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LIST OF ACRONYMS AND ABBREVIATIONS

Acronym/Abbreviation Description

AD Active Directory

AE Alfvén Eigenmode

Al Advanced Inductive

ALARA As Low as Reasonably Achievable

AM Additive Manufacturing

AMV Advanced Material Validation

APS American Physical Society

APS-DPP American Physical Society-Division of Plasma Physics
ARC reactor Affordable, Robust Compact Reactor
ARIES-ACT1 ARIES-(Advanced and Conservative Tokamak)1
ASCR Advanced Scientific Computing Research
ASDEX Axially Symmetric Divertor Experiment

ASIPP Institute of Plasma Physics, Chinese Academy of Sciences
AT Advanced Tokamak

AToM Advanced Tokamak Modeling

AUG ASDEX Upgrade

BAAE Beta-Induced Alfvén-acoustic Eigenmode

BAE Beta-Induced Alfvén Eigenmode

BES Beam Emission Spectroscopy

BP Burning Plasma

BPMIC Boundary and Plasma Materials Interaction Center
BPO U.S. Burning Plasma Organization

BPX Burning Plasma Experiment

CAMAC Computer Aided Measurement and Control

CAS Cost Accounting Standards

CCFE Culham Center for Fusion Energy

CCOANB Co-counter Off-axis Beam

CECE Correlation Electron Cyclotron Emission
CEMM Center for Extended MHD Modeling

CER Charge Exchange Recombination

CFETR China Fusion Engineering Test Reactor
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LIST OF ACRONYMS AND ABBREVIATIONS

Acronym/Abbreviation Description

CG Critical Gradient

CIS Coherence Imaging Spectroscopy

CMC Ceramic Matrix Composite

CPI Communications Power Industries

CPS Cross-polarization Scattering

CQ Current Quench

CSPM Center for the Study of Plasma Microturbulence
CSWPI Center for Simulation of Wave-Plasma Interactions
CTP Cooperation on Tokamak Programs

CTTS Center for Tokamak Transient Simulations
CVvD Chemical Vapor Deposition

CVsS Core Velocity Shear

CX Charge Exchange

DBS Doppler Backscattering System

DEC DIlI-D Executive Committee

DEMO Demonstration Power Station

DIMES Divertor Material Evaluation System
DMS Disruption Mitigation System

DN Double-null

DND Double-null Divertor

DOE U.S. Department of Energy

DPP Division of Plasma Physics

DR Disaster Recovery

DTS Divertor Thomson Scattering

EAST Experimental Advanced Superconducting Tokamak
EC Electron Cyclotron

ECC Edge Coordinating Committee

ECCD Electron Cyclotron Current Drive

ECE Electron Cyclotron Emission

ECEI Electron Cyclotron Emission Imaging
ECH Electron Cyclotron Heating
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LIST OF ACRONYMS AND ABBREVIATIONS

Acronym/Abbreviation Description

ECRF Electron Cyclotron Range of Frequency
EFC Error Field Compensation

EFDA European Fusion Development Agreement
EHO Edge Harmonic Oscillation

ELM Edge-localized Mode

EM Electromagnetic

EP Energetic Particle

EPSI Edge Physics Simulation

ESCC ESnet Site Coordinators Committee

ES Division Experimental Science Division

ESL Edge Simulation Laboratory

ESnet Energy Sciences Network

EU European Union

ETG Electron Temperature Gradient

EUV Extreme Ultraviolet

FES Fusion Energy Sciences

FESAC Fusion Energy Sciences Advisory Committee
FEC Fusion Energy Conference

FFCC Fusion Facilities Coordinating Committee
FIB Focused lon Beam

FIDA Fast-ion Do

FILD Fast-ion Loss Detector

FNSF Fusion Nuclear Science Facility

FOA Funding Opportunity Announcement
FPGA Field-Programmable Gate Array

FRTS Faster than Real Time Simulation

FY Fiscal Year

GA General Atomics

GPI Gas Puffing Imaging

GPU Graphics Processor Unit

GRI Gamma Ray Imager
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LIST OF ACRONYMS AND ABBREVIATIONS

Acronym/Abbreviation Description

GSEP Gyro-kinetic Simulation of Energetic Particle Turbulence
and Transport

HFS High-field Side

HPC High Performance Computing

HPSS High Performance Storage System

HV High-voltage

HVPS High-Voltage Power Supply

IAEA International Atomic Energy Agency

IBS ITER Baseline Scenario/Shape

ICE lon Cyclotron Emission

ICH lon Cyclotron Heating

ICP-MS Inductively Coupled Plasma Mass Spectrometry

ICRF lon Cyclotron Range of Frequencies

IDL Interactive Data Language

IGBT Insulated-gate Bipolar Transistor

ILW ITER-like Wall

IMSE Imaging Motional Stark Effect

INPA Imaging Neutral Particle Analysis

10 ITER Organization

IO-CT ITER Organization Central Team

IPP Max Planck Institute for Plasma Physics

IPR Institute For Plasma Research

IPS Integrated Plasma Simulator

IPS Intrusion Prevention System

IR Infrared

ISS ITER Similar Shape

ITB Internal Transport Barrier

ITG lon Temperature Gradient

ITPA International Tokamak Physics Activity

JAEA Japan Atomic Energy Agency

JAERI Japan Atomic Energy Research Institute

JET Joint European Torus
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LIST OF ACRONYMS AND ABBREVIATIONS

Acronym/Abbreviation

Description

JT-60
KBM
KSTAR
LBO
LCFS
LFS

LH

LHe
LHCD
LHRF
LLNL
LM
LPHP
LQG
LSN
LTO
MARFE
MAST
MAST-U
MC
MDS
MFTF
MG
MGI
MHD
MIMES
MIR
MIT
MPC
MPO
MRC

Japan Torus-60

Kinetic Ballooning Mode

Korean Superconducting Tokamak Advanced Research
Laser Blow-off

Last Closed Flux Surface

Low-field Side

Lower Hybrid

Liquid Helium

Lower Hybrid Current Drive

Lower Hybrid Range of Frequencies
Lawrence Livermore National Laboratory
Locked Mode

Long-Pulse, High-Performance

Linear Quadratic Gaussian

Lower Single Null

Long Torus Opening

Multifaceted Asymmetric Radiation from the Edge
Mega-ampere Spherical Tokamak
Mega-ampere Spherical Tokamak Upgrade
Main Chamber

Multichord Divertor Spectrometer

Mirror Fusion Test Facility

Motor Generator

Massive Gas Injection
Magnetohydrodynamics

Midplane Material Evaluation System
Microwave Imaging Reflectometry
Massachusetts Institute of Technology
Model Predictive Control

Metadata, Provenance, Ontology

Metal Rings Campaign
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LIST OF ACRONYMS AND ABBREVIATIONS

Acronym/Abbreviation Description

MSE Motional Stark Effect

NAC Network Access Control

NB Neutral Beam

NBI Neutral Beam Injection

NBCD Neutral Beam Current Drive

NCS Negative Central Shear

NERSC National Energy Research Scientific Computing Center
NET Next European Torus

NIR Near-infrared

NPA Neutral Particle Analysis

NRC National Research Council

NSF National Science Foundation

NSTX-U National Spherical Torus Experiment Upgrade
NTM Neoclassical Tearing Mode

NTV Neoclassical Toroidal Viscosity

NUV Near Ultraviolet

O&M Operation and Maintenance

OANB Off-axis Neutral Beam

OFHC Oxygen-free High Thermal Conductivity Copper
OMFIT One Modeling Framework for Integrated Tasks
ONFR Off-Normal and Fault Response

