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2 slide summary of some turbulent transport concepts in
magnetized fusion plasmas (1)

For fusion gain Q~nTtg (& 100% non-inductive tokamak operation) we need
excellent energy confinement, t
Energy confinement depends on turbulence (tg~a?/y )

— As does particle, impurity & momentum transport

Core turbulence generally accepted to be drift wave in nature
— Quasi-2D (L,~p;, pe << L~0R)
— Driven by VT & Vn
— Frequencies ~ diamagnetic drift frequency (o ~ . ~ Kgp; - C/L, 1)
— Drift wave transport generally follows gyroBohm scaling .., ~ xcs ~ PiVi/a, however...
— Thresholds and stiffness are critical, i.e. yym~%cs F(---)-(VT-VT:)
Toroidal ion temperature gradient (ITG) drift wave is a key instability for controlling
confinement in current tokamaks
— Unstable due to interchange-like toroidal drifts, analogous to Rayleigh-Taylor instability
— Threshold influenced by magnetic equilibrium (q, s) and other parameters

— Nonlinear saturated transport depends on zonal flows & perpendicular ExB sheared
flow



2 slide summary of some turbulent transport concepts in

magnetized fusion plasmas (2)

Reduced models are constructed by quasi-linear calculations + “mixing-length”
estimates for nonlinear saturation

— We rely heavily on direct numerical simulation using gyrokinetic codes to guide model
development

— Reasonably predict confinement scaling and core profiles

Many other flavors of turbulence exist (TEM, ETG, PVG, MTM, KBM)
— p; Or p, scale
— Electrostatic or electromagnetic (at increasing beta)

— Different physical drives, parametric dependencies, & influence on transport channels
(' vs. Q vs. 1)

Things get more complicated for edge / boundary turbulence

— Changing topology (closed flux surfaces - X-point (poloidal field null) - open field lines

& sheaths at physical boundary)
— Larger gyroradius / banana widths, ppanana/Apeq~1 = Orbit losses & non-local effects
— Large amplitude fluctuations, on/n,~1 (delta-f = full-F simulations)
— Neutral particles, radiation, other atomic physics...



Some additional sources & references

Greg Hammett has a lot of great introductory material to fusion, tokamaks, drift
waves, ITG turbulence, gyrokinetics, etc... (w3.pppl.gov/~hammett)

Greg & | recently gave five 90 minute lectures on turbulence at the 2018
Graduate Summer School (gss.pppl.gov)

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 technigues:

— Bretz, RSI (1997)




OUTLINE

Lecture #1 (Tuesday, 10/16)

Fusion, confinement, tokamaks, transport
General turbulence examples
Turbulence in magnetized plasma

Drift waves

ITG instability

Lecture #2 (Thursday, 10/18)

Other flavors of microinstability (TEM, ETG, MTM, KBM, PVG/KH)
Turbulent transport, nonlinear saturation

Zonal flows & geodesic acoustic modes (GAMS)

ExB shear suppression

Modeling turbulent transport

Extra

Edge turbulence considerations (L-H transition, H-mode pedestal turbulence,
scrape off layer/divertor turbulence)

Stellarator turbulence considerations



FUSION, CONFINEMENT,
TOKAMAKS, TRANSPORT



We desire fusion gain > 1, more fusion power out than power
to heat the plasma

_ fusion power
heating power

Fusion gain

Fusion power ~ (pressure)? x volume

Q ~ (pressure) x (confinement time)

~

pressure x volume
heating power

confinement time ~




Confinement time is a measure of how well insulated the
plasma is from the surrounding boundary

energy in plasma (Joules)

confinement time ~

heating power (Watts)

For ignition (a self-sustaining, “burning plasma”)
Q ~ pressure x confinement time > 8 atm-s (at ~150 million C)

pressure ~ 2-4 x atmospheric pressure (limited by MHD stabillity, B limits)
energy confinement time, 1z ~ 2-4 seconds



Machine design / extrapolation often relies on empirical
scaling of energy confinement
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« Empirical confinement scalings are very useful, but have known pitfalls (power
laws may not be appropriate, strong collinearity in some variables, ...)

« Can we understand (turbulent) transport losses to optimize, or at least
iImprove confidence in, next step MFE device performance?



Tokamaks

e AXisymmetric
« Helical field lines confine plasma
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(secondary transformer circuit)



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)

NSTX
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Tokamaks
NSTX
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« 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)

4
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Plasma electric current Toroidal magnetic field paa l o4y llx AT AR l 1
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For what we’re going to discuss, general phenomenology
also important for stellarators or any toroidal B field

W7-X stellarator




We use 1D transport equations to interpret experiments

Take moments of kinetic equation

Flux surface average, i.e. everything depends only on flux surface
label (p)

3 dT(p, t)

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

14



We use 1D transport equations to interpret experiments

« Take moments of kinetic equation

* Flux surface average, i.e. everything depends only on flux surface
label (p)

* Average over short space and time scales of turbulence (assume
sufficient sc_:ale separation, €.9 Ty, << Tyansport Loy << I__machine) >
macroscopic transport equation for evolution of equilibrium (non-
turbulent) plasma state

3 dT(p, t)
En(p' t) It

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

+ V- Q(p,t) — psource (pr t) - psink(pr t)

15



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

Garbet, Nuclear Fusion (1992)
Tynan, PPCF (2009)

3 .
Tore Supra
Z , | *‘ Qexp = Qcollisions T Qturbulence
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What is turbulence?



What is turbulence? I know it when | see it (maybe)...

* M. Lesieur (2004) gives the following tentative definition:

(Hammett class notes)

— “Firstly, a turbulent flow must be unpredictable, in the sense that a small
uncertainty as to its knowledge at a given initial time will amplify so as to
render impossible a precise deterministic prediction of its evolution”. [l.e,
turbulence is “chaotic”, it may occur in a formally deterministic system,
but exhibits apparently random behavior because of extreme sensitivity to
initial/boundary conditions.]

— “Secondly, it has to satisfy the increased mixing property’, i.e., turbulent
flows “should be able to mix transported quantities much more rapidly
than if only molecular [collisional] diffusion processes were involved.”
This property is of most interest for practical applications to calculate
turbulent heat diffusion or turbulent drag.

— “Thirdly, it must involve a wide range of spatial wave lengths”

« Also, turbulence is not a property of the fluid, it's a feature of the flow

19



Turbulence is an advective process

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

— Particle flux, I = (dvon)
— Heat flux, Q = 3/2n,(8V8T) + 3/2T,(dvdn)
— Momentum flux, IT ~ (dvdév) (Reynolds stress, just like Navier Stokes)

 Electrostatic turbulence often most relevant in tokamaks —
ExB drift from potential perturbations: 6v=BxV(5¢)/B? ~
Ko(6¢)/B

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

20



Concepts of turbulence to remember

Turbulence is deterministic yet unpredictable (chaotic),
appears random

— We often treat & diagnose statistically, but also rely on first-principles
direct numerical simulation (DNS)

Turbulence causes transport larger than collisional transport
— Transport is the key application of why we care about turbulence

Turbulence spans a wide range of spatial and temporal
scales

— Or in the case of hot, low-collisionality plasma, a wide range of scales
In 6D phase-space (x,V)

21



Concepts of turbulence to remember

Turbulence is deterministic yet unpredictable (chaotic),
appears random

— We often treat & diagnose statistically, but also rely on first-principles
direct numerical simulation (DNS)

Turbulence causes transport larger than collisional transport
— Transport is the key application of why we care about turbulence

Turbulence spans a wide range of spatial and temporal
scales

— Or in the case of hot, low-collisionality plasma, a wide range of scales
In 6D phase-space (x,V)

It's cool! “Turbulence is the most important unsolved
problem in classical physics” (~Feynman)

22



Turbulence examples (that you
can see with your eyes)



Turbulence found throughout the universe

Jupiter’s Red Spots
Hubble Space Telescope « Advanced Camera for Surveys

2017-12-14709:15:05
Universitat Duisburg-Essen https://sdo.gsfc.nasa.gov/gallery

24



Turbulence is ubiquitous throughout planetary atmospheres

25



Plasma turbulence determines energy confinement /
Insulation in magnetic fusion energy devices

- Supercomputer
simulation of

; plasma turbulence
S (this is what 1 do (©))

- N\
1 N
L
s
»
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R L

W. Guttenfelder, F. Scotti : 26



LOG,, COLUMN DENSITY (g em™?)

-1.0

Turbulence is important throughout astrophysics

Gravity + turbulence

MHD simulation of accretion
disk around a black hole

Plays a role in star formation (C.
Federrath, Physics Today, June 2018)

27



Turbulence is crucial to lift, drag & stall characteristics of
airfoils

Lift 4\

L

alpha

3
Flight velocity

alpha
—+<~—Flight velocity
Increased turbulence on airfoil
boundary-layer separation anc
adverse pressure gradient

elps minimize



INTAKE COMPRESSION COMBUSTION EXHAUST

Air Inlet/ Combustion Chambers Turbine

Cold Section Hot Section

L/D~100-200 in non-premixed jet flames

L/D much smaller in
swirling burner

Turbulent mixing of fuel
and air is critical for
efficient & economical
jet engines

29



Turbulence in oceans crucial to the climate,
Important for transporting heat, salinity and carbon

Perpetual Ocean (NASA, MIT)

nasa.gov
mitgcm.org

30



Fun with turbulence In art
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Leonardo da Vinci (1508), turbolenza
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The Great Wave off Kanagawa, Hokusai (1831)




Observing turbulence In
tokamaks



Very challenging to diagnose turbulence at 100 million
degrees...
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Very challenging to diagnose turbulence at 100 million
degrees...

o 8 A A e 8
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Physical probes don’t work for hot core plasmas, instead - spectroscopy, reflectometry, pwave scattering, ...
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BEAaM EMISSION SPECTROSCOPY MEASUREMENT OF LOCALIZED,
LONG-WAVELENGTH (k| p; < 1) DENSITY FLUCTUATIONS

