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Why is it so crucial to understand SOL dynamics?
How can we simulate the SOL? How did we get there?

What are the mechanisms setting the SOL width? ES potential?
Toroidal rotation? How can the heat load to the vessel be reduced?

Our current activities!?
I CPF

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

SWISS PLASMA
CENTER




The scrape-off layer (SOL):
the most external plasma region in a tokamak

Scrape-off
Layer

XA(( Open field lines

Roles of the SOL.:

- Heat exhaust

- Plasma
confinement

- Plasma fueling
and ashes
removal

- Impurity control



The scrape-off layer (SOL):
the most external plasma region in a tokamak
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Heat exhaust — a crucial issue for
the entire fusion program

Qse
Wall ~
Wet

Non-radiated @ggﬁetr)’

Qsep

== 80 — 100 MW m ™!




Properties of SOL turbulence

* N fluc ™ Negq
) Lfluc ~ Leq

. Fairly cold (< 100 eV, n_~10" m3)
magnetized plasma

- Role of neutrals

* Sheath physics
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A model to evolve plasma turbulence in the SOL
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A model to evolve plasma turbulence in the SOL

+ coupling with neutrals

of. [N

ﬁ + V- Ox — _Vionfn e VCX(fn — nnfz/nz) + Vrecfz'

STREAMING IONIZATION CHARGE RECOMBINATION
Vion = N (UeTion) EXCHANGE Vrec = N (VeOrec)

Vex =N <UrelO_CX(Urel)>

Wersal & Ricci, NF 2015

To solve in 3D geometry, taking into account plasma
outflow from the core, turbulent transport, ionization and
charge exchange processes, and losses at the vessel




Boundary conditions at the plasma-wall interface
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Checked agreement
with PIC kinetic
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Neutrals: reflection and
re-emission with
cosine distribution

Loizu et al., PoP 2012



GBS: our simulation tool

Limited | “‘\ . Stellarator
SOL
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" HelCat, UNM

Helimak, UTexas

Ricci et al., PPCF 2012; Halpern et al., JCP 2016



Code verification, the techniques

|) Simple tests NOT

2) Code-to-code comparisons (benchmarking) RIGOROUS
3) Discretization error quantification
RIGOROUS,

4) Convergence tests requires

analytical
) Order-of-accuracy tests Y
solution

Only verification ensuring
convergence and correct
numerical implementation

Riva et al., PoP 2014; Ricci et al., PoP 2015



Order-of-accuracy tests, method of manufactured solution

Our model: A(f) =0, f unknown

We solve A, (f,) =0, but G”Zf’”’_f:?

Method of manufactured solution:

1) we choose g, then S = A(g)

€ p— —
2) we solve: A, (g,) — S =0 _’I n=9n — ¢
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GBS: our simulation tool
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GBS simulation of a linear
device: LAPD and HelCat

Source

Plasma gradients

Straight B

. Parallel
8n ExB agnetic curvature dynamics  Source
o Tlo.n] = —_+S



GBS simulation of a linear
device: LAPD and HelCat

Plasma gradients

Drift waves

> il .
Kelvin-Helmholt
N

Sheath mode

Rogers & Ricci, PRL 2010



GBS: our simulation tool
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The Simple Magnetized Plasma (SMT) TORPEX
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The Simple Magnetized Plasma (SMT) TORPEX




TORPEX key elements

Source (EC and UH resonances)

BS

Parallel dynamics

and losses
Plasma
gradients
Magnetic
curvature

N: number of field line turns

Simple magnetic curvature




For N~1-6, k” — 0 turbulence




At high N>7, K # O turbulence

N=16
Toroidally symmetric
Ay ~ Ly,

k|| stabilization, requires high N and 7 # 0
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TORPEX turbulent regimes

Linear theory, nonlinear simulations, experiments in agreement

k=0 (A =Ly/N)

|deal interchange regime
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Ricci et al., PRL 2008;
N Ricci & Rogers, PRL 2010



GBS: our simulation tool

Stellarator
SOL

TORPEX, SPC
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Tokamak SOL simulations

Plasma
outflowing from
the core

/

Radial
transport



Tokamak SO ~imrilnsinna
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- 107 grid points

1LAL

Simulations contain physics of ballooning modes, drift waves,
Kelvin-Helmholtz, blobs, parallel flows, sheath losses...




A large validation effort
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Gas puff imaging
diagnostics

Do/Dg

Synthetic
diagnostic




C-Mod fluctuation properties well captured

| *GBS low n
-<g-GBS highn -

Alcator C-Mod,

B=2.7 and 3.8 T,q=2.7,

Halpern et al., PPCF 2015



The key questions we addressed in the past

How is the SOL width established?