ORAU Oak Ridge Associated Universities

ORISE Oak Ridge Institute for Science Education
ORNL Oak Ridge National Laboratory

oS Operating System

OSP Outer Strike Point

PAC Program Advisory Committee

PCI Phase Contrast Imaging

PCS Plasma Control System

PDI Parametric Decay Instability

PF Poloidal Field
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LIST OF ACRONYMS AND ABBREVIATIONS

Acronym/Abbreviation Description

PFPO Pre-fusion Power Operation

PFC Plasma-facing Component

PFM Plasma-Facing Materials

PFSM Plasma-facing Systems Modeling

PMI Plasma Materials Interaction, Plasma Materials Interface

PPPL Princeton Plasma Physics Laboratory

PSI Plasma Surface Interactions

PTDATA DIII-D’s Raw Data Repository

QA Quality Assurance

QCF Quasi-Coherent Fluctuation

QH-mode Quiescent H-mode

QRE Quiescent Runaway Electron

QST National Institutes for Quantum and Radiological Science
and Technology

RAMP Reduced Aperture Masking Plate

RC Research Council

RE Runaway Electron

RF Radio Frequency

RFA Retarding Field Analyzers

RIP Radial Interferometer-polarimeter

RMP Resonant Magnetic Perturbation

RSAE Reversed Shear Alfvén Eigenmode

RWM Resistive Wall Mode

SAS Small Angle Slot

SBIR Small Business Innovation Research

SciDAC Scientific Discovery Through Advanced Computing

SCR Silicon Controlled Rectifier

SCREAM i/il?t]ilagtii(?r? Center for Runaway Electron Avoidance and

SEM Scanning Electron Microscope

SES Surface Evolution Science

SETC Surface Eroding Thermocouples
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LIST OF ACRONYMS AND ABBREVIATIONS

Acronym/Abbreviation Description

SFD Snowflake Divertor

SiC Silicon Carbide

SLAC Stanford Linear Accelerator

SMBI Supersonic Molecular Beam Injector

SND Single-null Divertor

SNL Sandia National Laboratory

SNR Signal-to-noise Ratio

SOL Scrape-off-layer

SPI Shattered Pellet Injection

SPRED Survey, Poor Resolution, Extended Domain

SSL Secure Sockets Layer

SST-1 Steady-State Superconducting Tokamak - 1

STAC ITER Council’s Science and Technology Advisory
Committee

SWIP Southwestern Institute of Physics

SXR Soft-X Ray

TAE Toroidal Alfvén Eigenmodes

TALIF Two-Photon Absorption Laser Induced Fluorescence

TBM Test Blanket Module

TCV Tokamak A Configuration Variable

TEM Trapped Electron Mode

TGLF Trapped Gyro-Landau Fluid

TIP Tangential Interferometer and Polarimeter

™ Classical Tearing Mode

TQ Thermal Quench

TTF U.S. Transport Task Force

TZM Titanium Zirconium Molybdenum

UCl University of California, Irvine

UCLA University of California, Los Angeles

UCSD University of California, San Diego

UF-CHERS Ultra-fast Charge Exchange Recombination Spectroscopy

UFG Ultra-fine Grain
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LIST OF ACRONYMS AND ABBREVIATIONS

Acronym/Abbreviation Description

UHTC Ultra-high Temperature Ceramics
USBPO U.S. Burning Plasma Organization
USN Upper Single Null

uv Ultraviolet

VFI Vertical Field Induction

VIS Visible

VLT Virtual Laboratory for Technology
VPN Virtual Private Network

VUV Vacuum Ultraviolet

W&M College of William & Mary

WBS Work Breakdown Structure

WDM Whole Device Modeling

WITS Wall Interaction Tile Station
WFOA Work for Others Agreement

XCS X-ray Crystal Spectrometers

XD X-divertor

XICS X-ray Imaging Crystal Spectroscopy
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LIST OF COMPUTER CODES AND APPLICATIONS

Code Purpose
AE3D Alfvén-eigenmode Instabilities in 3D Toroidal Systems
AORSA RF rf Wave Propagation and Heating
ASCOT Guiding-center Particle Orbits
ATLAS Stochastic Magnetic Field Topology
B2 2D Edge Transport Simulation/Analysis
B2/EIRENE 2D Edge Transport And Neutral Simulation/Analysis Package
BALOO Ideal MHD Ballooning Stability
BOUT Edge Turbulence Transport
BOUT++ C++ Edge Turbulence Transport
C2 Transport Simulation
CAMINO MHD Ballooning Stability
CERAUTO Automated CER Analysis Code
Condor An Open Source Queuing System for High Throughput Computing
CORSICA Transport Simulation
CQL3D 3D Quasi-Linear Evolution Fokker-Planck
CRONOS Transport Simulation
CURRAY rf Ray Tracing
D3 Improved JavaScript Library
DCON Ideal MHD Stability
DEGAS Neutral Transport
DIVIMP Edge/Divertor Impurity Transport
DMZ “Science Data DMZ”
E3D 3D Monte-Carlo Heat Transport Code
EFIT Equilibrium Reconstruction
EFIT3D 3D Equilibrium Reconstruction
EFITViewer EFIT Viewing Tool
EGK Turbulence Simulation
EIRENE Neutral Transport
ELITE Edge MHD Stability
EMC3 3D Edge Transport
EMC3-ERIENE 3D Edge Transport With Neutrals
EPED Pedestal Height And Width Model
EPED1 Pedestal Height And Width Model v1
ERO 3D Monte-Carlo Edge Impurity Transport
FASTRANS Fast Transport Simulation
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XXViii

Code Purpose
FCQ Disruption Fast Current Quench Simulation
FIDA Fast-ion D-alpha Diagnostic
FIDASIM Fast-ion D-alpha Simulation
GATO Ideal MHD Stability
GEM Electromagnetic Gyro-kinetic Turbulent Transport
GENE Gyro-kinetic Turbulent Transport
GENRAY rf Ray Tracing
GITR Global Impurity Transport
GKS Turbulent Transport
GLF23 Gyro-Landau Fluid Turbulent Transport Model
GPEC General Perturbed Equilibrium Code
GS2 Gyro-kinetic Turbulent Transport
GTC Gyro-kinetic Turbulent Transport
GTNEUT Neutral Transport
GTS Gyro-kinetic Tokamak Turbulent Simulation
GYRO Gyro-kinetic Turbulent Transport
HTTP Hypertext Transfer Protocol
IDL Scientific Programming Language
IMFIT Integrated Modeling Analysis Tool
IPEC Ideal Perturbed Equilibrium
IPEC-NTV IPEC Neoclassical Toroidal Viscosity
ITMC-DYN lon Transport Simulation in Materials and Compounds
JFIT Current Distribution Reconstruction
JOREK 3D MHD Simulation
KPRAD Radiation Dynamics
LIGKA Linear Gyro-kinetic Simulation with Full Orbits
M3D 3D MHD/Two-fluid Dynamics
M3D-C1 3D Non-linear MHD/Two-fluid Simulation
M3D-K Hybrid 3D Kinetic-MHD Simulation
MAFOT Invariant Manifold Structure
MARS Linear Extended MHD Simulation
MARS-F Linear Extended MHD Simulation
MARS-K Hybrid Drift-kinetic Linear Extended MHD
MARS-Q Quasi-linear Extended MHD
MBC MHD Ballooning Stability
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LIST OF COMPUTER CODES AND APPLICATIONS