Collisionally-excited, Doppler-shifted
neutral beam fluorescence

D° +ei>»(D°) D +y(n=332k,=656.1nm)

BES Viewing
. Geometry | |

on DIlI-D
" Toroidal
' Plazma

——

R g Meutral .
r Beam ..*
&

Optical
Fibers

DObjective
Lens

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

High Temperaiure Plasma Dlagnosiics Mesting, Willamsbung, WA-52008-3. Mckee



Spectroscopic imaging provides a 2D picture of turbulence in
tokamaks: cm spatial scales, us time scales, <1% amplitude

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

2 (em)

DIII-D tokamak (General Atomics)

'

Z (em)

~N

o

o

Z (em)

S

142369.01510

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

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

(University of Wisconsin; General Atomics)
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Rough estimate of turbulent diffusivity indicates it’s a
plausible explanation for confinement

Ppes = Heat 1%

time-averaged

/tem perature

D

~ (step size)? x decorrelation rate

turbulence

step size ~ 5-10 gyroradii ~ few cm’s

decorrelation rate ~ 100 kHz _
Instantaneous

temperature

confinement time ~

turbulence core boundary

N
7

N
!
[IEN
3

Turbulence confinement time estimate ~ 0.1 s
Experimental confinement time ~0.1s

41



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
Q. - - | VT,

* | realize I'm largely referring to energy transport, 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)



Measurements are challenging
and limited — also use theory and
simulation to help improve
understanding



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¢, 6B

@NsTX-U

Guttenfelder — UCLA Plasma Seminar (Feb. 11, 2018)

12



Direct numerical simulations of 5D gyrokinetic turbulence
enabled by supercomputing

3D space + 2D particle motion, self-consistent electric and magnetic fields
— 100’s millions of grid points, or 10’s billions of particle markers
— Millions of cpu-hours, exploiting up to 200,000 cpu’s (nersc.gov, Nccs.gov)

GYRO code
General Atomics

(fusion.gat.com/theory/Gyro) 46



Code: GYRO
Authors: Jeff Candy and Ron Waltz

a7



Physically realistic turbulence simulations now capable of
reproducing measured behavior

Simulation Experiment

2 (em)
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Z (em)
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Movies at: https://fusion.gat.com/theory/Gyromovies



Example of a validation study in Tore Supra

Transport, density fluctuation amplitude (from reflectometry) and spectral characteristics all
consistent with nonlinear gyrokinetic simulations (GYRO, GYSELA)

Provides confidence in theoretical understanding of key turbulence mechanism (ITG in this

case, more on ITG later)
10°
° e Experiment 1
—8—Experiment | Silope
— X GYRO 10 ¢ 3
2.5 . = —4.3]
L e o M _
w 2 £ 10 :
E 15} e
=S — 10
= 1 o Doppler
2 reflectometry
05| 10 ¢ —aGvRO
' ——GYSELA
oL - : - - Casati, PRL (2009) 107 — T
03 04 05 0.6 0.7 0.8 10 10
r/a kﬁps
0.8 : 10° ] :
Fast—sweeping Slope
reflectometry N e P _
06 | X GYRO 10 a=—2.7
S = 10
c 047 £
5 o
= 10 ¢
0.2
3 Fast—sweeping
X o g ® reflectometry
o L . . . : : ——GYRO
03 04 05 06 07 08 107 , ,
r/a 107" 10"

K.ps 49



What 1s the nature of
turbulence dynamics In
tokamaks?

Drift waves



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)

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

* 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 kK, p; .~1
« Correlation times linked to acoustic velocity, t.,,~C/R

* |n 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)
» Fluctuation strength loosely follows mixing length scaling (dn/ny~p/L,)

« Transport has gyrobohm scaling, ycg=p?V+i/R
— But other factors important! l.e. y,, ~ %ep-F(+) [R/ILt-R/Lt ¢t

51



lest Dok Wave @

dont move

2

165

pucn - along

In fact, we’re assuming
T,=VT=0

(Hammett notes)
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Insert perturbed ExB drift into ion continuity

- _

’ .c Er8
Ay Ve (i Ye)= @ | le” g -
TO - _ &é-iswf’

n(p s ) & RO

5

> h-v"ve =0

AL Ye‘v(”“* v %) —
2% lon nonlralor — D ™
T - slabo """"—!-

Perturbed advection of background
gradient is key element of
electrostatic drift waves

(Hammett notes) 53
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* No instabllity in this simple model because of Boltzmann
(adiabatic) electrons & no ion temperature gradient

« We will illustrate the “toroidal ion temperature gradient (ITG)"
Instability in the next section

57



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

« Drift velocity increases with smaller wavelength (larger k, p;)
. bxve o (9\(T; . %
Vg = B = —lkJ_E = _lkJ_ (E) (é) = —l(kj_pi) (E) Ui

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

<V(p>gyro-average - V(P <V(P>gyro—average - V(P[l'(kLpi)Z]

ATAVER (1Y

—=Maximum growth rates (and typical turbulence scale sizes) occur for
(k,p;) S 1

@NST)(-U Guttenfelder, U. Washington Plasma Seminar (Feb. 7, 2017) 58



Example linear gyrokinetic simulation results (MAST tokamak)

o {csfa]

Real frequencies

Different colors 0 02 04 06 08 1
represent different 0''s
radii in the plasma v(c/a)

D,B B T T 1 T T T T T | T T T T | T T T T

Linear growth rates

(Hammett notes)



Why do micro-instabilities &
turbulence develop In
tokamaks?

Example: Linear stablility analysis of lon
Temperature Gradient (ITG) "ballooning” micro-
Instablility (expected to dominate in ITER)

60



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

—

bxk

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

VB, curvature (k)

Z h :
32 34 36 38 4 42

@NST)(-U Guttenfelder, U. Washington Plasma Seminar (Feb. 7, 2017) 61



Temperature perturbation (0T) leads to compression
(V-vy), density perturbation — 90° out-of-phase with 6T

32 34 36 38 4 42
B(M

180

O:H\HHAHHAHHAHHAHH:
32 34 36 38 4 42

N

bxVB-ions
VB, curvature 17 —
< @ Al d.ion Ti{m
B

T | +
. 1
T- - )
i 1.
T- 4

» Fourier decompose

perturbations in space
(Kopi<1)

e Assume small 8T

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,%A,?<<1) requires

1
P gozsle Jav. N =n,
242 Ezﬁi_ﬁe
(kL}LD)T n,

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

o<kVy, = 0=-T.Vn +neve

—Electrons (approximately) maintain a Boltzmann distribution

(no "‘ﬁe): N, exp(e(T)/Te)

ﬁe ~n,eq/T, :>Fle ~ @

@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

VB, curvature
< &

Vv d.ion

oItzmann e’s

M

*

ExB —

32 34 36 38 4 42
B(M

te
- ;

tr e —
f

o

)

7N
; “— N

OH\HHAHHAHHAHHAHH
32 34 36 38 4 42

O

o

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



Background Temperature Gradient Reinforces
Perturbation = Instability

VT
<
T+
T_
T-

@NSTX-U Guttenfelder, U. Washington Plasma Seminar (Feb. 7, 2017)
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Analogy for turbulence in tokamaks — Rayleigh-
Taylor instability

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

gravity density/pressure

@NSTX_U Guttenfelder, U. Washington Plasma Seminar (Feb. 7, 2017) 66



Inertial force In toroidal field acts like an effective
gravity

centrifugal force

gravity
—effective gravity >
— _
< pressure

e,
By,

mpressure

Unstable in the
outer region

GYRO code
https://fusion.gat.com/theory/Gyro
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Same Dynamics Occur On Inboard Side But
Now Temperature Gradient Is Stablilizing

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

curvature region

T+

T+

07‘\HHAHHAHHAHHAHH’
32 34 36 38 4 42

“bad” curvature

@INSTX-U
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Similar to comparing stable / unstable (inverted)

pendulum

Stable Pendulum

M

F=Mg [ w—(g/L)1"?

Unstable Inverted Pendulum
(rigid rod) ™~
L g

w= (-g/|L))!? = i(g/|L|)"? = iy
L Instability

Density-stratified Fluid
p=exp(-y/L)

stable w—(g/L)"?

(Hammett notes)

Inverted-density fluid
=Rayleigh-Taylor Instability
p—exp(y/L)

Max growth rate y—(g/L)"”

21

@INSTX-U
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“Bad Curvature’ instability in plasmas

=~ Inverted Pendulum / Rayleigh-Taylor Instability

Top view of toroidal plasma:

(Hammett notes)

B =

Growth rate:

,—

plasma = heavy fluid

“light fluid”

" centrifugal force

'ge’ |V \Y
}/ Jﬁf_ ?‘_ I

\RL " JRL

Similar instability mechanism
in MHD & drift/microinstabilities

1L=|¥Vplpin MHD,
oc combination of VN & VT
in microinstabilities.

o



The Secret for Stabilizing Bad-Curvature Instabilities

Twist in B carries plasma from bad curvature region
to good curvature region:

PURELY TOROIDAL B TWISTING E

Stable

l/ GCRAV\TY

-

{ '.”\\_‘
- >4

i ;!AVITY

(Hammett notes)

Similar to how twirling a honey dipper can prevent honey from dripping.
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Fast Parallel Motion Along Helical Field Line
Connects Good & Bad Curvature Regions

. _ Y]
« Approximate growth rate on outboard side Yinstabiity \/% /L, =-1/T-VT
T

« Parallel transit time Vi

—

yparallel q R

———

]

_'-—'—'_'_c’d_‘——(—ﬂ_\

: e R 1
* Expect instability If Yinsiapiity > Yparaitel » OF (_j ~z
T /threshold g
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Ballooning nature observed in simulations

Unstable bad-curvature
side, eddies point out,

Stable direction of effective
side, gravity
smaller

eddies

particles quickly move along field |
lines, so density perturbations are
very extended along field lines,
which twist to connect unstable to

(Hammett notes) stable side
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Threshold-like behavior analogous to Rayleigh-
Benard instabllity

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

Heat flux ~ heating power

diffusion
+

turbulence

[ Cooon:

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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Critical gradient for ITG determined from many linear
gyrokinetic simulations (guided by theory)

K - A
o - “\f wY - ||, A 1—_"‘_\] |/ lul_ ‘\3“5 1 _%_ ||'Ilf | ) _\| lf 4+ 6.3 :1_(“\
T Tead \ Te )\ lﬂ?j J\ Ao\ Ar )
| - p
O , g ﬁ: II|II
C,. l

 R/L; =-R/T-VT is the normalized temperature gradient

« Natural way to normalize gradients for toroidal drift waves,
l.e. ratio of diamagnetic-to-toroidal drift frequencies:

o« = k(BXVP) / nqB2 > (Kyp)V+/L-

, , -2 o./op = R/L;
wp = Ky (Bxmv “VB/2B) / qB* = (Kyp))V/R
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Threshold-like behavior observed experimentally

« 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)

40 _ ' l._|G|1ﬂ.EEE-‘|40
Ptor=0.33 ! As= ?;r}‘:a =2 (a)| Pror= 0.64 (b]_
2 | ! Xs= 0.5 1160
S 301 Por ¥
= .'I ‘ ' |
E Low P i? 1120
O 20~ rotation 4 |
S i 1%
% 10/ L ‘
o . ’ rotation i 140
& <2~ - - NeoeTassical Neoclassical”
0 ———— | | | _———b e — e mm— === ===
0 2 4 6 8 2 4 6 8 10
F{."rL'r, F{"'rl—"l'l
JET

Mantica, PRL (2011)
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With physical understanding, can try to manipulate/optimize
microstability

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

Antoneson
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Reverse magnetic shear can lead to internal transport
barriers (ITBs)

ITBs established on
numerous devices

Used to achieve “equivalent”
Qpr.eq~1.25 In JT-60U (in D-

D plasma)

%i~YXinc IN ITB region

(complete suppression of

lon scale turbulence)

Ishida, NF (1999)

E31872, 6.94s
.10 : || I L I LI I LI I | I I ISI
] N
6F
4F JT-60U
2F
D:I L1 I L1 1 I L1 | I | -] I L1
0 02 04 06 08 1
20 :I || I LI I T 1 |' T I 1 I-
155 ® i3
10F =
0—O—g—0—0- ]
9 =
0 L1 1 I L1 1 I L1 I l 1 %
0 02 04 06 08 1
6 e r P LRI L L LA
(N N
2t -0-"/—
D — 1 i ]

Lol "I T T A P T T T T 1
0 0. 04 06 028 1
r/a
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Very simple growth rate derivation of
previous toroidal ITG cartoon picture
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Temperature perturbation (6T) leads to compression
(V-vy), density perturbation — 90° out-of-phase with 8T

dn/dt + V-(nv)=0
-lodn from -ngV-8vy ~ -nyV-(8T, bxVB/B)/B ~ -ny Ik, 6T / BR

-lo(dn/ng) ~ -k (8T/Ty) T/IBR ~ -i(k,Vp) (8T/Tp) ~ -lwp (8T/Ty)

~

-i(@,+iy)(Bn/ng) = -imp (8T/T,) I
Do cunvature ® Vaion ™ Lion
1
T 4
x 3N
T - 1
T- - - f "

@NSTX-U Guttenfelder, U. Washington Plasma Seminar (Feb. 7, 2017)
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Background Temperature Gradient Reinforces
Perturbation = Instability

[i@dT from -8ve-VT, ~ -(bxV3e/B)VT, ~ ik 5¢/B-VT, ~ ik, 5¢(T/B)/L;
io(STIT) ~ ik, (So/T)T/BLy ~ i(k,Var) (3/IT) ~ i (5¢/T)

(@, +iY)(8T/T) = i@ (80/T)

VT

. _Exb
T " VE.B B
T- -

@NSTX-U Guttenfelder, U. Washington Plasma Seminar (Feb. 7, 2017)
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Simplest dispersion from these 3 terms

(1) Compression from toroidal drifts
®(8n;/ng) = op; (3T Tip)
(2) Quasi-neutrality + Boltzmann electron response
(6ni/ng) = (dng/Ng) = (89/Tgg) = (30/Tip)(T/T)
(3) ExB advection of background gradient
-0(0Ti/T,y) = @ (3¢/T))

(1)+(2): o(T/T)(d9/Tip) = wp; (5T/ Tip)
(+3): o(T/T,) = -0p; 0/ ®
w® = -(k,p;)?vy? / RL; (@assume T,=T))
@ = +/-i (k,p)vy; / (RLy)Y?

@NSTX-U Guttenfelder, U. Washington Plasma Seminar (Feb. 7, 2017)
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How do we go from linear
stability to turbulent
transport?



Transport depends on a spectrum of amplitude
fluctuations and cross-phases

« E.g. particle flux from electrostatic perturbations

I'(x,t) = (6ndv, )

 As a function of wavenumber:

llTek N (k)| D, (k,)
B °| n I

Amplitude spectra

I, =

« Except for Languir probes in cool edge plasma, we never (?)

sinfa,, (k)|

\

Cross phase

have been able to measure all the quantities needed to
directly infer turbulent transport (especially cross phase)
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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

/
N\

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 on

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 on

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

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

/
N\

on
|V611|~L—~kr61’1

r

>

core boundary

1-2m >

N



Mixing length estimate for fluctuation amplitude

on=Vvn,-L,
mzvnO-Lr%i (1/Ln:Vn0/no)
r'lO r'lO Ln
on 1 1% 1
~ ~— |k77~L,;k, p, ~constant
n, kL, L, b ~Liik,p )

Expect dn/ny~p./L
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Fluctuation intensity across machines loosely scales with

.01

Q.00

mixing length estimate, reinforces local p, drift nature

Liewer, Nuclear Fusion (1985)

Lechte, New J. of Physics (2002)

Zrdl
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Broad frequency and wavenumber spectra measured, e.g.
from microwave scattering

Mazzucato, PRL (1982)
Surko & Slusher, Science (1983)

"JH: T 1 ] T ]
Princeton Large Torus (PLT) ~ o cr>zdem i
___ : ® <r>:zlgcm :
4 . o <r>=32cm N
? \
\ .{. :
g IGEI__— nl ] | =
<o - .
3 = [ * i
- 1 « - . . o .
-400 -200 0 200 400 .
Frequency (kHz) 20 +'
[[#] — 3
« Different scattering angles / i ]
measure different k, observe a |
spectral decay in wavenumber ) o
0 0 5 o] 5 20 25
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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]

(Dlab — (Dmode (ke) T 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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Simultaneous measurement of n, and T, using same beam

path allows for cross-phase measurement
133626_ecrf1_refli_1600-1900 ms

* Not directly the cross-phase relate to | g¥in.1463 w2048 delf 2.4 khz -
1.0} " E
transport (e.g. ¢-T). _ L

Right hand
cut-offlayer  2nd Harmonic W\-band
f = — }r EEE |ayer diplexer

(

CECE

\ R R
L

Flat mirror ﬁmizrlla

\ |
| I #

= e < Lens

1l

i

| efit=2350, 1s=2350 ms, z=3cm EFIT'IJI
] ~100E - 2

0 {REFL

2 2

=

-

[74]

a2

S

]
Frequency (G H:J

!
N
]

= 92

— —. v
\::x_ 4
y, &

Vessel and optics
not to scale

p

(87 57)

(Sa PIST I DIII-D
White, PoP (2010)

Tner,_,(f] =




n.-T, cross phases agree amazingly well with simulations!

p = 0.65, 138038 ot07 p0.65

n — GYRO (Raw) ]
R NN GYRO (Syn. Diag. )
— Experiment ]

B {11
.:iﬂﬂm‘u i

b6

200 400 600
Frequency (kHz)

« Concept of “validation hierarchy” — validate theory with high level
guantities (transport) + components [on(m,k), 6T(m»,k), cross-phases]

» Provides (stronger) constraint to validate theory & physical understanding
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Spectrum shape / distribution governed by nonlinear three-
wave interactions

Linearly unstable modes grow, on(k)~expl[ik-x+y(k)t]

At large amplitude, interact via nonlinear advection, ovg-Von
|.e. “three-wave” coupling in wavenumber space

d/dt(on) ~ dvg-Von

a/dt[on(ka)] ~ 2y ko [(0%k;60)-k,0N]
summed over all (k,k,) for k;+k,=k,

Energy gets distributed across k space (& velocity space)
until damped by stable modes (& collisions) = saturation
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Self-generated “zonal flows” also impacts saturation of
turbulence and overall transport (esp. ITG)

« 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_s structure of mstablllty caus“e ) the turbulencelll
fastest growing modes perpendicular “zonal flows

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



Code: GYRO

Authors: Jeff Candy and Ron Waltz
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Generation of zonal flows in tokamaks similar to “Kelvin-
Helmotz” instability found throughout nature

Variation of flows in

one direction...
_—

—

lead to flows in
another direction

=

(potential contours -
stream functions)




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

NASA/Goddard Space Flight Center Scientific Visualization Studio

98



Zonal flows reduce the heating power required to maintain a
given temperature (than had they not been there)

Heat flux ~ heating power

diffusion
+

turbulence

Influence of
zonal flows

Temperature gradient
(Thot - Tcold)

« So-called “Dimits shift” [A. Dimits et al, Phys. Plasmas 7, 969 (2000)]
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ZF also leads to Geodesic Acoustic Mode (GAM) oscillation,

also contributes to nonlinear saturation
Zonal flow potential ¢ is uniform on a flux surface
Ve -¢=V,0/B varies like cos(0) from 1/B

Compressibility (V-vg ,¢) gives rise to ~coherent geodesic acoustic mode
(wsam=C</R) from associated (n=0, m=1) pressure perturbation

|
(@) b) o' o ©g T
HIBP#1 N 3 5 _%qu'--e'--@--ca |
observation points Ir c g 5
= o 8 o
mﬁ" @ =
= = =
o o = phase
E o4l 11
04 06 08 1
0.1 —0.5 f (kHz)

