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Integrated tokamak modeling: the hows and the whys

* Why we simulate plasma discharges and how we do it:
— the building blocks

* First principle vs reduced models

— When less is better and when more is needed

Self-consistent simulations for research planning

— Because refinement of operational points require physics

 Modeling gaps and experiment support:

— Where integration is critical for the success of ITER
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Modeling tokamak discharges is important for physics
understanding and experimental planning
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Modeling a plasma requires knowledge of transport,
turbulence, MHD, atomic physics, waves, materials ...
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The physics in a tokamak involves a wide range of spatial
and temporal scales, all coupled together
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A major challenge is finding a balance between accuracy,
self-consistency and computational time

* Increased computer power allows to solve bigger problems
— 10° CPU @10* cores for single ion species
— 10° CPU @10* cores for multi-ion/multi-scale
— 10 CPU for ITER (exa)

 BUT does bigger equal better?

At the top of the wish list of an integrated tokamak modeler is:
get everything in and make it fast
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The plasma is magnetically coupled to external conductors
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fast (transport) vs slow (current diffusion) time scales are
nonlinearly coupled together
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Burning plasmas need external heating to bust alpha heating
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gyrotrons
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Burning plasmas need external heating to bust alpha heating
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Plasma density build-up relies on sources of particle and

momentum =
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Core is connected to wall via particle and energy transport
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‘Integrated’ stands for combining available resources to fill
existing gaps

 The complexity of a tokamak cannot be resolved by a single code

 The more physics we need to integrate, the more the models need
to be reduced/simplified

* Need to find a balance between reduced models for fast turnaround
and high-fidelity offline calculations to provide boundary conditions.
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At the lowest approximation is a simplified transport with a
good free-boundary equilibrium solver
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Characterization of an operational point starts from a chart
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The operational space is usually defined by simulations with
simplified physics assumptions
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Characterization of an operational point starts from a chart
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Characterization of an operational point starts from a chart

B, [T] Target: * DT plasma

S R B R R R R 500 MW fusion power
150 11 fusion gain Q=10
135 [ -10.9
120} Hos Get there from @ low field/low current
10.5 -—0.7
) {os T Stepl: rescale from target
75— — InHplasma ———@)———— — — 870kev —05 83 = <ne> ~5.0x10%m
/ o © = B;=2.65T,1,=7.5 MA

. In He plasma NBI 870keV -
"1 % Step 2: identify H&CD operation
T 1™ = E\5=870 keV (full energy)
1.5 -{0.1

=> EC: resonance @ 2w
s 385 4 45 5 55 => |C: resonance @ 42MHz

2.5
B, [T]

Francesca Poli APS-DPP, Milwaukee WI, November 2017 17/yy



Characterization of an operational point starts from a chart
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Characterization of an operational point starts from a chart
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Simplified physics models teach us that the available H&CD
power is sufficient to sustain H-mode in He/H plasmas
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Simulations with simplified transport cannot inform on plasma
dynamic response to external actuators and internal MHD stability

* Transition to high confinement regimes

 Power management in transient phases

e Core fuelling, density buildup

* Impurity transport and core impurity accumulation
e Control of MHD instabilities

* Fastion transport
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Fully integrated JINTRAC core-edge transport simulations
highlight dynamical heat loads to the divertor
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Fully integrated JINTRAC core-edge transport simulations
constrain maximum achievable density with He gas injection
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Time-dependent simulations with physics-based transport
model indicate spurious absorption of EC waves at the edge
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Time-dependent simulations with high-fidelity models have
reduced the window around half-field operation
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Modular coupling of 1.5D core and 2D edge transport
implemented in ATOM and validated on DIII-D steady-state
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Do we really need a fully integrated core-pedestal-edge
transport model?

Can we get along with a reduced model?
How much can a model be reduced?