How to minimize heat load on the vessel walls?

What determines the SOL electrostatic potential?

Are there mechanisms to generate toroidal rotation in the SOL!?
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Three possible turbulence saturation mechanisms

Removal of the turbulence
drive (gradient removal):

Ricci & Rogers, PoP 2013



SOL width — analytical estimate Ly

_ ), = 3 ~ k_e
1
L, Removal of driving gradient
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Ricci et al., PRL 2008; PoP 2013




SOL turbulent regimes

Instability driving turbulence depends mainly on g, 1/ s.

0 RESISTIVE BALLOONING
MODE, with EM EFFECTS

TYPICAL LIMITED
RESISTIVE SOL OPERATIONAL
DRIV PARAMETERS

INERTIAL DRIFT WAVES

Mosetto et al., PoP 2013; PoP 2015



Ballooning scaling, good agreement with experiments

In S| units:
JTrm—2/T 27 T;rors \
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SOL width — comparison with ITPA database
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The key questions addressed in the past

How is the SOL width established?

How to minimize heat load on the vessel walls?

What determines the SOL electrostatic potential?

Are there mechanisms to generate toroidal rotation in the SOL!?




ITER start up and ramp down
will be limited

* Pyan X 1/Avvet X 1/Lp

* Isa LFS or HFS limited plasma preferable
(L, larger)?




SOL width larger in HFS limited plasmas

<— HFS 2 LFS >¢— HFS —>

Loizu et al., NF 2014



SOL width larger in HFS limited plasmas

<— HFS e LFS ><— HFS —>

60

401
Lp

201

Trends explained by ballooning transport and ExB flow
Confirms experiments, but effects smaller

Loizu et al., NF 2014
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Potential in the SOL set by sheath and electron adiabaticity

Typical estimate: at the sheath
V)i = Cs Vjjle = Cs eXp(A — et/ TM)

to have ambipolar flows, V||; = Ve

¢ =AT*" /e ~ 375" /e

Our more rigorous treatment, from V|| equation

o= AT fe - AT, ~ T e

Sheath Adiabaticity

Loizu et al.,, PPCF 2013



The key questions addressed in the past

How is the SOL width established?

How to minimize heat load on the vessel walls?
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Are there mechanisms to generate toroidal rotation in the SOL!?




GBS simulations show intrinsic toroidal rotation




2D equation for the equilibrium flow

Turbulent driven radid Poloidal Parallel
transport convection convection
y

gradient-removal
estimate Coupling with core physics

with boundary conditions:

Sources of toroidal
rotation

Bohm’s

L ExB
criterion

correction



Our model well describes simulation results...

Model

Simulation



... and experimental trends

Analytical solution, far from limiter:

AN ps _ipp, Op (On  oT )l
- [ - R

Sheath Pressure Po|0|da| asymmetry
at divertor plates,

due to ballooning transport,
direction: depends

Core
coupling contribution,
co-current

M” 1

Typically co-current

Can become counter-current
by reversing B or divertor
position

C-mod CO-CURRENT FLOW C-mod COUNTER-CURRENT

Agreement with C-Mod

observations
Loizu et al., PoP 2014



Some of our current research activities

How does shaping affect SOL turbulence?

s it reasonable to use the Boussinesq approximation?

What happens across the LCFS!?

What is the role of neutrals?

Can we develop a more accurate plasma model?

What happens in diverted configurations!?
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Recent measurements: 2 scale lengths

Infrared Measurement in TCV

10 20 30 40 50
(r —a) [mm]

Nespoli et al.,JNM 2015
Kocan et al.,, NF 2015

ITER inner wall was redesigned




Simulations of SOL and closed flux surface

{25
|20 Strong pressure gradient
at the LCFS...
5
10
... associated with
strong shear flow =
-10

Halpern & Ricci, PRL (sub.)
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GBS simulations with neutrals

Kinetic neutral equation, solved with method of characteristics

First steps towards simulation of detachment
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Going beyond Braginskii

Guiding center eq. of motion, large fluctuations, full Coulomb collisions:

G(Bgt<f>) L L

Moment expansion:
Z _NmH (’Un —U||> L, (@)
Vth,| 1)
In analogy with |i & Held [PoP 2006], we derived

o B 1,1 AT
/ C(fas fo)H ( : ”) k(‘;—) Bvydu =} | Cop NI NG

Uth,|| 1 ,
P;J,m,q

We obtain hierarchy of moment equations,
recovering the drift-reduced Braginskii limit
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GBS: our simulation tool

tellarator
SOL

ITER-like
SOL

LAPD, UCLA
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GBS simulations of diverted geometry

Use of
a new high-order
non field-aligned
algorithm




What are we learning on SOL dynamics!?