Code Purpose
MDSplus Data Handling Software System
MISK Modifications to Ideal Stability by Kinetics
MIST Impurity Transport
MM Multi-mode Transport
Nagios® Computer Monitoring System
NCLASS Neoclassical Transport
NEO Drift-kinetic Neoclassical Transport
NFREYA Neutral Beam Deposition
NIMROD 3D Nonlinear Extended MHD Simulation
NMA Resistive Wall Modes
NoSQL Not Only Structured Query Language
NOVA Linear Energetic-Particle Instabilities
NOVA-K Linear Kinetic Energetic-Particle Alfvén-eigenmode Instabilities
NUBEAM Neutral Beam Deposition
OEDGE Edge/Divertor Interpretive Modeling
OFMC Monte-Carlo Orbit Following
OMFIT Integrated Modeling Tool
ONETWO Transport Simulation/Analysis
ORBIT Particle Orbits
ORBIT-RF rf Particle Orbits
PELLET Pellet Ablation
PEST Ideal MHD Stability
PEST3 Resistive MHD Stability
Protovis JavaScript Library
PTRANSP Transport Simulation/Analysis
Python Programming Language
REDEP/WBC Erosion and Redeposition
ReviewPlus Data Viewing Tool
RTEFIT Real-time EFIT Equilibrium Reconstruction
Snowflake Divertor Configuration
SOLPS Edge Transport Simulation
SOLPS5 Edge Transport Simulation

SOLPS5-EIRENE
SPIRAL
SQL

Edge Transport Simulation
Particle Orbits
Structured Query Language
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LIST OF COMPUTER CODES AND APPLICATIONS

Code Purpose
STAR Computer Computational Cluster
Super-X Divertor Configuration
SURFMN Fourier Analysis Of Magnetic Topology
TAEFL Hybrid Reduced-MHD Gyro-Fluid Energetic-Particle Instabilities
TEMPEST Edge Turbulence
TEQ Equilibrium Solver
TGLF Trapped Gyro-Landau Fluid Turbulent Transport Model
TGYRO Parallel Steady-State Gyro-Kinetic Transport Analysis
TokSys TOKamak SYStem Control Design/Analysis
TOQ Equilibrium Solver
TORAY rf Ray Tracing
TORAY-GA rf Ray Tracing
TORBEAM Electron Cyclotron Heating/Current Drive Calculation TORIC rf Wave
Modeling
TRANSP Transport Analysis
3D 3D Magnetic Field Line Topology
TRIP3D 3D Magnetic Field Line Topology
TSC Tokamak Simulation
UEDGE Edge Simulation/Analysis
V3FIT 3D Equilibrium Reconstruction
VALEN 3D Conductor with Linearized Plasma MHD Model for RWM
Feedback Analysis
Venus Computational Cluster
VMEC 3D Equilibrium
Wiki A Web Application that Allows Editing by Users
XGCO Kinetic Neoclassical Edge Transport
XGC1 Kinetic Turbulent Edge Transport
XHMGC Extended Hybrid MHD-gyrokinetic Energetic Particle Instabilities
XPTOR Transport Simulation
ZIPFIT Between-shot Profile Analysis
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1. PROGRAM MISSION, STRATEGY, UPGRADES AND IMPACT

1.1 OVERVIEW AND BACKGROUND

The goal of fusion research is the realization of a clean and abundant energy source that can
satisfy the world’s rapidly growing demand for energy. Achieving a sustained burning plasma for
fusion energy production represents a grand scientific and engineering challenge. Remarkable
progress has been made on the quest for thermonuclear fusion, establishing the tokamak concept
and developing a robust basis to project it to the reactor scale. The recognition of progress is
embodied in the world’s decision to proceed with ITER, a partnership between countries
representing over half the world’s population. Construction is now over 50% complete on ITER,
which will demonstrate for the first time a self-heated burning plasma state sustained for long
duration (>500 seconds). The world fusion program eagerly awaits first plasma on ITER within
the next decade, which offers an exciting and critical validation of the viability of fusion energy.

The DIII-D National Fusion Program has been instrumental in developing the physics basis
for ITER, and many key insights and design requirements have been determined by the research
conducted at DIII-D. At the time of this writing, the majority of design issues for ITER have been
resolved, and research on DIII-D is turning toward how to take maximum advantage of the ITER
facility by addressing its key physics and operational uncertainties, enabled by DIII-D’s diagnostic
and operational flexibility and use of predictive integrated modeling, to ensure rapid progress
toward high-performance burning plasmas. In parallel, the world program is increasingly focusing
on the path to fusion energy through and beyond ITER — to achieve a self-consistent, fully non-
inductive plasma that can be sustained continuously.

The DIII-D 2019-24 research plan seeks to provide the scientific basis to project integrated
plasma solutions for future burning-plasma devices. Future reactors will operate in different
regimes and face greater demands than encountered in the present generation of fusion research
devices. To meet this challenge, DI1I-D research will investigate plasma phenomena from the core
to the edge, combining innovative experimental approaches with leading-edge comprehensive
diagnostics and theory/simulation comparisons, to develop the scientific understanding and
approaches required to make fusion a practical reality. Facility capabilities will be developed to
access reactor-relevant parameters and solutions with reactor-realizable techniques.
Transformative enabling advances expected in the 2019-2024 plan are:

e The realization of fully non-inductive high-beta, high-bootstrap fraction modes of
operation for steady-state fusion reactors sustained for multiple resistive times;
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e Innovative detached divertor solutions that can handle the hot plasma exhaust without
erosion for continuous operation;

e Groundbreaking new current-drive techniques that can transform reactor economics and
required device size;

e Pioneering high-density pedestal regimes that resolve the conflict between the high-
performance core and a dissipative divertor;

e Predictive simulation tools for the burning plasma state to project requirements for
reaching high performance in future devices;

e Revolutionary ‘inside-out’ disruption mitigation techniques that deliver particles to the
core of the plasma with near 100% efficiency to dissipate energy, current, and runaway
electrons;

e Manipulation of 3D fields to selectively control components to suppress ELMs, drive
rotation, control ideal magnetohydrodynamics (MHD), and avoid deleterious locked
modes;

e Robust disruption-free operation of the tokamak.

A further opportunity lies in exploring the interaction between the various techniques required to
develop the physics understanding to project self-consistent integrated ‘core-edge’ solutions for
future fusion devices — a key goal of the 2019-2024 five-year plan.

The DIII-D National Fusion Facility is well suited to confront these challenges, thanks to its
high level of flexibility, excellent scientific team, outstanding diagnostic set, and strong
collaboration with theory and simulation initiatives. The program proposed here, guided by past
DIII-D research accomplishments and validated fusion simulation, will establish the facility as a
world-leading scientific tool to pioneer solutions for future fusion devices. It will equip U.S.
scientists with the knowledge to take a leading role in such facilities, resolving the crucial
challenges and techniques required. It will enable the U.S. fusion community to make critical
decisions on next-step devices and provide the technical capabilities to proceed with such steps,
either in the U.S. or through leading roles in international partnerships. Finally, it will provide a
unique user facility to train graduate students, postdoctoral personnel, and early-career scientists
to be world leaders in their research and to maintain the U.S. at the cutting edge of magnetic fusion
energy and plasma science.

This plan is well-aligned with the high-level priorities outlined by the U.S. Department of
Energy Office of Science, Fusion Energy Sciences, described in “A Ten-Year Perspective (2015-
2025)” and various community workshop reports in 2015. That document highlighted five areas
of critical importance for the U.S. fusion energy sciences enterprise over the next decade:
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1. Massively parallel computing with the goal of validated whole-fusion-device modeling
will enable a transformation in predictive power, which is required to minimize risk in
future fusion energy development steps.