F coherence (d) ! |
T )
Paigidal Crosssection 1 L ] f r'.
noise level ® i qu
= "—"—lh * )
| P A A A A o & ﬂu"ﬁ i gl
Poloidal Cross section 2 | Lo vl 0 i ¢
0.01 EREEEEIT | |
0.1 1 f(kHz) 10 10 T [ D
CHS, Fujisawa, PRL (2004)
GAM

GAMSs are easier to measure, have been identified in numerous

tokamaks and stellarators, consistent with theory predictions 16



Suppression of turbulence via
sheared perpendicular (ExB) flow



Large scale sheared flows can tear apart turbulent eddies,
reduce turbulence, mixing and transport

+

Sheared Flows

v

Turbulent transport expected to be reduced as the
mean flow shear rate (o,~dUy/dy) approaches the
turbulence decorrelation rate (Awp)

Biglari, Diamond, Terry 1990 102



Large scale sheared flows can tear apart turbulent eddies,
reduce turbulence —» improve confinement

NSTX simulations

Snapshot of density without flow shear Snapshot of density with flow shear

-

Lower amplitude
Smaller (titled) eddies
Reduced transport

100 ion radii TT1 ----- S
<— 6,000 electron radii —> L] l
~50 cm mean flow velocity profile S
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Spontaneous “H-mode” edge transport barrier can form with
sufficient heating power - improved confinement

6 — e —
. Thomson Data and FIT 3
o E } - H-mode : o
oF 1 } - L-Mode } o @ | g[tMode )
o 3¢ ol T ;
— £ E — *'E i
o2t € 71 L-Mode X
1E =8 ' l ‘E’g
_ U 2 ® 8
U E. M BT R ST S T MR ']_I-' N .E E
00 02 04 06 0840 12 e . ]
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
T :
N: « Correlated with strong shear in
equilibrium radial electric field (E,)
ﬂ F ]
0.0 1.2

Mormalized raﬂl

« Suppression of turbulence predicted

Data from DIII-D when equilibrium shearing rate (og,g) >
turbulence decorrelation rate (A@DF)
(from Carter, 2013) [Biglari, 1990; Hahm, 1994]
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In neutral fluids, sheared flows are usually the source of free
energy to drive turbulence

« 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

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

40s B8
(Trepte, 1993)

180W 120W 80W 0 BOE 120E }80E
Longitude (Deg) 105



REDUCED MODELS



Have learned a lot from validating first-principles
gyrokinetic simulations with experiment

« But the simulations are expensive (1 local multi-scale simulation ~ 20M
cpu-hrs)

» Desire a model capable of reproducing flux-gradient relationship that is
far quicker, so we can do integrated predictive modeling (“flight
simulator”)

« All physics based models are local & gradient-driven, i.e. given gradients
from a single flux surface they predict fluxes:

T | | vn ]
flux —gradient
11 o RVQ
® |=—| relationship |-
Q : VT,
matrix
Q. - - | VI
that can be used in solving the 1D transport equation predictively
3 dT(p, t)

En(p: t) ot + V- Q(p)t) — Psource (pr t) T Psink(p) t)
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Is local assumption appropriate?

If p.=p,/L IS small enough (<~1/300), local is good - OK for ITER and
most reactor designs (at least in the core, not the edge)

Challenges: In the edge, additional effects may change how we model
transport / gradient relationship

— Large, intermittent edge fluctuations with strong non-local effects may
demand full-F gyrokinetic simulations (XGC-1, Gkeyll)

— Local transport time scale, i.e. evolution of T(p,t), is increasingly fast relative
to turbulence

— Related -- edge turbulence should perhaps more realistically be thought of as
source driven vs. gradient driven (think external forcing vs. linear instability)

« We're heating the plasma and watching the temperature respond, not
experimentally prescribing a temperature gradient

— Unclear how to incorporate these effects in reduced models
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lllustration of how to develop a simple plasma turbulence
drift wave transport model

 Decompose flux expressions into wavenumber, amplitude
spectra, and cross-phases

nT. . [N"(k,)|@. (k,)
8 B n T

sinfa, (k)|

L

« Amplitude could be estimated using mixing-length
hypothesis:

n 1 p,
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Using dispersion relation, we recover gyroBohm
scaling factor

Y R O+ = O-keT/BL,

. + kyp, for expected peak y
kﬂp*‘: kl‘p‘: l « Assuming isotropic

‘ Dturb ~ 0 - XGB

* In the local (small p.) limit, all transport quantities have leading
order gyroBohm scaling

« But linear stability (8) still matters (e.g. thresholds &
stiffness) 110



Early models (60’s-80’s) used analytic fluid or gyrokinetic
theory to evaluate linear stability

Fancy non-linear theories also used to refine model for
saturated fluctuation amplitudes

A turning point in model sophistication was the advent of
gyrofluid equations & increased computational power
— Hammett, Perkins, Dorland, Beer, Waltz, ....

» Take fluid moments of gyrokinetic equation

» Pick suitable kinetic closures
» Tweak closure free parameters to best match linear

gyrokinetic simulations
— Linear GK simulations became routine in mid-90’s, but expensive and

slow relative to gyrofluid
111



Breakthrough in understanding (90’s...) was recognition of
threshold and stiffness

R R \"
Qmodel — QGB ) F(Sr g, ) ' ( )

I—'T I—'T,crit

 All local models have gyroBohm prefactor (Qgg)

» First modern model approaches fit coefficients in above
equation to large numbers of GF and/or GK simulations
— RI/L; . from linear simulations
— Additional scaling coefficient F(s,q,...) from nonlinear simulations

» A bunch of fit coefficients, but entirely from first principles

 Modern transport models: IFS-PPPL, GLF23, TGLF,
QualiKiz, ...
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Some success in profile predictions (TGLF model on DIlI-D)

Temperature

DIlI-D #125817 e Data
t=332s T_. |===TGLF (no ExB)

s TGLF-09

e Data
= = = [GLF (no ExB)
e T GLF-09

Measurement

core Kinsey (2010) boundary
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Good agreement in predicted energy confinement over
database of discharges

10— p——+rm
) - [ ARWine = 19%
= [ [(Rwine) -1=-1%
& .
£ TGLF-09
= 10F
_U C
D
©
D
D": 0.15-
" .
-
E f
151 discharges
0.01 151 discharge:

0.01 0.1 1.0 10.0
Experimental Winc (MJ)

Kinsey (2011)
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There are many flavors of micro-
Instabilities/turbulence

115



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 (kyp<1)
 lon temperature gradient (ITG) — driven by VT,, weakened by Vn
* Trapped electron mode (TEM) —driven by VT, & Vn,, weakened by v,
« Parallel velocity gradient (PVG) — driven by RVQ (like Kelvin-Helmholtz)

— Electrostatic, electron scale (kyp.<1)

 Electron temperature gradient (ETG) - driven by VT, weakened by Vn
— Electromagnetic, ion scale (kyp;<1)

* Kinetic ballooning mode (KBM) - driven by V3, ~ oypp

* Microtearing mode (MTM) — driven by VT, at sufficient 3,
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Trapped electrons enhance
ITG and lead to new Instabilty:
trapped electron mode (TEM)



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,
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Turbulence at electron
gyroradius can also be important

119



Electron scale (~mm) turbulence can dominate when
ITG/TEM suppressed

» Electron temperature gradient (ETG)

instability “isomorphic” to ITG, same density fluctuations from ETG simulation
ballooning instability mechanism but

reversed role of ions and electrons

* L, ~ pe © ~ Vi /R (=60 times smaller, ~60
times faster than ITG)

» Characteristic gyroBohm transport
expected to be 1/60 of ITG transport

Yere ~ (AX)ZIAL ~ p 2vr /R ~ (1/60) - p2vy/R

) , _ _ 6 ion radii
« “Streamers” can exist nonlinearly (Jenko, <—— 360 electron radii >
Dorland, 2000, 2001) ~2cm

Ax ~ L > Ly (kg>>k))

Guttenfelder, PoP (2011)
= Much larger transport than expected
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Not easy to image electron scale (mm) fluctuations —»
“microwave scattering” used to detect high-k fluctuations

density fluctuations from ETG simulatiol

spherical

6 ion radii
<— 360 electron radii
~2 cm

v

-2 280 GHz
X (m) probe beam Smith, RSI (2008)
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Correlation observed between high-k
scattering fluctuations and VT,

« Applying RF heating to increase Te

» Fluctuations increase as expected for
ETG turbulence

« Other trends measured that are consistent e
with ETG expectations, e.g. reduction of
high-k scattering with: 10

1. Strongly reversed magnetic shear (Yuh, “’"r_’
PRL 2011) =2 e
— Simulations predict comparable suppression « 107
(Peterson, PoP 2012) 10°®
2. Increasing density gradient (Ren, PRL 19° e .
2011) ®/2n (MHz)
— Simulations predict comparable trend (Ren, E. Mazzucato et al., NF (2009)
PoP 2012, Guttenfelder NF, 2013, Ruiz PoP
2015)
3. Sufficiently large ExB shear (Smith, PRL
2009)

— Observed in ETG simulations (Roach, PPCF
2009: Guttenfelder. PoP 2011)
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MULTI-SCALE TURBULENCE
(FROM p; TO p. SCALES)



ETG-like “streamers predicted to exist on top of ion scale

turbulence
Standard,

i lon-Scale Sim
=
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Multi-Scale '
—_ Simulation
S kO pS< 48.0
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©
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Howard, PoP (2014)
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MW/m®

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

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

-> can match experiment

Howard, NF (2016)

lon-Scale Simulation
Multi-Scale Simulation

e

MW/m®

Multi-Scale Components

High-k (ETG) Contributions A
Low-k (ITG) Contributions )
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2 slide summary of some turbulent transport concepts in
magnetized fusion plasmas (1)

For fusion gain Q~nTtg (& 100% non-inductive tokamak operation) we need
excellent energy confinement, t
Energy confinement depends on turbulence (tg~a?/y )