Incomplete slide
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MHD stability pedestal calculations can be replaced
by a lookup table for interpolation of pedestal width and height
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The path forward for fast, reliable, integrated simulations of plasma

discharges involves neural networks for core and edge transport
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Core-pedestal integration is incomplete without a transport model
for the region inside the pedestal

No man’s land

1, e Core transport models cover r/a~0.1-0.75
o0 * Pedestal scaling from MHD covers r/a>0.9
ge"o | |+ In-between there is no transport model available
2 400 ? (no-man’s land)
§200

Core transport

We have no choice but imposing continuity between the

0 0.5 1 .
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pedestal
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THIS IS NOT A SELF-CONSISTENT SOLUTION
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Plasmas develop instabilities that degrade the energy confinement

and may lead to disruptions
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Flgure from Prater et al., Nucl. Fusion 47, 371 (2007).
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x" We need to determine how the physics 3
IECH).  components in the simulation will interact ¥

All the physics components are in place:

*Ray tracing equations for linear
RF wave propagation (GENRAY)

*xMHD equations for
modeling nonlinear mode |

growth (NIMROD)

N [(87X2 ) av]

=
1 i,
Incomplete slide

*Interpolation methods
to relate RF and xMHD
representations

*Quasilinear corrections
to xMHD equations (built
from RF data) >

i

*Where should we put the RF? How do

we control it? To what does it respond? % ) PPPL
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Reduced models from MHD are needed in time-dependent
simulations to understand the plasma response to NTM control

2 poloidal field diffusion, |
l;‘_: transport, HCD
J Incomplete slide
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Heat load on the divertor increases when the effects of fast ions is

taken into account
=

ITER in-vessel coils for control Incomplete slide 1
of Edge Localized Modes Y
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* One slide on IC and NBI synergy?

frequency (MHz)

) )PPPL
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Recent effort in the US to model self-consistently RF wave

propagation from the antenna to the corg
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Incomplete slide
Density in SOL

However, realistic model of the density and temperature in the SOL is needed @) | PPPL
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A large database of experiments exists for validation of
integrated models in ITER-like conditions

* Here connection with experimental database
of IBL plasmas

Incomplete slide
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* Need link with experiments in He/H for
validation and projection
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Time-dependent integrated tokamak simulations are critical for
experimental planning, including future devices

* They rely on reduced models that need
— to be validated against experiments
— to be verified against first principle codes

 More reduced models needed to fill the gaps:
— Integrated simulations that evolve equilibrium, transport, MHD

— Edge transport in time-dependent solvers for self-consistent propagation of RE
waves from antenna to core plasma

Incomplete slide
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Leading-class computers allows for RF wave physics in core and edge
regions with great details

TORLH

~1_ AORSA 3D for ITER
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EC system on ITER driven by MHD and radial accessibility
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The optimization of the steering geometry of the Equatorial
Launcher on ITER is based on ray tracing simulations

Power absorbed locally

sc15MA midi2co
-40 40 - [
C - where B satisfies:
80 Aiming ‘up’
— 1 eB
1% wRF:——I—k” A%
—~ \ s
\; “\_\ - k420 g f
wec
- B+ 10
] H Doppler shift
ol Aiming *down’ . (toroidal injection for CD)
10 15 20 25 30 35 40 45
Bl )
Courtesy of D. Farina, IFP (Italy) fEC= 170GHz
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The divertor design on ITER is entirely based on a very extensive set
of SOLPS-4.3 simulations conducted over 15 years

Heat conduction zone

Impurity radiation zone

HO/D°/TY jonization zone
(T.>5eV)

Neutral friction zone

Recombination zone
(T.<leVv)

Courtesy of R. Pitts, ITER Organization
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fast (transport) vs slow (current diffusion) time scales are
nonlinearly coupled together

Transformer source Auxiliary External Fuelling
of poloidal flux H&CD H momentum & pumping
Actuators dexternal) CD
Plasma (inJernaI) :
o-particle
heall":'ing
Bootstrap
current € P, T,n,v
profiles
Conductivity Heat, particle & '2 - i
WV profiles Momentum fluxes .
Magnetic flux
diffusion
| BPO'— Transport coefficients Wall Sources
> . €< and sinks
Turbulent & neoclassical
adapted from Politzer NF 2005 ki PPPL