2. Materials science as it relates to plasma and fusion sciences will provide the scientific
foundations for greatly improved plasma confinement and heat exhaust.

3. Research in the prediction and control of transient events that can be deleterious to
toroidal fusion plasma confinement will provide greater confidence in machine designs
and operation with stable plasmas.

4. Continued stewardship of discovery in plasma science that is not expressly driven by
the energy goal will address frontier science issues underpinning great mysteries of the
visible universe and help attract and retain a new generation of plasma/fusion science
leaders.

5. Fusion Energy Sciences (FES) user facilities will be kept world-leading through robust
operations support and regular upgrades.

DII1-D research is well aligned with these priorities. The DII1-D team is strongly engaged with
theory groups to help deliver validated whole-device modeling tools (#1). The research plan has
an emerging and expanding program in materials (#2), and a strong emphasis on transient control
(#3). In the past year, DIII-D has expanded its research portfolio to address discovery plasma
science research lines (#4), with a 1-week “Frontier Science” experimental campaign conducted
in 2017 and another planned in 2018. Finally, the 5-year plan described covering 2019-2024
proposes an aggressive and expansive set of upgrades proposed that will keep the facility at the
forefront of fusion research worldwide (#5).

A major strength of the DIII-D program is its international team. Currently the DIII-D team
includes carefully fostered partnerships with 106 U.S. and foreign institutions. The tight
integration of important contributions from our world-wide team has been an essential ingredient
in the success of the DIII-D, as has the closely collaborative research program that has been
nurtured and pursued with other fusion facilities across the globe.

1.2 MISSION AND STRATEGY

The DIII-D mission is “To establish the scientific basis for the optimization of the tokamak
approach to fusion energy production.” To this end, DII1-D research is targeted toward innovative
solutions aimed at realizing fusion energy and making it more attractive, by pursuing research to
achieve a high performance burning plasma, and addressing key challenges to realizing steady-
state fusion energy. DIII-D research is performed with a commitment to excellent science and
rigorous scientific principles, employing a close coupling between experimental and theoretical
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programs to ensure the most efficient and expeditious development of techniques, technologies
and predictive understanding for future devices. Hence, while the choice of science pursued on
DIII-D is dictated by a focus on energy development, the primary measure of success is the
excellence of the science and the degree to which fundamental challenges are resolved. In concert
with this mission, DIII-D is maintained as a world-class user facility for the U.S. Department of
Energy Office of Science (the only such single-site facility hosted outside a national laboratory)
through targeted upgrades to access new physics, an extensive maintenance and refurbishment
program, and a highly capable scientific and operations team.

Worldwide, fusion research is shifting emphasis to fusion energy through and beyond ITER,
exploring how to enable ITER to deliver successfully on its burning-plasma mission and how to
translate burning plasmas to continuously operating steady-state conditions required for a cost-
effective fusion power plant. Necessary work remains to prepare for ITER’s physics program and
to develop the scientific tools required to understand behavior and inform how to improve
performance. A number of potential next-step device concepts have emerged (ARIES-Advanced
and Conservative Tokamak (-ACT1) and (-ACT2) [Kessel 2015], CFETR [Wan 2014], European-
DEMO [Romanelli 2012], Japanese Demonstration Power Station (DEMO) [Tobita 2017], K-
DEMO [Kim 2015], affordable, robust compact (ARC) reactor [Sorbom 2015], most with an
emphasis on steady-state, based on the aspect ratio ~3 tokamak. These devices aim to demonstrate
the tokamak’s viability as a fusion power plant. However, the technologies and approaches to
enable these devices have not yet been fully resolved, motivating research initiatives to develop a
viable path. Some of this research is underway, such as research into the high § advanced tokamak
scenario and new divertor configurations, novel current drive approaches such as ‘helicon’ ultra-
high harmonic fast wave, or assessment of innovative materials. ITER itself is providing key
insights into future reactor design through its own design and fabrication. Other aspects could start
soon (such as nuclear irradiation facilities), or might require intermediate-stage devices (for
example, a tokamak nuclear science facility), as well as exploitation of existing facilities. One
foresees a parallel program to ITER, with results from these steady-state research initiatives
combining with critical insights from ITER to provide a robust basis for a commercially attractive
fusion power plant.

Understanding plasma behavior and control is thus at the heart of the DIII-D research plan.
This plays the key role in setting the scale of the device, its performance, and the interaction with
its containment and auxiliary systems. Burning plasma conditions and the large energy fluxes drive
processes that define the performance and set limits to what can be achieved in future devices.
These processes are complex and happen at a range of scales, from fine-scale instabilities through
turbulent eddies to macroscopic structures that can rearrange the configuration entirely. They
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depend on the specific mechanisms and channels available to the plasma, and thus their study
requires exploration in reactor-relevant conditions and physics regimes, as well as appropriate
techniques to probe and measure their behavior. For example:

e Fusion a’s heat electrons, rather than the ions that are heated in most present devices, which
changes the character of turbulent energy transport;

e Steady-state regimes require internal plasma configurations with different magnetic shear
and high normalized g, typically with high bootstrap current fraction, altering energetic
particle resonances, o confinement and turbulent transport, as well as accessing new
macroscopic instability mechanisms.

e High-performance fusion plasmas require a low collisionality core, but when the plasma
exhaust reaches materials, it must be cold enough to avoid erosion — this necessitates
innovative divertor solutions in a device that operates continuously.

o Key elements of fusion technology, such as materials or current drive systems, interact
with the plasma and require testing in relevant plasma environments with the science of
this interaction to be explored.

The DIII-D research program for 2019-2024 emphasizes resolving the essential issues for
future burning-plasma fusion facilities ranging from ITER to a Fusion Nuclear Science Facility
(FNSF) to an electricity-producing DEMO-class device. The program is oriented across three
major areas:

1. Burning Plasma Core
2. Boundary Solutions
3. Integration of Core and Boundary

In the core, research on DIII-D will be targeted toward maximizing the potential of fusion in
future devices. This gives a focus to preparing for, and ultimately taking maximum advantage of
ITER by resolving critical issues related to baseline operation, and pursuing higher performance
solutions that can meet Q=10 on ITER with reduced risk and greater margin. In parallel, research
is needed to ensure the viability of steady-state operation on ITER and provide the physics basis
to design future steady-state devices and enable them to proceed with confidence. Transient events,
either from disruptions or edge-localized modes (ELMs), are a serious concern for future devices
due to the possibility of damage to the device, and solutions are urgently needed to deliver robust
control of transients in a tokamak, particularly at low edge safety factor (ges) and rotation levels
where difficulties with these techniques are encountered. Research on DI111-D will address critical
issues related to 3D and stability physics, ELM suppression and control techniques, and safe
mitigation of disruptions and runaway electrons. Turbulent transport mechanisms are anticipated
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to change in burning plasma regimes, and energy confinement is observed to decrease at low
rotation and with dominant electron heating. An underlying theme on DI11-D will be to understand
the causes for such changes, and to project how to use the available tools in devices like ITER to
meet burning-plasma performance requirements or raise performance further. Steady-state fusion
poses an even greater challenge, where the plasma must not only self-heat, but ideally also largely
sustain its own plasma current, since externally driving current can consume substantial power,
potentially driving up device size and the cost to generate fusion power. DIII-D research will
explore how to exploit the bootstrap current, while simultaneously developing and evaluating new,
efficient off-axis current drive techniques.