— As does particle, impurity & momentum transport

Core turbulence generally accepted to be drift wave in nature
— Quasi-2D (L,~p;, pe << L~0R)
— Driven by VT & Vn
— Frequencies ~ diamagnetic drift frequency (o ~ . ~ Kgp; - C/L, 1)
— Drift wave transport generally follows gyroBohm scaling .., ~ xcs ~ PiVi/a, however...
— Thresholds and stiffness are critical, i.e. yym~%cs F(---)-(VT-VT:)
Toroidal ion temperature gradient (ITG) drift wave is a key instability for controlling
confinement in current tokamaks
— Unstable due to interchange-like toroidal drifts, analogous to Rayleigh-Taylor instability
— Threshold influenced by magnetic equilibrium (q, s) and other parameters

— Nonlinear saturated transport depends on zonal flows & perpendicular ExB sheared
flow
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2 slide summary of some turbulent transport concepts in

magnetized fusion plasmas (2)

Many other flavors of turbulence exist (TEM, ETG, PVG, MTM, KBM)
— p; Or p, scale
— Electrostatic or electromagnetic (at increasing beta)

— Different physical drives, parametric dependencies, & influence on transport channels
(' vs. Q vs. 1)

Reduced models are constructed by quasi-linear calculations + “mixing-length”
estimates for nonlinear saturation

— We rely heavily on direct numerical simulation using gyrokinetic codes to guide model
development

— Reasonably predict confinement scaling and core profiles
Things get more complicated for edge / boundary turbulence

— Changing topology (closed flux surfaces - X-point (poloidal field null) - open field lines

& sheaths at physical boundary)
— Larger gyroradius / banana widths, ppanana/Apeq~1 = Orbit losses & non-local effects
— Large amplitude fluctuations, on/n,~1 (delta-f = full-F simulations)
— Neutral particles, radiation, other atomic physics...



THE END
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Tokamaks

e AXisymmetric
« Helical field lines confine plasma

0 0

5 ERER
e

AR
L=

Inner Poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field

Resulting Helical Magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)



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)

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
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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)

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
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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

S L
@NS1 A-U VUUSIHNTIVUTI = Ui Miasatiia ocnimnnal \(rew. 11, svivg 10




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

UUTIHNITIVUTI = UVl Miastiia ocinnal (rew. 11, cvivg 10




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

Fluctuations in EM fields (¢, B) and fluid quantities (n,v,T)
(although really kinetic at high temperature/low collisionality)
Finite-frequency drifting waves, wo(ky)~w.~(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.,~C/R

Quasi-2D, elongated along the field lines (L,>>L,, k, <<k )
— Particles can rapidly move along field lines to smooth out perturbations

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) 127



Microwave & far-infrared (FIR) scattering used extensively for
density fluctuation measurements

| Park, RSI (1985)

£ - M
| Dhalactric
| | Wiavaguide
s
Plasma
~ ————— Probe Baam
— - —— - —  Lotal Oscillaror
— — — -—- Scatiered Radiation

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)

"JH: T 1 ] T ]
Princeton Large Torus (PLT) ~ o cr>zdem i
___ : ® <r>:zlgcm :
4 . o <r>=32cm N
? \
\ .{. :
g IGEI__— nl ] | =
<o - .
3 = [ * i
- 1 « - . . o .
-400 -200 0 200 400 .
Frequency (kHz) 20 +'
[[#] — 3
« Different scattering angles / i ]
measure different k, observe a |
spectral decay in wavenumber ) o
0 0 5 o] 5 20 25
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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]

(Dlab — (Dmode (ke) T 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 ).

140



Small normalized fluctuations in core (£1%) increasing to the
edge

« Combination of diagnostics  Measurements also often

used to measure show dn/ny~d¢/T, (within
fluctuation amplitudes factor ~2), expected for
ATF stellarator, Hanson, Nuclear Fusion (1992) TEXT tokamak, Wooton, PoFB (1990)
100 : . | . 08 1 | . T
- FRLP i - A tor ™ x —
...I_ IRLERLY -.1“ j.:.’
] 1 - | ]
10F a E j
o E - = % — _i—-- —
i3 ER o X . Xx x H_f-' L X ox
-Z:J T L ; _'H * * ,.-""F‘ =
H = I‘: : i - {P“l n]mh
1k HIBP TIlI _ o bee—__1 | | | |
E _ N . - .l . 0.2 .4 06 () 1.0 1.2
: I 5
3 TIIIHEFLECTOMETHY_
1 = : | Tl | FIG. 6. The spatial variation of /s from TEXT (B, =2T, I, =200KkA,
0. 02 ! 06 08 . 1o A, =2tw03x10" m-? H"* ), shown as crosses (HIBP). Also shown are
0 the predictions of two mixing length estimates, (A/n)'™ and (A/nm)"™".
Both electron feature /n and &, (k,p, = 0.1) are interpreted assuming no

Fig. 4 Fadial profile of density fluctuations (im %) im ATF stellarator ion feature is present.
obtained by combining results from different diagnestics [177].
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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

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

on=vn,-L,
&zVHO.eri (1/Ln:Vn0/n0)
nO n0 Ln
on 1 P 1
~ ~—= |k ~L,;k, p, ~constant
n, kL, L, e ~Liikep )
IF turbulence scale
length linked to pq,
N would loosely
Vn~Vvn, expect dn/ny~p./L,
k.n=~Vn,
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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)
' 0 [ [ .
Z140
ALCATORA -TT%
MACROTORS® ®ASDEX
gy ALCATOR A - |
=
= ATC ks
I3} .
o
Qi 2L .
n
n 1 |
-3 -2 -1 0 1

oo

pagial i L L 531
0.005 5o 0.0 0.

ps/Ly
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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)]

oH
o [
He
e Me
» Ar

0.3 1

10
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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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BEAaM EMISSION SPECTROSCOPY MEASUREMENT OF LOCALIZED,
LONG-WAVELENGTH (k| p; < 1) DENSITY FLUCTUATIONS

Collisionally-excited, Doppler-shifted
neutral beam fluorescence

D° +ei>»(D°) D +y(n=332k,=656.1nm)

BES Viewing
. Geometry | |

on DIlI-D
" Toroidal
' Plazma

——

R g Meutral .
r Beam ..*
&

Optical
Fibers

DObjective
Lens

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

High Temperaiure Plasma Dlagnosiics Mesting, Willamsbung, WA-52008-3. Mckee



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 ¢

~ o080 0.86 0.82 0.8830 0.86 0
Minor Radius (r/a) Minor Radius (r/o;



BES videos

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

(University of Wisconsin; General Atomics)

149



Radial and poloidal correlation lengths scale with p. in core
Imaging, reinforcing local drift wave nature

D”l-D .l.n LI | LI I| LI | LI | LI I}Ig}::'g'%' 'E
Mckee, Nucl. Fusion (2001) - ° Hif_-hjhil'h 1 ° Correlation Iength
o8 O Lowp® | increases with local
% 0.6f - gyroradius p (p-=p/a)
o N (R=219.4 cm)
= 04p -
0.2} 1 -
1:"“-|....|....|...._|5|ii.._.|F1..|ﬁ..|-
0 1 2 3 4 5 b
Ar{em)
SRR B LA I I I
6F 3
LR T | -
4E E@ 3 + Ratio of L/p relatively
e E ¢ : . .
e 3E = constant in radius, for
= IF E the two different p,
IE ®) E discharges
1] =S NPT FUT T AP IO
075 080 085 0.9 095 1.00

Minor radius (rfa) 150



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 ]
E CI‘E __ OIP:}{].. BT{D {} I:{'{]‘ B_r_:':] _-
s | ]
(a) . i) = 04F . =
M = - %
5.-::_1_ —p=09 Zﬁ 0.2 [ %
| (Mo 0.0 (&),

4150, B;>0 #1.<0, B0
¢ 1p=0, B;<0 ©1:<0, B;<0 5

u.)
—h
I

I
(
\

a

X

c)

-

Turbulent Flux (
on B O o O

R

v

Dy.., (M?/s)
I ] o
T
- g
|
|
|
vy
o
|

o

Curvature, “effective gravity” . . .
LFS Top HFS Bottom

Poloidal position
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Evidence for quasi-2D (L, >> L )

« Assume an exponential or

Gaussian correlation function
C(AL,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)]

%]

Max. correlation [

poloidal direction

40

30

— magnetic fieldline s Ce [d
® Langmuir probe fips P Xi_,.»-*"
e By .
{ﬁ e
C _.___f.._-_;;_,_.‘" =
___:_,_,-;a-."'ﬁ pitch angle-{ig)

=50
50 T

toroidal direction

Poloidal displacement [cm]
—40 =30 =20 -10

Safety factor g,
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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 (on,
oT, oV)

— Particle flux, I = (dvon)

— Heat flux, Q = 3/2ny(dvoT) + 3/2T(dvon)
— Momentum flux, IT ~ (dvdéVv) (Reynolds stress, just like Navier Stokes)

 Electrostatic turbulence often most relevant — ExB drift from
potential perturbations: 6ve=BxV(6¢)/B? ~ k,(5¢)/B

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

? 4 [:I:‘lll'- o LR [proters) l'.'FI_| 2 ‘ l ‘ Qmi I
61 msy o e g \ --------- 5/2kpT,T
L - E 1 \ & 5/2ksT.IF.E
= ° ' x o qf.E,
= 4 - =
[ ] 1]
s L] & 1 .- -
E g g P
E'_ put !
(] . g
D L ¥ T A | ¥ T D
0.8 0.9 1.0 1.1 1.2 0.8 1.0 1.2
rfa P

FIG. 3. A comparison of working particle fluxes in TEXT (8, =2 T,
I, =200kA, i, =3x10"m Y H* ), the total T (from H,, ), and I'*¥
driven by electrostatic turbulence. I'*F js measured with Langmuir probes
{solid line, solid points) and the HIBP (open points).
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Useful to Fourier decompose transport contributions,
especially for theory comparisons

« E.g. particle flux from electrostatic perturbations:

N (Ky)|99(Ky)