The use first-principles simulations and analysis to
investigate SOL plasma dynamics

Progressive approach to complexity

Past results in limited configuration:

— SOL width set by resistive ballooning-driven turbulence
saturated by the gradient removal mechanism

— Good agreement of pressure scale length with multi-machine
measurements

— Mechanisms setting electrostatic potential and toroidal rotation

Current activities: turbulence across LCFS, neutral
physics, more accurate plasma model, and divertor

http://people.epfl.ch/paolo.ricci
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The complete set of equations
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ITER design based on scaling law

SOL basic physics understanding is still missing

Simulations of SOL turbulence are crucial




The full set of GBS equations

R
Oen=— 2 [d.n] + 5 [ (pe) = nC (9)] = V) (mvy) + Sy
R 2B . B?
8tvi§b = — = [qﬁ, Vi(b] — C (pe) — V| i ||V¢<b + _V|IJ||
B n
m; Be R
O (Vne o w) == g V] = VieV)vge
m JII
—|——{ +V||¢——V||pe—071v|| Te——VH }
me
R
Oevji = = g & vii] = v Vi = ;VnPe
R 4 Te 7 ~ Te 2 2
Ot Te = — E [¢, Te] — V||eV|| Te + §§ |:§C(Te) + 7C(n) — C(¢):| + STe

2 Vili — Vile
+ 3 Te [071V)vi = L71V)v)e + 071 ( ———— | V)i

Need boundary conditions for:
1, Vjle, Vjjis Loy V3 0,0, ¢




Gradient-removal estimate of ExB velocity transport
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Turbulent transport with gradient removal (GR) saturation

Turbulence oD oD
saturates when it — op ~ op — k;.p~ Z_)/Lp
removes its drive or or

t
GR hypothesis |

Nonlocal linear theory, k, ~ \/ ko /L,

L', v L
: P/Lp k@




Turbulence saturation due to
Kelvin-Helmholtz instability (KH)

Primary instability grows 90 5 v
until it causes KH - — ~[0,Q] &> P~ —
unstable shear flow ot ke
0¢ P Y
F p— ) —— ~ - DKH ~N ——
"N\Y00 ) T LR k3
KH vs GR mechanism:
Drmg 1 < 1 | We expect KH to limit the transport,

Der  koly provided that KH is unstable!




Is KH really setting transport?

KH
saturates
turbulence

KH plays a
minor role:

GR!




Why is KH stable at low g but not higher q?

ot
Only
elongated
eddies
are KH 4t
unstable

By comparing eddy turn over time and KH growth rate,
KH unstable if: \/k¢L, > 3



Why is KH stable at low g but not higher q?
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KH vs GR scaling?

R? = 93%

R? = 80%
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Details of the source




Tolkamak SOL simulations

Flow
along B
Losses
at the
limiter

Radial Plasma
transport outflowing from
the core



Tolkamak SOL simulations




Tokamak SOL simulations
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The TORPEX device
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The TORPEX device




Key elements of the TORPEX device

Source (EC and UH
resonance)

Parallel

losses
Plasma

gradients

Magnetic
curvature



Verification & Validation
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Our project, paradigm of
turbulence code validation

3D GBS model

2D reduced model i

TORPEX

What is the agreement of experiment and simulations as a
function of N (number of field line turns)? Is 3D necessary!?

What can we learn on TORPEX physics from the validation?




The validation methodology
[Based on ideas of Terry et al., PoP 2008; Greenwald, PoP 2010]

What quantities can we use for validation? The more, the better...
- Definition & evaluation of the validation observables

What are the uncertainties affecting measured and simulation data?
- Uncertainty analysis

For one observable, within its uncertainties, what is the level of agreement!
- Level of agreement for an individual observable

How directly can an observable be extracted from simulation and experimental
data? How worthy is it, i.e. what should be its weight in a composite metric?

- The observable hierarchy

How to evaluate the global agreement and how to interpret it

- Composite metric, ¥



Interpretation of the validation results
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Limited SOL transport increases with [ and v
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Limited SOL transport increases with [ and v

L, = RY32r(1 — onp ) /q] l 3
0.81 ]
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Limited SOL width widens with R
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