In the boundary, DIII-D research will play a major role in developing the scientific basis
needed to design a suitable boundary solution for a steady-state reactor, through extensive model
validation utilizing state-of-the-art diagnostics. Devices beyond ITER must deal with increasingly
higher levels of heat flux and ion fluence. This demands divertors capable of mitigating the plasma
exhaust, and materials that can handle the extreme heat and neutron environment. The work will
identify the key processes involved in divertor dissipation and resolve the role of drifts and
turbulence in divertor dynamics. Advanced divertor development on DIII-D will aim to maximize
heat flux dissipation without compromising the required core performance and takes the facility
through a series of staged divertor concepts. In parallel, the DI11-D program will have an emphasis
on evaluating reactor-relevant materials through research aimed at understanding impurity
sourcing, migration and transport, and assessing the compatibility of materials with a high-
performance fusion core. Together with research on existing tokamaks and proposed linear
facilities, the boundary research described here will form the basis for a national Boundary
Science Research Program to address the key challenges for tokamak power and particle control
in a timely and very cost effective manner.

While the core and boundary program are critical areas in their own right, an equally important
and significantly expanded emphasis within the DIII-D Program will be the exploration of the
physics basis needed for arriving at an integrated core-edge solution. This work explicitly
addresses the coupling between the core and boundary through the pedestal, and has at its heart a
goal of minimizing the dissipative volume in the boundary to maximize the volume for the fusion
core. In many ways, the increase in emphasis on core-edge integration recognizes the progress
made to date (and further anticipated in the next five years) in both the core and boundary
programs, capitalizes on previous and proposed investments in DIII-D, and represents a critical
step in tokamak research directed at realizing fusion energy.

The pedestal plays a vital interface between the core and boundary, and can provide leverage
to the overall performance. Research will focus on uncovering the relevant pedestal processes
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including turbulent heat transport, rotation physics and impurity transport, and understanding the
influence of neutrals. A key aspect of this is developing the basis for optimizing scenarios through
manipulation of the pedestal.

With an extensive diagnostic set, operational flexibility and strong connections with other
fusion research around the world, DIII-D is an ideal platform for enabling the necessary model
validation work to deliver high confidence in an integrated core-edge solution. The coalescing of
understanding between the core and boundary research is realized through integrated simulations,
including coupled scales and regions of the plasma and utilizing major advances in high-
performance computing capability.

The research elements covered within these broad program areas are responsive to the recent
FES-sponsored community workshops in 2015. A schematic of the link between the program
elements and the pursuit of a predictive understanding for fusion is encapsulated in Fig. 1-1.

Research Program Elements ——————> Predictive Understanding

Fusion Energy Science
Workshop

I3 - + Scientific Basis for
( Burning Plasma Core
l - Transient Control

- Enabling ITER Q=10
- Path to Steady State

* Integrated Approach to
Physics Interpretation
- Innovative diagnostics
- High-performance
computing
- Experiments targeting
model validation

- Scientific Basis for
Boundary Solutions
- Detachment control
- Divertor optimization
- Test new wall materials

Core-Pedestal-Boundary Integration

Fig. 1-1. Overview of DIII-D research program elements.

The upgrades described within this plan complement existing capabilities to deliver a highly
capable and flexible facility that can address key issues for fusion energy. The proposed upgrades
are important to resolving critical issues for fusion. Table 1-1 summarizes the major upgrades
proposed for the 2019-2024 five-year plan.
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Table 1-1.
Summary of DIII-D Upgrades
( A
Low torque, high beta 2nd co-counter steerable NBI
Electron heated regimes 10 gyrotron system
Reactor current drive schemes Top-launch EC, Helicon, LHCD
3d spectral flexibility (n=1-4) New 3d coilsand power supplies
Divertor model validation & optimization | Divertor mods and diagnostics
| Reactor-relevant materials New PFCs and tests of materials )

1.3 ACCOMPLISHMENTS OF THE DIII-D PROGRAM IN THE 2014-2018 PERIOD

DIII-D is at the forefront of work to develop effective and scalable solutions for fusion energy
and future reactors. DIII-D research has provided many critical insights (e.g.: shear flow
turbulence suppression [Groebner 1990], transport scaling and model validation [Luce 1992, Petty
1995, Candy 2003], Alfvén eigenmodes [Heidbrink 1993], boronization [Jackson 1991]) and
pioneered key approaches for ITER (shaping [Osborne 2000], radiative divertor [Leonard 1997],
neoclassical tearing mode (NTM) suppression [La Haye 2002], disruption mitigation [Whyte
2002], resonant magnetic perturbation (RMP)-ELM suppression [Evans 2004]). In addition,
DIII-D research has been instrumental in establishing the high £ potential of the tokamak for
steady-state operation (high g with wall stabilization [Strait 1995a], benefits of shaping & profiles
[Strait 1995b, Lazarus 1996], kinetic damping [Garofalo 2002, Reimerdes 2011], current drive
[Luce 1999, Simonen 1988], bootstrap current [Wade 2004]), and the discovery of exciting new
concepts (quiescent H [QH] mode [Burrell 2001], super-H mode [Solomon 2014], neoclassical
toroidal viscosity (NTV) rotation [Cole 2011], flux pumping [Petty 2009], and critical gradient
phenomena [Hillesheim 2013, Collins 2016]). DIII-D is a highly flexible facility, equipped to
access relevant regimes and study many key questions and techniques for fusion energy. Its
extensive diagnostic set, strong partnership with national and international collaborators, and deep
ties to theory and simulation groups make it an ideal facility to resolve the underlying plasma
physics.

The DII1I-D research program made significant advances in fusion energy science in the past
five years, which motivate the particular research emphases being targeted in the 2019-2024 five-
year plan. A few selected highlights from the 2014-2018 period are described below. A more
complete history and summary of DIII-D’s accomplishments is given in Section 11.
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ELM control: DIII-D pioneered ELM suppression using RMPs and provided the main basis
for the ELM control coils on ITER. New insights into the physics of RMP ELM suppression have
been obtained providing increased confidence in projecting to ITER. Measurements have revealed
that ELM suppression is correlated with the magnitude of the plasma response driven on the high-
field side (HFS) at low qgos on DIII-D, typical of ITER baseline conditions. The measured edge
HFS response is found to be inversely proportional to the pedestal collisionality, but with no
dependence on PBn, as would be expected for a current-driven kink mode [Paz Soldan 2016]. This
is in contrast to the pressure-driven kink that depends on Bn and is observed on the low-field side
(LFS). An emerging scientific picture to describe ELM suppression by RMP fields is that the
expansion of the pedestal radially inward is halted by penetration of the field when the electron
perpendicular drift velocity is low. This has been supported by measurements in L-mode plasmas
showing island formation at the q = 2 surface from an applied field is easiest when the
perpendicular electron velocity (as inferred using radial force balance, with ion measurements
from charge exchange recombination spectroscopy and Thomson scattering measurements of the
electrons) is near zero [Shafer 2017]. ELM-stable operating modes, such as QH-mode have been
developed with ITER levels of performance on DIII-D [Garofalo 2015, Solomon 2015]. In QH-
mode, the transport usually associated with ELMs is instead driven by an edge harmonic oscillation
(EHO) that limits the pedestal to just below the peeling-ballooning stability limit. New modeling
of a low-n EHO with the 3D resistive MHD code M3D-C1 finds a linear Eigenmode structure that
shows good agreement with the experimental characteristics from magnetics and internal
fluctuation diagnostics (Fig. 1-2), and confirms the importance of rotation shear in destabilizing
the low-n EHO [Chen 2017].