O (kg)sin (K, )

| f \
V coherence Cross phase

Amplitude spectra

rk) =" Yk,

Ko

e

« 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 (kyp<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 (kyp;<1)

* Kinetic ballooning mode (KBM) - driven by V3,

* Microtearing mode (MTM) — driven by VT, at sufficient 3,
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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
— Scaling equilibrium parameters to investigate trends/sensitivities
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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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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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Normalized density and temperature fluctuations are very
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Comparing én,, 6T, fluctuation spectra with simulations using
synthetic diagnostic

-12 = L
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for realistic instrument function
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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

Larger <k,> in simulations possibly from
tilting due to sheared equilibrium ExB flows
being too strongly represented - also

p=0.75 (outer half)
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consistent with small predicted transport
(more later)

Has sparked a huge international code ]

benchmarking & validation effort
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Simultaneous measurement of n, and T, using same beam
path allows for cross-phase measurement
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A —t—— |
B £
t REFL E_
EAL L Lens _g;
efit=2350, 15=2350 ms, 2=3cm_EFITO1 "
1005 3,
) 1CECE
& w0 S -0
Z 60 0 {REFL &
: S ]
2 40
A4 e _
._____.-" A [ 2{'
\\K\h : ) 7 ::'f ﬂ )
Vessel and optics 00 02 04 06 08 1.0 12
not to scale P
1550
Yn = n 5.
LTS PISE P DIII-D

White, PoP (2010)



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

Ofa B || — GYRO (Raw)

Parameter GYRO Experiment
0, (MW) 3.77Tx0.06 243x0.02
0; (MW) 0.34 x0.01 1.32+=0.02
iJT,. (%) 1.07 = 0.10 0.95=0.05
iiln (%) 0.25+0.01 0.57=0.06
Q1. (degrees) T1=1 61 =12

----- GYRO (Syn. Diag.)
‘ | — Experiment E

A i
AR .,;,Alilgu i

ll :I:ui.lllll il g PRI

Frequency (kHz)
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Fluctuation Level (%)

Qe

N elecs (ps/a)®

Qd Qgp

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

251 < ECH only
[ [JECH+BalnBl 98T :
20 F A ECH«CoNBI  Tg "
ECH+Ctr-NBI 1 :
p=0.55 andp=0.61 _ ]
T '-
1.0 - [ —
05 [ & =0 = .
- BN . ECH+Co-NBI " .
: N p-nss (a) 1
CI.U [ 1 [ 1 [ 1 [
20T O ECH only ;
[ [ ECH+Bal-NBI on .
" A ECH+Co-NBI s 1
15[7 % ECH+Cir-NBI ]
10 ¢ % -
i LA,
[ TR
5 o0 A -
[ Y& .
fp=0E o o (b) 1
U 'l 'l 'l Il
0 1 5 3 4 5

rT crossphase (deq.)

* Increasing fluctuations and
transport with a/L;, consistent
with enhanced TEM turbulence
(VT, driven TEM)

DIlI-D
Hillesheim, PRL,PoP (2013)
E (U, T p=035 p=061
50 F ’ < % ECH-only 3
C T B ECH + Bal-NBI
- A A BCH+ Co-MBI
or ECH + Ctr-NBI
—53: 7
: i
L i §O .
100 1t ;ﬁ %;?“ ]
—1555 % ‘
—EI::::I:.........I.........I.........I.........:

2 3 4
1/ Ly, (m™)
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Simulations can reproduce transport for some observations

sensitivity to VTe

Predicted turbulence levels always too small, even when accounting for

Discrepancies point to missing physics in theory/simulation

| | | | 2.5 | | |
30| %/Ogn i STe/Te (%)
Qgp = NeleCs (ps/a)?
a5 p=06 - 20 7
... Power balance EXpt. CECE
20} - 15k -
GYRO (+25% a/Ly,, +50% all 1) }
15} ® -
10} expl. gra ;ENS} nu - (expt. gradients) II.’
P [ |
o 05 0 i GYRO (+25% a/L e,
o .’ *n ] ." .l +50% a/Lt;)
0 '_. | I I (b) 0.0 m . . : (a)
1 2 3 4 "1 2 3 4
allte allts

Holland, PoP (2013)
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JET core ITG stiffness results (Mantica, PRL 2011)
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ADDITIONAL EVIDENCE FOR
TRAPPED ELECTRON MODE
(TEM) TURBULENCE



Quasi-coherent modes observed in the deep core of Tore

Supra, TEXTOR and JET tokamaks

Measured with reflectometers

Amplitudes large at low collisionality (enhanced TEM growth

rates) via low density (below), ECRH heating, ...

50 : ane .S”pr'ﬁ:“ £ _ 250
= |(b) QC-TEM|—LFS s g
= —HFS £ 0225
o /] 58
S 25 200
E
=
<C

_200-100 0 100 200

Energy of
QC-TEM
(dB/kHz)

Frequency [kHz]

Arnichand, NF (2015)

Tore Supra

M

o

|

|

g

—_

| o8, B m

D 1
1.5

2 2.5 3 3.5
Line averaged density [m_a]

4
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Similar coherent modes observed in the core of ECH heated
DIlI-D QH-modes, reproduced with nonlinear gyrokinetics

Nonlinear GYRO Simulations Reproduce New Coherent

Fluctuations Seen on DBS, identifying these as TEMs

An=2 - Match every second

coherent mode seen on DBS
(for which An=1)

* High resolution GYRO simulations
in progress with An=1

Fluctuation spectrum during ECH Now if we do much less frequency
10E smoothing of same data, drilling
;— ) DBS down ...
= Al GYRO/synthetic DBS * Coherent modes in GYRO
— / correspond to resolution used,
= An=2

Power Spectral Density
(onx10'°)2/df x10° m-6/kHz

o = N W O )~ 0 OO
I

| L Nemea . Qi
0 100 200 300 400 500 500 Similar results for no ECH case

Frequency (kHz)
bm-o

D B Emsl/APS-DFF NI3.00003/ 10:30-11:00 AM Wednesday, November 18 12

Ernst, IAEA (2014), PoP (2016)
Guttenfelder, APS (2015) 174



Nonlinear gyrokinetics of density-gradient driven TEM reproduces

change in fransport and turbulence with addition of ECH

Measured profiles Transport fluxes (exp & sim)

6L 2980 ms (no ECH) = “Femuse | @eaice | © Nonlinear GYRO simulations illustrate
— c — i | ] .
= - 2E55:21 L %EEEE’W | " presence of Vn-driven TEM at p=0.3
e , wl | =/ 1+ Simulations reproduce magnitude of
= "L ECH i ! ]
=t E’/\t“’-‘“mer s j”* | transport (Q; Q.. Te. I, I1,) and DBS
0 S — PR B spectra using synthetic diagnostic
P =0. ) oroidal |
z 3 .| ""”."’“é?'u’: ] — Also reproduces changes of
e [ E, )@ ] transport and DBS with addition
=1 ) - of ECH
B 0
0L .. . . ! . DBS turbulence spectra (exp & sim)
i ," (c) Electron nw TF _ 155161 p=0.30]
= ) : ' e 2= 6— | 3080 ms
: . S Bra /T e
= 2 2F linear I.r linear é mﬂ E T
0 aJLcrrt a“_cnt "E '; 4:_ f
0 Y i@/ £5 3/
8 " [ @bt 52 o0/
| IJ!_{' 1 = E =
- 4 = HH | ST B Lo
s os - P, - 0 100 200 300 400 500 600
0 .J,' E/ : Frequency (kHz)
4 : : (¢) Impurity
e, Bl Flux | DND QH-mode 155161 [Ernst, PoP (2016)]
s, < / ) B=2.05T, 1,=1.2 MA
E 1 Tosr ;IN‘—‘Z __ PNB|=5'5 MW (Cfl’-'p), PECH=3'4 MW
E L e By=1.5, lys=5.2

0 05 1 1.5 2 Milwaukee (2017) 17
alL,



MULTI-SCALE TURBULENCE
(FROM p; TO p. SCALES)



In some instances simulations can account for ion transport,

but predicts too small electron transport

0ar 7 ;
008l N i . Alcator C-Mod (MIT)
' E [ ]
= : - Howard, PoP (2014)
0.041 ] :
| lon-Goalke Simulation [ | 0.1 _
L | Multi-Scale Simulation " . : gp—
| 147 Experimental Uncertainty :
000 o o] ) ] T TR T
25 3.0 3.5 4.0 2.5 3.0 356 4.0
a/L a’l
/ T, / T,

* Requires self-consistent multi-scale simulations to account for Q, & Q,
together

« Numerous examples (DIlI-D, ITER, C-Mod, NSTX) where this might be
Important - very expensive computationally ~ 20 M cpu-hrs/sim
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MW/m®

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

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

-> can match experiment

Howard, NF (2016)

lon-Scale Simulation
Multi-Scale Simulation

e

MW/m®

Multi-Scale Components

High-k (ETG) Contributions A
Low-k (ITG) Contributions )
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ETG-like “streamers predicted to exist on top of ion scale

turbulence
Standard,

i lon-Scale Sim
=

ie)

+—

@]

v

a

©

o

o

O

o

Q_U)

Sy

>

20 -10 0 10 20
x/ ps (Radial Direction)

Multi-Scale '
—_ Simulation
S kO pS< 48.0
=
W]
]
=
o
©
o
O
O
Q.
QUJ
~
>

-20 10 0 10 20
x/ ps (Radial Direction)

-0.015

-0.030

-0.045

0.027

0.018

0.009

-0.009

-0.018

-0.027

Howard, PoP (2014)
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Hot topic: measure change in turbulence spectrum
consistent with multi-scale effects

k | 4
" ~ Peak of ETG P
% 0.010 - linear growth rate
¥
> |
a”
g | ~Peak of ETG
© streamer-driven Qa
0.000 Lol el

13

it
Ko Ps

* Proposal to use Phase Contrast Imaging (PCI) on C-Mod (don't think it

10 48

was done before 2016 end-of-life?)

