢, 0B

@NsTX-U

Guttenfelder — UCLA Plasma Seminar (Feb. 11, 2018)
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Why does turbulence develop In
tokamaks?

Example: Linear stability analysis of lon
Temperature Gradient (ITG) “ballooning” micro-
Instabllity (expected to dominate in ITER)

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



Toroidicity Leads To Inhomogeneity Iin |B|, gives
VB and curvature (k) drifts

_ , bxx
Ve =1y, —qB ~1 « What happens when there are small perturbations
. In T, T,? = Linear stability analysis...
_ mv, bxVB/B
Vg = ~T)
2 qB

VB, curvature (k)

Z . ’ -
32 34 38 38 4 42
R R
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Temperature perturbation (6T) leads to compression

(V-v,), density perturbation — 90° out-of-phase with 5T

0.5

0

1.8
1.6F
1.4fF

1_25“\‘”“HHAHHAHHMH‘E
T

1 [

32 34 36 38 4 42

B(T)

VB ]
-—

T

77N

ot b by by
32 34 36 38 4 42

bx VB —ions
<VB, curvature ® {Ed_icnw]“im
B

. < 1

n
T - . *

n+
- 1

n_
T - - *

n+
e - 1

n_
T- -~ . *

« Fourier decompose

perturbations in space
(Kopi<1)

« Assume small 6T

perturbation

@INSTX-U

Guttenfelder, U. Washington Plasma Seminar (Feb. 7, 2017)
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Dynamics Must Satisfy Quasi-neutrality

Quasi-neutrality (Poisson equation, k,2A;2<<1) requires

For this ion drift wave instability, parallel electron motion is very rapid

I
= —BeM%@imymmnEmaéig“{ d3VfS

80 S ﬁlzﬁe
5 n-n

@28 - A=A,

(L D)T n,

o<kVv, = 0=-T,Vn +nevVe

(no +ﬁe): N, exp(ecT)/Te)

ﬁe ~n,eep/T, :>ﬁe ~

@NSTX-U Guttenfelder, U. Washington Plasma Seminar (Feb. 7, 2017)
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Perturbed Potential Creates ExB Advection

» Advection occurs in the
bx VB —ions radial direction

1

M

*

< VB, curvature R {;d.icn
TN~ B
§ T oItzmann e’s
I Ves =
32 34 36 38 4 42 T * 1 Ey) —
B (T)
T+ - T l q
(p_
[ o+
0.5, ! T- -
RN\ .

P SRS S ST U SAIAIN SRS S
32 34 36 38 4 42

O

o
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Background Temperature Gradient Reinforces
Perturbation = Instability

VT
<
T+ -
T_
T-

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

99



Analogy for turbulence in tokamaks — Raylor-
Taylor instabllity

* Higher density on top of lower density, with gravity acting downwards

gravity density/pressure

@NSTX_U Guttenfelder, U. Washington Plasma Seminar (Feb. 7, 2017) 100



Inertial force In toroidal field acts like an effective
gravity

centrifugal force

gravity
—effective gravity )
— _
< pressure

e,
By,

apressure

Unstable in the
outer region

GYRO code
https://fusion.gat.com/theory/Gyro

@NSTX_U Guttenfelder, U. Washington Plasma Seminar (Feb. 7, 2017) 101



Same Dynamics Occur On Inboard Side But
Now Temperature Gradient Is Stabilizing

» Advection with VT counteracts perturbations on inboard side — “good”
curvature region

“bad” curvature

| o _Exb

T E-B B

T : - h - ]
T+-_ k # _;‘\H"AHHAHHAHHAHHE
T- : z
T+ S 05 .

{ /VT VT
T'. 0;‘\HHAH"‘AHH‘AHHMHw:
32 34 36 38 4 42
@NST)(_U Guttenfelder, U. Washington Plasma Seminar (Feb. 7, 2017) 102



Fast Parallel Motion Along Helical Field Line
Connects Good & Bad Curvature Regions

Vth

Yinstabiliy —\/7 UL, =-1T-VT
RL,
Vth
Yparallel -
gR

T ——

—

1

f

~ 2
LT threshold g
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Threshold like behavior analogous to Rayleigh-
Benard instability

Analogous to convective transport
when heating a fluid from below ...
boiling water (before the boiling)

Heat flux ~ heating power

diffusion
+

turbulence

[ Coomon:

Vv

Temperature gradient
(Thot - Tcold)

Rayleigh, Benard, early 1900°’s

Threshold gradient for temperature gradient driven instabilities have been
characterized over parameter space with gyrokinetic simulations

@NST)(_U Guttenfelder, U. Washington Plasma Seminar (Feb. 7, 2017) 104



Finite gyroradius effects limit characteristic size
to lon-gyroradius (k,pi~1)

* Microinstabilities depend on ExB drift from potential perturbations

. _bxVp 9 (e\(T_ ¢
VE= " g _lk_LE = —ik, (i) (EL) = —i(kLp;) (i Vri

* Normalized amplitude increases as (Vg/vy) ~ (k, p)(o/T;) = drift velocity
increases with smaller wavelength (larger k, p;)
— For small (k,p;)<<1, growth rates increase linearly with ~(k, p;)