Disruptions: DIII-D has tested both

Massive Gas Injection (MGI) and Shattered s v"‘m'awéé = (b): g . BES,
Pellet Injection (SPI) to safely radiate the | i ' _T; '"-»‘;1‘;,;‘\"\.‘
plasma’s energy, and ITER has selected SPI ’ E’ ; r»nao-c1“"g"“ \:
for its Disruption Mitigation System based on % ' ; “.fl,x'l '\;‘;
DIII-D’s unique experience with both 0‘; ey ! ﬂ' b,
techniques. DIII-D SPI experiments have | ol To ECE/J/”;yl
demonstrated thermal and current quench 54(,5. ,.ﬁ‘;“ ‘j'}' |
times that scale to values required for ITER. H E f MaD-CU\‘f}‘ N
Relative to massive gas injection (MGI), SPI | IS "]

L) L .

has shown improved assimilation of the — wo s o0 20 Toms gw w1
injected impurity species [Commaux 2016].
Experiments using a mixed species SPI
technique show how the disruption properties can be tuned to optimize the trade-off in the radiation

Fig. 1-2. M3D-C1 simulations of an EHO.
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fraction and the current quench time [Shiraki 2016]. A novel Gamma Ray Imaging diagnostic was
developed by GA, providing energy-resolved measurements during controlled dissipation studies
in quiescent runaway experiments. Different growth and dissipation rates were found at different
energies, revealing anomalous dissipation occurs at low energies [Paz-Soldan 2014].

Divertors and detachment: The Divertor Thomson
Scattering (DTS) diagnostic has been used to show that
drifts are responsible for in-out asymmetries and shifts
in the radial profiles in the divertor leg, a result that is
directly illustrated through the reversal of the toroidal
field and associated E x B drifts. The measured
temperature and density asymmetries have been
reproduced with the UEDGE code in H-mode
discharges and point to the interplay between radial and
poloidal E x B drifts, where poloidal drifts are
responsible for the strong in-out asymmetries in H-
mode (Fig. 1-3), while radial drifts shift the density
profile [Mclean 2017].

A persistent “radiation shortfall” has been found
when performing divertor modeling, in both L- and H-
mode deuterium plasmas. This radiation shortfall can be
largely eliminated in helium plasma by taking a new
approach to modeling the divertor, matching the DTS-
measured density near the X-point as a constraint
[Canik 2017]. However, in order to produce a well-
matched divertor, =50% higher upstream density than is
measured was needed in the modeling. This suggests
that parallel transport may play an important role in the
radiation shortfall when upstream data are used to
constrain the models, and suggests that the models may
be missing contributions to the total scrape-off-layer
(SOL) pressure balance. Initial experiments were

Z (cm)

2D Divertor TS

Forward B; Reverse B; (DTS)

CEP i R zdl P
14 1.5 16 1714 1.5 1.6 1.7
R (m)

1 10 100
Te (€V), ne (1019 m™3)

UEDGE Simulation

Forward B; Reverse By (UEDGE)

Te (€V), ne (10" m3)

Fig. 1-3. Comparison of measured 2D
density an_d temperature with

performed with a modified upper divertor featuring a novel “small angle slot” (SAS) geometry
and have confirmed some key trends predicted by the original modeling study using SOLPS [Guo

2017].
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Burning plasma physics: A key uncertainty for projecting scenarios to future devices is the
rotation, which can impact both confinement and stability. Because future large-scale devices are
expected to rotate relatively more slowly from beam-injected torque than present-day tokamaks
due to the rapid increase in moment-of-inertia with machine size, the intrinsic drive of rotation
may play an important role. Dimensionless scaling experiments have suggested a more favorable
p* scaling of the intrinsic torque than expected from theoretical arguments, and joint experiments
with Joint European Torus (JET) and Axially Symmetric Divertor Experiment (ASDEX)-Upgrade
have confirmed this scaling [Chrystal 2016]. The ITER Baseline Scenario (IBS) on DIII-D is
typically challenged by low-n tearing modes, and at low torque, there is a strong tendency for m/n
= 2/1 tearing modes to slow and lock, often resulting in disruption. At low torque and low rotation,
the pedestal is typically found to be higher than in the standard co-neutral beam injection (NBI)
IBS, resulting in a modification to the bootstrap current and change in the overall current density
profile shape. As a result, lower-torque plasmas tend to be characterized by a current profile that
is more ‘hollow’ in the vicinity of the q = 2 surface. This knowledge has been used to tailor the
startup of IBS discharges, resulting in stable discharges with appropriate performance down to
zero torque [Turco 2017].

A self-consistent coupling of core and pedestal theoretical models has enabled global
predictions of plasma performance to be made, without any free or fit parameters. trapped gyro-
Landau fluid (TGLF) is used for the turbulent transport model in the core, NEO is used for
neoclassical transport, and EPED provides the pedestal parameters that provide the ‘boundary
conditions’ to the core transport models. In a large database of 200 discharges, this coupled
modeling predicts the observed Pn to within 15%. Applied to ITER, paths to optimizing fusion
gain up to Q = 12 have been found [Meneghini 2017]. A new exciting frontier is now being
explored with large multi-scale simulations [Holland 2017] that will lead to further improvements
in the transport models and a better treatment of the balance of electron and ion transport.

Steady-state: Significant advances have been made in developing steady-state solutions for
future fusion reactors. Experiments have established the steady-state hybrid as a potentially
attractive scenario, with simultaneous high fn = 3.7 and high confinement Hog ~ 1.6 achieved with
zero loop voltage in a double null shape [Turco 2015]. More recently, complete ELM suppression
was achieved in steady-state hybrid plasmas using an ITER similar shape at n = 3 using odd parity
n = 3 fields with only modest impact on performance (=5% reduction in Heg and =10% in pedestal
pressure). Unlike at lower qgs for the IBS, ELM suppression is achieved over a wide range in gos
(5.9<qe5<7.0) in the steady-state hybrid (Fig. 1-4). Separately, a high bootstrap fraction, high pp~4
scenario has been developed in partnership with the Experimental Advanced Superconducting
Tokamak (EAST) [Garofalo 2015b], with a large radius internal transport barrier (ITB) operating
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fully non-inductively at qos ~ 12 and maintaining
good confinement and stability even at reduced
torque.

161409
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In high-gmin plasmas, increased fast ion
transport has been observed, which is now
understood to be the result of multiple unstable

Alfvén Eigenmodes that can lead to ‘stiff” fast ion
transport above a critical gradient [Collins 2016].
The rapid increase in fast ion transport observed 1000 2000 3000 4000 5000 6000
with increasing power is well correlated with the D, e

o o with ¢ 95759 |
degree of stochasticity of the fast ion orbits st
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resulting from the overlapping modes. Poor fast ion _
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an undesirable alignment between the fast ion Time [ms]

pressure gradient and gmin, and both simulations Fig. 1-4. Demonstration of ELM
suppression in steady-state hybrid plasma.

and experiments show that moving qmin to larger
radius, where the fast ion pressure gradient is less steep, can effectively mitigate the anomalous
fast ion transport.

Pedestal Physics: A major success story in understanding the pedestal has been the
development of the EPED model [Snyder 2012]. EPED takes scalar inputs of various quantities
and calculates the pedestal height as a function of the pedestal width for which kinetic ballooning
modes (or KBMs) go unstable, and similarly for peeling ballooning modes. The intersection of
these two resulting curves gives the EPED solution. EPED has been validated on multiple devices
and is typically found to predict the pedestal height to within about 20%. Various techniques have
been utilized to optimize the pedestal performance. Lithium injection is found to result in a pedestal
bifurcation with enhanced electron pedestal pressures and twice the pedestal widths. Wide
pedestals are also achieved in plasmas with a broadband form of edge turbulence that enables QH-
mode at low torque.