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

Howard, PoP (2016)

Power Spectrum of
Density Fluctuations
afly =235 ol
a.fLTI =192  —tp—
a/l T, = 175 e

pag ]l
1
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Stronger electron stiffness also predicted and consequences
observed in experiments

LI L B L R O N B B B L L B L B L BN L B
| ‘ 0.15 =
™~ 0.10~ 4 =N
= I . =
= =
0.10 .
= =
0.05+- — .
| | lon-Scale Simulation L 2 ] 005'_ |
|| Multi-Scale Simulation || ) I ]
|| Low-k Q, from Multi-scale () ]
High-k Qg from Multi-scale M ! ]
0.00lL.HIJ“|“,|J“|.H|.H|.lA 0.00-.1.l.|l..lu.lu.lu.l.uluB
2.8 3.2 3.6 4.0 2.8 3.2 3.6 4.0
afLT afLT
e e

Howard, PoP (2016)

« Transport modeling including above multi-scale effects (Staebler, PoP
2016; Pablo-Fernandez, PRL 2018) reproduces observed fast
perturbative transport (e.g. introduce a local cold spot and watch Te, VTe
propagate, )
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SUPPRESSION OF ION SCALE
TURBULENCE BY SHEARED ExB
FLOWS



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
*'N_ -
— > -
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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Equilibrium background (ExB) flows can suppress turbulence

.-__.-'""If Hl"‘-._ (a) _ﬁ_.a-f -Fd-dﬂ___F.--'_.""._.-l-.:I
_h.. 4 ""-,I. ._,.—-"' .

|IIr 'I:.-:.--"' -

-.- 'III. __._,.-F" _..?

b _..a--"';_.-?l ~
- R )
U .Hhi'jﬁ X

(¥

: Coherence length
1
| 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)
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Experimental turbulence and transport measurements of ExB
shear suppression

* (Il show this in section on L-H transition)
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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)

180W 120W 80W 0 BOE 120E 180E
Longitude (Deg) 186



“PURE” ELECTRON SCALE
TURBULENCE (not multiscale)



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

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)

@NST)(_U Guttenfelder, U. Washington Plasma Seminar (Feb. 7, 2017) 188



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/L>R/Lyg ¢it)

 QOther trends measured that are consistent

with ETG expectations, e.g. reduction of high- R
5 o g . ']I:I_d T T ™ T T
k scattering fluctuations WI'Fh. [oe < Kipe0.25 |
1. Strongly reversed magnetic shear (Yuh, PRL _ '% [ 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)
— Observed in ETG simulations (Roach, PPCF NSTX

2009; Guttenfelder, PoP 2011)

@NSTX-U Guttenfelder, U. Washington Plasma Seminar (Feb. 7, 2017) 189



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

(another potential case for multi-scale simulations)
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ELECTROMAGNETIC EFFECTS
ON ITG/TEM TURBULENCE



Electromagnetic stabilization at finite p predicted to be critical for

quantitative agreement in NBl-only scenario

] nonlinear GYRO simulations
- Good agreement in all fransport channels DIII-D 155161, p=0.3, NBl-only

with EM effects (6B) PSS S S— .
— Near marginal : - ]

= o S -

« Transport over-predicted in the electrostatic 5 2F | Exsp 3
(ES) limit (5B—0) - Lo f / %

— Downshift of Vn threshold 13: IIIIIIIII — —

- Max. growth rates increase ~35% if 2 33 / 3
electromagnetic effects ignored (6B—0) = ]
Y(c/a) g: --------- — o.oAT

[T [T T ] /

[ 155161, 2080ms e EM 1 s Jf / E
- p=03 ——ES | = / ]

0.1}

0.05}

1
a'L

ne

Gutitenfelder, APS-DPP (2015)

Guttenfelder APS-DPP, Milwaukee (2017) 19




Nonlinear gyrokinetic simulations predict 6B/B,~1-2x10-4

- 8B ~ 3-5 Gauss
« (8B/By) / (dn/ny) similar to quasilinear ratio — useful for scoping (next section)

. ) ] rms at 6=0
nonlinear GYRO simulations - std(on_/n_ )
X .

sngn,, DII-D 155161, p=0.3, NBI+ECH s88, i 8 g
T R T L T T R A 0.015 I N 2 Y S Sy N 2 E:

05— - 0.5— — 5 at . ]

04— - 0.01 0.4 v 2 =1 4 oF E
... v : = o

" y B ) ‘(“ » N TR T
03— — - 0.3 >, ’ , -3 0

L g = ’l ' ) i 1.8 1.85 1.9 1.95 2

- — g 02— — 42

02f i 0.005 T A \” \ ’ # | - std(3B,/B,)

01— il Q1= ;\ \ ; % Al 1! x‘""""l"" T R RRARRRRERN
T i = T \\ ] Fi, ]
£ ot - 0 E ol NN E o al 10 s .

’j ‘\ ~ C ]
N . N RS oy ] : \\ N ]
01— ol 0.1 g £ .;;i_, (‘\" .‘ = 1 1k e —/ -
L il s ’ ;:‘,:”‘ i\s » t - E :
02— — <0005 02— p- 758 .,~“ — j-2 . 1
B N 03; ' : ;" " _j 3 D:lllllllll||||||||||||||||||||||||||||||'
03~ 7 e Fogay 1 i8 185 19 185 2
L o 3 - ’ L W
Bl N om A J \, B 4 std(s8/B Vstd(3_/n_)
05 — 05— ; — 5 T , ,
'J 1 ‘ T Tl | T TR T | [ | | | _1 L ‘ I B — 1 L1 I I - I | Dm: I".
14 16 1.8 2 S 14 16 18 2 :
R (m) R (m) 00zl

ENBl-only (2980 ms) E
0 EINIBlTIEQHIIHDﬁI:I)'I:I]?r—IIII ||||||||||||E
1.8 1.86 1.9 1.895 2

R (m)
Guttenfelder APS-DPP, Milwaukee (2017) 19




Strength of EM stabilization consistent with local proximity to KBM

threshold

* Theory [7] predicts EM stabilization strengthens as 0. GYRO Linear Growth Rate k;: ps = 0.2
i = -q2 . 2 B / .

local pressure grqdlen.t (f" q%RVP,,+-21,/B?) = | 2080ms / 3080ms / ]
approaches the KBM limit (o) > E noecH / ECH /

* In GYRO-normalized units: = | S

R Z n. T a a
GYRO q a Be - ne Te I—ns I—TS

* B. scan used to identify KBM linear threshold
— Does not account for profile changes
« As a function of a (including profile changes):

* NBI-only case, a within ~15% of a; — strong EM
stabilization (previous slides)

* ECH case has lower a/a ; due to larger a_; —

weak EM stabilization (not shown) Operating /-”F |
u-'fTh. N i [
0 0.2 0.4 0.6
“MHD

Ernst, PoP (2016)

Guttenfelder APS-DPP, Milwaukee (2017) 19



Using Doppler backscattering (DBS ~ 8n) and cross polarization

scattering (CPS ~ 6B) to measure core EM turbulence

* Increase of CPS/DBS amplitude ratio (~5B/dn) , 10 DBS, p~0.5

. . . . -172221,2000' ms =15
with B consistent with expectations 172205, 3300 ms p' 23

o
co

f— ~an -

o
o))

— Requires ray tracing, gyrokinetic simulations +
synthetic diagnostics to thoroughly validate

Power spectra

o o

Mo =

foe iz

E 1T T 1 I T 1 T I L T T T T T T 1 I | .\'r
: : D _' - PR M| | =
5 B =1.5 (172221, 2000 ms) ] 4000 -2000 O 2000 4000
- Bn=2.3 (172225, 3300 ms) f (kHz)
_ AF - x10° CPS, p~0.5
& - . L L L
| - - L i
£ - . 8+ |
@ L e > [ ~0B |
I S NN - s _
:m C kscah‘ E 8 6 R
21 DBS k,p.=0.3-3 . o |
- CPS kp.= 1.2-6 : s 4
1 - ® Simultaneous CPS & DBS . % 5 1
- W Corle W-bcmld DBS | | o .
D 1 1 1 | 11 1 | | L 1 1 11 11 1 1 1 |
0 0.2 0.4 0.6 0.8 1 ol
P -4000 -2000 0 2000 4000

f (kHz)

Guttenfelder APS-DPP, Milwaukee (2017) 19



Stabilization of ITG from coupling to dB at high beta + Fl

Proximity of local profiles to KBM/BAE stability limit
Provides increase in predicted Ti
Potentially beneficial for deep core of burning plasmas

CPS stuff here (and Barada, Rhodes)
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Polarimetry on C-Mod has observed broadband high
frequency polarization fluctuations

* Requires careful interpretation to separate 6n, and 6B
Influence

Polarimeter Fluctuations for Shot 1120214021 S

‘\..:
\
g

)39 m d
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I
X 600
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e
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e
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+
004 m BTl Z
i
H
H
|

Te(0) (keV)
O - N W aO

06 08 10 1.2 1.4 16
Time (s)

o
»

Bergerson, RSI (2012)
197



Cross polarization scattering used on Tore Supra to measure
Internal magnetic fluctuations

 Broad 6B frequency spectra
« Correlation between 6B/B increasing with local VTe

 However, require additional measurements/simulations to determine
weather 6B due to
— J, from predominantly electrostatic turbulence (Callen PRL 1977)
— fundamentally different turbulence (e.g. microtearing)

=

= [

E '“] :

E b

E_ 20t

) k

- [

= i

F 0t

2

T -0}

2

E'Eﬂ [T T N TR TR NS TR [ TR S T S ] I-I

000 =500 0 00 1000 0 2 4 6 8
f (kHz) Ve at rfa=0.35 (keV/m)

Colas, Nuclear Fusion (1998)
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“PURE”
ELECTROMAGNETIC
TURBULENCE



But first, an aside on low aspect ratio
“spherical” tokamaks, like NSTX-U at PPPL

Original NBI New 2"¢ NBI
New Central Magnet (Ryay = 50, 60, 70cm) (R;4=110, 120, 130cm)

1 Tesla at plasma center, I, = 2MA, 5s SMW, 5s, 80keV SMW, Ss, 80keV 5
20



Aspect ratio Is an important free parameter,
enables higher beta, more compact devices

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 B — grad-B drifts stabilizing [Peng
& Strickler, NF 1986]

r 0.9

r 108

IIIIIIIIII | T T TTTTTTT | T T T T T TTTT TTT T T T T T1TT1T3 ~
- ad curvature =
,bxx

O oy AN S N

\\ urvaturg | ¥

B _ mv2bxVB/B
- 1 |Vve =
......... S T B 2 gB

" 040608 1 1.2 14 0 (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 (hnmR?) with uni-directional NBI heating gives strong toroidal flow

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

- f’f’--_—__.x\ {a) - -""‘d:';*?