A
—

APS-DPP, Milwaukee WI, November 2017
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EDGE2D
2D SOL/edge transport
J ETTO bounda (fluid approx)
ﬁ. ' EIRENE
1D core transport onditions D nettral Kiatic paricl

Monte-Carlo code

SOL solution

HPI2
Pellet ablation
and deposition code

EIRENE
D neutral kinetic particl
Monte-Carlo code

ASCOT
Guiding centre kinetic
3D Monte-Carlo code

EIRENE
D neutral kinetic particl
Monte-Carlo code

(V. Parail, S. Wiesen,
TF-T meeting 09)




Integrated modeling code TOPICS
- Application to plasma rotation prediction -

Various torques drive rotation affecting plasma transport and stability.
displacement of equ.

: 3D physics .
p1OFMC nigh energy beam | oA ITER w/TBMs &

. i e | |_ |
Tlme dep- = w/o port&'l—[gl'\\llﬂ———-
= o NLACAN O LINL NN
1D transport .+ VMEC s | ]
2D MHD . u_ '/‘\ Vs VI 1 eqUiIibrium J -O.O‘{)OTE OL" 1'|r 3 LT[ >0
) toroidal angle [rad
<> 2 lracl

4 FORTEC-3D

0.12 : ‘

0.10 |
0.08 |

N

Pe L o magnetic fie 160 : : : : : 0.06 |
produces NTV torque = lon heat flux [
£l /‘wv‘\vﬁmm’vim‘h"r“ ' ' torque [N/m?
comparable to beam. S oo RPN S T ooo
Modeling could evaluate | —wercmomerea ey | oon | " NTV

600 700 800 900 1000 -0.06

plasma rotation speed and ™ L ™ T .&, _ o oz s, o8 oo
effects on. transport.i change in redlcted'w

cranarin THanda NIF 20171 toroidal rotation



Integrated modeling code: TASK

Structure of TASK Recent activity —
— ) i o RINETC transport moaeing
|—] 2D fixed-boundary equilibrium .
Data Model ] 2D free-boundary equilibrium of burning start-up
ITER Physics - —> 1D diffusive transport in ITER plasma A
DataMode _J ™% - - ) 3D Fokker-Planck analysis of
[ 1D dynamic transport . ] .
8l = 2D dynamic transport distribution function of e, D, T,
=
S |[«{ =[] FP | 1D kinetic transport (3D Fokker-Planck) and He
. — . . .
Profile Database o - 8 3D ray/beam tracing Momentum distribution of D
ranternational ™ ¢ | O [ g —>[ w1 | 1D full wave analysis (MLM, FEM, kinetic FEM) t=6s
- =
o8B S s —»[ WM | 2D full wave analysis (2D FFT+ 1D FDM) |
53 -
JT-60 Exp. Data g Ef 2D full wave analysis (1D FFT+ 2D FEM)
= - —[  WF3D | 3D full wave analysis (3D FEM)
il —> Wave dispersion relation
Simulation DB J=5 M | 4 NBI analysis (birth, orbit, deposition)
«— [ Pic | 2D EM PIC simulation 20
— - <> OPEN-ADAS Data (ADF11 i . 04
1 { oPEN-ADAS | ata ( ) | (Atomic data) ol P
- - - - - - Drift-Kinetic equation solver s12 03%
ig <T,=> 02 Eg
. . et
4 0.1
Open source »
https://bpsi.nucleng.kyoto-u.ac.jp/task/ o0 ‘ o 12 '




Free-boundary solvers with poor physics cam still be valuable
to define operational limits and plasma boundary evolution

He plasma, 2.65T/7.5MA Replace with TRANSP

Prescribe electron density profile
Impurities are a fix fraction of n
lon density from quasi-neutrality

=3.5 |

Currents [MA] and <ne> [1e19/m3]

Semi-empirical model for
thermal transport (Coppi-Tang)

Temperature [keV]

o N & o

Pedestal from EPED1,
Usually pre-set, with feedback

mmmmmmmmmmm

sqrt(Normalized toroidal flux)

CORSICA simulation
Courtesy of Sun-Hee Kim (ITER Organization)
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