A new regime of high performance, dubbed ‘super-H mode’ [Solomon 2014, Snyder 2015]
with double the pedestal height at a given density over the usual H-mode pedestal has been
discovered (Fig. 1-5). EPED predicts that, with strong shaping, the pedestal solution splits above
a critical density, into standard H-mode and higher performance Super H-mode regimes, due to
improved pedestal stability between peeling-kink and ballooning branches of stability, amplified
by the effects of the kinetic ballooning mode (KBM) constraint on the pressure gradient. More
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recent Super H-mode experiments on DIII-D have achieved comparable or higher levels of

absolute fusion performance (nTt) with less plasma current and smaller volume.

The DII-D results have had a large
impact on the direction of international
magnetic fusion research and progress
toward fusion energy, and have influenced
the designs of several presently operating
tokamaks, including the Mega-Ampere
Spherical Tokamak (MAST), the National
Spherical Torus Experiment Upgrade
(NSTX-U), the Korean Superconducting
Tokamak Advanced Research (KSTAR),
and China’s Experimental Advanced
Superconducting Tokamak (EAST), as
well as the design of ITER. This success
has been driven by the essential

30 EPED Model Predictions Compared to DIII-D Density Scan

N
o

10

Pedestal Pressure (kPa)

0 2 4 6 8 10
Pedestal Density (10%°*m)

Fig. 1-5. Access to high-pedestal Super H-mode.

contributions from a wide range of collaborative partners from around the world.

1.4  DIII-D RESEARCH PLAN ADDRESSING THE NEEDS OF FUSION ENERGY

A detailed description of the scientific research plan to be conducted in the 2019-2024 five-
year period is provided in Sections 2, 3 and 4. Briefly, the research is organized into six areas of
emphasis, aimed at resolving critical issues for ITER operation and laying the foundational work
for establishing the viability of a steady-state fusion reactor. These areas of emphasis are:

e Resolve the transients challenge

e Understand how to raise burning plasma performance through improved pedestal and

core transport

e Establish the viability of steady-state fusion performance

e Discover the principles of an improved divertor solution

e Evaluate material properties for next-step devices

e Develop the physics basis for an integrated core-edge solution

The research draws heavily on the operational flexibility of the DIII-D facility, the proposed
upgrades in the 2019-2024 five-year period, and the breadth of experience that constitutes the
DI111-D team. A summary of the research is further described below.
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Resolve the transients challenge. The potential for damage to internal components in future
devices due to transient events, either from disruptions or the repetitive bursts of energy and
particles from edge localized modes (ELMs), is well known. As such, transient control is an
explicit requirement for operating scenarios in future reactors. In general, DIII-D’s extensive
diagnostic capability, coupled with its low risk of component damage from transients, make it
ideally suited to developing the physics understanding and relevant techniques needed for transient
control.

In disruption research, the DIII-D program has played a critical role in the development of
mitigation tools for ITER (e.g., shattered pellet injection [SPI]), and future work will investigate
methods for optimizing SPI performance, and extrapolation of the technique will become more
robust as a result of collaborations planned with JET. In addition, more effective disruption
mitigation techniques will be developed, including so-called “inside-out” mitigation based on shell
pellet dust injection. New tools to measure the spatial and energy distribution of the runaway
electron (RE) population will be exploited to understand runaway seed formation and dissipation,
and future research will examine the role of islands in RE confinement and the impact of 3D
perturbations.

In order to prevent disruptions, research is planned in the areas of multi-mode tearing mode
control, real-time stability predictions and active resistive wall mode control and 3D fields. An
overarching challenge is to maintain stability in burning plasma relevant conditions of low rotation
and low collisionality at moderate to low qgs. More details on disruption mitigation and disruption
avoidance can be found in sections 2.2.1 and 2.2.2 respectively.

Techniques for eliminating ELMs (e.g., in ELM-stable scenarios such as Quiescent H-mode),
suppressing ELMs (e.g., using Resonant Magnetic Perturbations [RMPs]) or controlling ELMs
(e.g., through pellet pacing) have been developed on DIII-D. Significant advances in the physics
basis for all of these techniques have been realized, particularly in the past five years; nonetheless,
key uncertainties remain, and research is directed to delivering high confidence in the extrapolation
of these techniques. Future emphasis will be on model validation and stress-testing over a wide
operating space, including higher toroidal mode number (n<6) and increased harmonic
understanding, enabled by new internal coils. The combination of new understanding and
capability will be used to extend ELM control solutions to low rotation where application of these
techniques has been challenging due to a combination of instabilities and difficulties meeting the
required conditions. In addition, multi-scale physics models will be developed that capture the 3D
structure of pellet ablation and ELM heat loads and provide predictive understanding of the non-
linear evolution of ELM-controlled regimes. The strengthened physics basis obtained through this
research will be applied to manipulate the pedestal through shaping, heating, and new 3D
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capabilities to expand the operational limits. Further details on ELM control are provided in
Section 4.1.1. An overall timeline for transient-related research is shown in Fig. 1-6.

FY19-20 FY21 FY22 FY23 FY24

Map and validate operating space for ELM control
Resolving the

ELM challenge Optimize ELM control with new 3D coil

Demonstrate ELM control with adv. divertor

. Inform ITER on how best to use SPI
Resolving the

disruption Develop “inside-out” mitigation

challenge Deliver understanding of runaway electron generation

Fig. 1-6. Timeline for transients research

Understand how to raise burning plasma performance through improved pedestal and core
transport. Burning plasma conditions, where the alpha particles provide the majority of heating to
the plasma, will be an exciting new regime and represent the next major milestone in fusion
development. The ability to rapidly deliver on ITER’s mission of achieving 500 MW of fusion
power with a fusion gain of Q=10 will, in large part, depend on successfully projecting and
adapting experience from today’s tokamaks to burning plasma conditions. This, in turn, is a
function of the predictive understanding developed on today’s fusion devices.

A key objective for the 2019-2024 five-year plan is to understand how to access high
performance in burning plasma conditions. Here critical enhancements to DIII-D will provide
access to fusion relevant conditions such as dominant electron heating (with more than a doubling
of electron heating power) and low rotation (more than doubling the torque-free heating). Strong
emphasis is placed in the 2019-2024 five-year plan on transport model validation and predict-first
methods. DIII-D is well positioned to conduct this research, with an extensive fluctuation,
energetic particle, and profile diagnostic set, as well as access to state-of-the-art modeling
capabilities. While model validation has previously been specialized in terms of the plasmas that
provided optimal targets for diagnosis, in recent years, activities have extended toward more
reactor-relevant conditions, including lower ges~3 and low rotation, as might be expected in an
ITER baseline Q=10 scenario. Even still, significant uncertainty remains in the models, including
deficiencies in details of the transport models to reproduce temperature gradients in high-
performance plasmas, while a new frontier of understanding is emerging relating to controlling
multi-scale turbulence in low-torque plasmas. New possibilities for increasing performance
through manipulation of the pedestal are also developing, which can have strong leverage on the
fusion power [Kinsey 2011] and might lead to ways to significantly exceed Q=10 performance on
ITER [Solomon 2016].

General Atomics Report GA—A28765 1-15



The DII1-D National Fusion Program Five-Year Plan 2019-2024

Other transport channels, including momentum, particle, and impurity transport, are
significantly less validated, but have equally large consequences on performance, and will have an
increasing emphasis in the next 2019-2024 five-year period. For example, accurate rotation
prediction including its shear, resulting from intrinsic torques, external momentum input, and 3D
fields (neoclassical toroidal viscosity, NTV), is needed for assessing the impact on stability in
future devices, and impurity transport is key to determining if and how high-Z material from the
divertor contaminates the core. Understanding in all of these transport channels will be utilized to
improve performance.