- If wavelength approaches ion gyroradius (k,p;)>1, average electric field
experienced over fast ion-gyromotion is reduced:

<V(P>gyro-average ~ Vo <V(P>gyro—average - v(P[:L'(kLpi)Z]

AT L)

—Maximum growth rates (and typical turbulence scale sizes) occur for
(k. pi)~1

@NSTX-U Guttenfelder, U. Washington Plasma Seminar (Feb. 7, 2017) 105




ITG/TEM & ETG turbulence appears to describe
tokamak transport in many cases

lon scales (k,pi~1)
* lon temperature gradient (ITG, y~VT,) via ion compressibility (~VB, )
» Trapped electron mode (TEM, y~VT,,Vn,) from electron trapping (~f,)

Electron scales (k,p.~1)
 Electron temperature gradient (ETG, y~VT,), analogous to ITG (~VB, x)

* Instabilities driven by gradients (VT,, V T, Vn) surpassing thresholds which
depend on: connection length (~gR), magnetic shear (dg/dr), temperature
ratio (T./T;), additional equilibrium effects ...

@NST)(-U Guttenfelder, U. Washington Plasma Seminar (Feb. 7, 2017) 106



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

AspectratioA=R/a
Elongationk =b/a

R = major radius, a = minor radius, b = vertical %2 height

@NSTX_U Guttenfelder, U. Washington Plasma Seminar (Feb. 7, 2017) 107



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

« Short connection length —» smaller average bad curvature

Magnetic Surface

S

good curvature

@NST)(_U Guttenfelder, U. Washington Plasma Seminar (Feb. 7, 2017) 108



Many elements of S

" are stabilizing to toroidal,

electrostatic I

"G/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]

5 bx %

1" 4B
~mv2 bxVB/B
VB T 2 qB

=mv

Guttenfelder, U. Washington Plasma Seminar (Feb. 7, 2017) 109



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]

t Orbit-averaged drift of trapped particl

D

I- A=471

Projection of Trapped lon
Trajectories is Banana Shaped

(for illustration only) i
-poin

X t
p ‘ S
Divertor 5
Targets 0.5 . !

0 0.2 04 0.6 0.8 1
(deeply trapped) K (pitch angle variable)  (barely trapped)
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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]

Strong coupling to 6B, ~3A, at high B — stabilizing to ES-ITG

a5 T T T T T

Kim, Horton, Dong, PoFB (1993)
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Many elements of S

" are stabilizing to toroidal,

electrostatic I

Strickler, NF 1986]

Large fraction of trapped electrons
reduced TEM drive [Rewoldt, Ph

Strong coupling to 6B, ~3A, at high

"G/TEM drift waves

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

, BUT precession weaker at low A —
ys. Plasmas 1996]

B — stabilizing to ES-ITG

Small inertia (nmR?) with uni-directional NBI heating gives strong toroidal flow &

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

e .-___.-""-- T -.,__H\- {ﬂ'ﬁ P _.a-F;':{_}
I i \'-., .;_F_,a-" _____’_.-".
|Ilr :] 'lff__-'"'r--
- IIII. .:’_‘__-ﬂ"-"?
% —~ o~
o S - .-""I o~
. b}
U . .
()

: Coherence length
1

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 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]

* Strong coupling to 6B, ~6A, at high § — stabilizing to ES-ITG
« Small inertia (hmR?) 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) ~ 3.-VT,, kinetic
ballooning modes (KBM) ~ a,,,p~0°VP/B?

* Large shear in parallel velocity can drive Kelvin-Helmholtz-like instability ~dv,/dr

@NST)(_U Guttenfelder, U. Washington Plasma Seminar (Feb. 7, 2017) 113



lon thermal transport in H-modes (higher beta) usually
very close to collisional (neoclassical) transport theory

10 F

Courtesy Y. Ren

(m?/s)

0 %i,nc

10 F From NCLASS

-llllljlljlljllllllllllll

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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Predicted dominant core-gradient instability
correlated with local beta and collisionality

 For sufficiently small 8, ES instabilities can still exist (ITG, TEM, ETG)

« Atincreasing 3, MTM and KBM are predicted — depending on v

— Various instabilities often predicted in the same discharge — global, nonlinear EM
theory & predictions will hopefully simplify interpretation (under development)

L L L L B B B B [T T T T T [T T T ]
10 O .
L KBM 0% ;
8k 4 Local gyrokinetic
AN ¢ MTM 5 analyses at ~2/3 radius
< eF ¥ O ¥ i
vﬂ) - s PA¢
@ T
4k JA""\\ 1
: ITG, TEM, ETG |
2r > B B
L [ | i
SN ; NSTX
0 ......... Ly v vy Ly v v v 000
0 , 6
Ve (c/a)

Guttenfelder, NF (2013)
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