- N\ P
[ ' r—ea

—-" Illl. :’]‘_.-"'_-?
M ..-"';,.a -~

L S e
. ih)
U A .
()

: Coherence length

I
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, ~5A at high 3 — stabilizing to ES-ITG

« Small inertia (nmR?) 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)

209



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 T T T ]
10 O o ]
Moo P 1 NSTX
8 7
LA ¢ MTM 1 Local gyrokinetic
< s * O % 1 analyses at ~2/3 radius
— w ]
@’ T ]
4r w ]
: ITG, TEM, ETG -
2 B [> (] 7]
i - 1
0(; ..... [>.. T IR '6
Vel (c /)

Guttenfelder, NF (2013)
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Simulations of core microtearing mode (MTM)
turbulence predict significant transport at high B & v

« Collisionality scaling (x. yrm~Ve) cOnsistent with global confinement
(tg~1/v), follows linear stability trends:

— In the core, driven by VT, with time-dependent thermal force (e.g. Hassam, 1980)
— Requires collisionality — not explicitly driven by bad-curvature

- OB leads to flutter transport (~v,-6B?) consistent with stochastic transport

Predicted transport

I I Poincare plots of flux-tube surfaces
1 I 1 N t=25 (linear phase) t=500 (saturated phase)
10' ¢ exp. 1 [T
N . I (i I | i1t
i ] 2""II} il }Iiii i I
I - O R }I‘ I
0 ;A0 i AT T T R
w0 lﬂwi?'"é y I
o 3 n > 0f | |; I R h i‘t l
= : 1B R A
L . N _10.”l | fl ' ]!' :' it : :
- sim. [ A LBt
: (ve=0) ) il f";ié Al ft il
Y RO R %J’ [ A A e R
1 0—1 y 1 0 21 01 0 =20 -0 : 10 20 30 :
vi(c/a)~Z n /T
s eff e e
Guttenfelder, PRL (2011), PoP (2012) NSTX E. Wang, PoP (2011)
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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) 212



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 [Smith, RSI (2012)]
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« Large 6B/B~10-3

— Potential for internal 6B
measurements via Cross
Polarization Scattering, CPS (UCLA
collaboration) = focus of a 2017
DIll-D National Campaign
experiment

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

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

NSTX (PPPL)

N

Fluctuations in magnetic field

s o
N

Injected and reflected
microwaves experience a
shift in polarization

7

A UCLA

Synthetic diagnostic
calculations predict
polarimetery could be sensitive

-12
©
&
c -14
a
el : :
g | | | |
_8_ 5 5 5 —_— 1, only
B T P PR R B',r* only
{a] _'ﬁ'e +Br
A7 i i i . .
0 0.2 0.4 0.6 0.8 1
t (ms)

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

Will try to validate using CPS
(UCLA) on NSTX-U
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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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Core KBM (NSTX, high beta_pol)
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At high B & lower v, KBM modes predicted;
Sensitive to compressional magnetic (B, ) perturbations

* Kinetic analogue of MHD high-n ballooning mode, driven by total VP (o.p)
* Smooth transition from ITG/TEM at reduced VP
* Transport has significant compressional component (~5B,)

Linear growth rates

Y(c/a)

0.25 BRBRRREESERsSssnsss _
] KBM kp =0.37 i
0.2F b
: B, :
015 — al, ]
i L )
I — exp. |
o1 &l values]
(p=0.7)
0.05F .

I TEM
| TR BRI AR B

aMHD

Oynp =—0°R-2u,VP/ B’

O_---- I
0O 02 04 06 08 1 1.2

NSTX

Guttenfelder, NF (2013)
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ZONAL FLOWS, GAMSs

(important elements 2D turbulence nonlinear saturation)
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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, 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_s structure of mstablllty caus“e ) the turbulencelll
fastest growing modes perpendicular “zonal flows
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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)
HIEP#1
observation points

Paigidal Crosssection 1

80

Poloidal Cross saction 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 | :‘ff\%zé{gq
poloidally separated BES ol
channels 0.05|

« High coherency at low
frequency, zero phase shift
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GAM seen on numerous devices using different
measurement techniques

O o ] ®
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looked for 1 10 100 Frequency (kHz)
Frequency (kHz)
@2 @ ] ;
ot b
i 3 | (e . )
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Fusion (2009) for PN W
Iegend ° ° Fresﬂancy {iliilzr 0 Frequency (kHz)
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Frequency (kHz)

(f/n) (%)

Shafer (L-mode)

(f/n)2 kHz "

1

=
4

N T I/ R TR 1
Frequency (kHz)

rla

| 0.88
| 0.86
1 0.82
{ 0.74
1 070

| 0.64
{ 0.59
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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 ; : ,
{ E
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2 10! g
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Fujisawa, NF (2009)
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Three-wave coupling, cascades, bispectrum measurements
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EDGE TURBULENCE
L-H TRANSITION



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
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Spontaneous “H-mode” edge transport barrier can form with

19

B E T T —r o 1 ]
. ﬂumml:lnlnuﬂFrrg
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£ } - L-Mode
o 3¢
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Data from DIII-D

(from Carter, 2013)
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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]

228



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)
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Burrell, PoP (1997)

Coda, Phys. Lett.

A (2000)
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Limit-Cycle

Multiple doppler backscattering
diagnostics provide 8n, dVg,g at
multiple radii simultaneously

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 h !f"m'li HY"N W
prey limit cycle oscillation = :‘WWMPH M
between ZF and turbulence g , , , — )
o R=2.27m (OSL)
@
* As confinement (and g‘
gradients) increases,

equilibrium Er driven by VPI

iIncreases, until it is strong 3 02
enough to maintain = 04
suppression _ R=2.27m (OSL) (d)

DIII-D, Schmitz, PRL (2012)
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EDGE TURBULENCE
H-mode pedestal



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

_ 25Fa) | DivertorO-il Tasba7 [
Rapidly expels energy , GE :
Profiles drop after ELM, recover i Type [ELM
between ELMs R
General question of what transport 1oV JLJ | !
mechanism limits H-mode pedestal & o5t l gl
post-ELM recovery : A

00" . . s 4.t
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NSTX, Diallo, NF (2011)



Local density and magnetic fluctuations measured inter-ELM
- possible importance of EM turbulence

Retlectometer Fluctuations for Shot 1120815026

3 - Pedestal top
(a) 400 ;§
7 =
2.5 ) 300 > 1.
o §?mm b
ﬁb x § 1.0
= =100 e .
2 e 0
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=i 100 :
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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 014

1.11 1.12 1.13 1.14 1.15

pedestal (Snyder, NF, 2011) Time [s]

Alcator C-Mod, Diallo, PRL (2014) 234



« SLIDE ON KBM CONSTRAINT FROM EPED???

* NONLOCAL EFFECTS?

« LOW HANGING FRUIT — KBM/EPM LINEAR
THRESHOLDS IN NSTX/NSTX-U
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DIlII-D BES measurements of KBM???
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Various fluctuations observed in ELM free pedestal regions —

Weakly Coherent Mode in C-mod |-mode

11012059012

_ C-mod, White, NF (2011

I-mode in C-mod similar to 500
400

H-mode except temperature B
pedestal only £ 200
100

. 500
Evidence for weakly 400

w
3

coherent density,
temperature & magnetic
fluctuations associated with
Increased particle transport o
preventing density pedestal s

Freq (kHz)
N
8

(c) Tc

Other examples exist in 2 2[
ELM-free H-modes (EHO in BT A
DIII-D; QCM in C-Mod) 0

.0
0.4 0.6 0.8 1.0 12 14
Time (s)
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Theory pedestal calcs for pedestal

D.R. Hatch, Mike K.

MTM + ETG + NC

ETG at bottom, high-k measurements (Canik)

AUG inter-ELM examples

DIII-D inter-ELM examples

MAST/DIII-D edge CPS
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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) 163130085 0 9

Closed magnetic

surfaces E
N
Open
4 magnetic
& surfaces

&
Scrape-off layer
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D
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0.2 0.4 0608101214 1.6
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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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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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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 (ol/1)

L0567 @
ol/l (rel.)

O 02s /
0.165s /
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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)

1!39l6‘

wall

lzln‘tp

plasma blob
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Blob Tilaments seen to propagate down to divertor, but also
can exist in isolation, be driven near X-point (not traditional
outboard midplane “bad curvature” region”)

« Scotti (2017/2018)
« Imaging techniques

Log 10(Power Spectrum)

500 430 -3.60 -290 -2.20 -1.50
50 RIS e oy

N w =
o o o
T T T

Frequency (kHz)

—_—
o

0 . \ . Outgrleg
0 20 40 60 80 100
Toroidal mode number

50 g ot
. 40¢
N
T
=
= 30 ¢
8
3> 20
o
o
%10 :
0 v . Inner leg
0 10 20 30 40

Toroidal mode number

247



Intermittency, skewed PDFs

* Much larger dn/n0~10-100% (compared to core, <1%)
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STELLARATOR TURBULENCE



* No direction of symmetry

- Parallel connection between good/bad curvature and varying
local magnetic shear complicates dynamics (and theory),
BUT opens the door for optimization
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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

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

Plenty more to do
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Hot topics, low hanging fruit
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