Great strides have also recently been made in energetic particle transport studies, with
comprehensive and reduced models accurately reproducing fast ion transport. Research will
investigate the interaction of fast ions with 3D fields (anticipated to be needed as part of a
comprehensive ELM control strategy) and sensitivity to the current profile to develop a predictive
understanding of fast ion transport. It will utilize new capabilities, including variable beam
perveance and increased EC heating to reduce susceptibility to energetic particle-driven
instabilities and improve discharge performance. Further details on burning plasma research can
be found in Section 2.3.

FY19-20 FY21 FY22 FY23 FY24

Test state-of-the-art transport models in reactor relevant regimes

Raising burning Quantify NTV torque dependence on 3D spectrum
plasma .
performance by Develop actuators to control rotation shear
LN BHOMINE] Predict fast ion transport driven by AE instabilities

transport

Mitigate fast ion transport

Fig. 1-7. Timeline for burning plasma physics research.

Establish the viability of steady-state fusion performance. The mission of the DIII-D program
is the optimization of the tokamak for fusion energy, which in practice implies high beta steady-
state due to the increased fraction of the current that can be driven by the bootstrap effect.

DI11-D research is aimed toward producing plasmas that are fully non-inductive for longer than
a current relaxation time at reactor-relevant levels of beta. In the 2014-2018 period, long stationary
steady-state discharges at high beta were demonstrated for the steady-state hybrid regime. New
capabilities anticipated at the end of a long machine vent in 2018-2019, specifically a re-orientation
of a neutral beam line to deliver eight co-sources, up to four of which will be off-axis, together
with progressively increasing ECH power, will allow exploration of Bn~5 in the gmin>2 scenario,
as envisioned for the ARIES-ACT1 DEMO. A key component of the work is to identify the design
and performance advantages of differences in the current profile, shape, collisionality, and beta,
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as well as understanding how close one can approach the ideal wall stability limit, and developing
techniques and understanding to control other limiting instabilities (e.g., tearing modes and Alfvén
Eigenmodes).

An outstanding issue to resolve for a steady-state reactor is how to provide external current
drive for g-profile control without adding large amounts of recirculating power. The DIII-D
research plan aggressively confronts this issue with a test of three new current-drive techniques:
1) helicon current drive; 2) top-launch electron cyclotron current drive (ECCD); and 3) high-field-
side lower hybrid current drive. In addition, the steady-state work extends the challenges of fusion
to higher beta and to regimes of high bootstrap fraction, which provides new opportunities for
transport understanding and optimization, transient control, and modification to fast ion
instabilities. Toward the end of the five-year period, a second steerable co-counter neutral beam
line will become available, allowing investigation of high beta steady-state scenarios at very low
torque. This is a significant enhancement and builds on the already successful utilization of the
first counter beamline in exploring ITER baseline regimes at low torque. More details on current-
drive research can be found in Section 2.3.4.

Recognizing the importance of evolving new long-pulse capabilities globally, a key component
of the DIII-D research plan involves close partnerships with international research groups,
including EAST, KSTAR, and Japan Torus (JT)-60SA (see Section 9). These partnerships have
been carefully developed and fostered, particularly over the last several years, to leverage the
understanding developed at DIII-D to accelerate fusion energy development on these new
superconducting long-pulse facilities as their capabilities and performance begin to develop. A
timeline for steady-state related research is shown in Fig. 1-8. Section 2.1.2 contains a more
comprehensive description of the DIII-D steady-state research plan.

FY19-20 FY21 Fy22 FY23 FY24

Explore steady-state to By~5

Resolve stability limits wrt current profile, shape, collisionality

Establish : _
viability of Benchmark models in steady-state regimes
steady-state Test steady-state

at low torque

Advance physics of new efficient off-axis current drive techniques

Fig. 1-8. Timeline for steady-state scenario research.

Discover the principles of an improved divertor solution. The high-power output from the
core of future next-step devices places extremely high demands on the requirement to dissipate the
heat flux before reaching the plasma-facing components (PFCs). Validation of models of the
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boundary plasma, such as SOLPS and UEDGE, is required to design advanced divertor
configurations and qualify plasma-facing materials for reactor conditions that are not directly
achievable in today’s devices. In some ways, the need for model validation in the boundary is
made more critical due to the difficulty in simultaneously achieving the conditions for a high-
performance core and a relevant boundary plasma without moving to the reactor scale.

Therefore, research in the 2019-2024 five-year plan focuses on quantifying the physics
processes that govern dissipation of the divertor heat flux and parallel momentum, parallel flows,
and cross-field drifts in divertor and SOL and turbulent transport mechanisms, described in more
detail in Section 3.1. To accomplish this research, key upgrades are planned to DIII-D’s already
extensive boundary diagnostic set, including new ultraviolet (UV) emission measurements,
divertor Thomson improvements, neutral measurements, ion temperature measurements in the
SOL, and new bolometry measurements. In addition, planned changes in divertor configurations
provide stringent tests for validating boundary simulation codes.

A divertor solution is needed that is compatible with a high-performance fusion core. In
particular, it is expected that a divertor will need to maintain the target heat load to an acceptable
level (typically < 10 MW/m?) with a cold plasma temperature of order a few eV, without forcing
an unacceptably high density in the core that compromises performance or any required auxiliary
current drive. Although various methods have been developed to reduce the peak heat flux, these
have not been adequately demonstrated with high-performance fusion plasmas, and, consequently,
considerable uncertainty remains in the extrapolation of these techniques to reactor-class devices.
Moreover, while closure has been shown to improve the trapping of neutral particles to the
divertor, a robust solution for keeping the temperature low in the entire divertor remains an
outstanding challenge. New geometries such as the small-angle-slot (SAS), developed using state-
of-the-art boundary codes, appear to offer a promising solution, and the development and
evaluation of this geometry is a major emphasis in the 2019-2024 five-year plan. Research also
focuses on effectively utilizing the magnetic geometry to make optimal use of the divertor volume
through poloidal flux expansion and novel magnetic topologies. Further details on the research
plan for divertor development can be found in Section 3.2. A timeline for divertor research
activities is shown in Fig. 1-9.
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FY19-20 FY21 FY22 FY23 FY24
Investigate
Demonstrate closure in SAS
and understand e -
physics of Explore pumping in closed divertor
divertor Optimize AT operation with

double null closed divertor
Fig. 1-9. Timeline for divertor research.

Evaluate material properties for next step devices. A major outstanding challenge to the
realization of fusion energy is a resolution of the interaction between the boundary plasma and the
plasma-facing components. Numerous issues exist requiring new plasma materials interaction
(PMI) solutions for fusion to take the next step, owing to the huge demands imposed by the power
and particle exhaust that push material limits. While low-Z materials are favorable for core
performance, tritium retention properties push materials to higher-Z. Hence, innovations in
materials are being sought through advanced manufacturing techniques and new exascale
computational capability.

In parallel, significant improvements are needed in our understanding of surface evolution,
material migration through erosion and redeposition, and the impact of transport of PFC materials
to the plasma core. DIII-D will address high-Z migration through studies enabled by isolated
installation of metal ring surfaces in the divertor and other key main wall locations. The staged
evolution of the divertor will deliver a clear understanding of the impact of high-Z materials in the
divertor on detachment dynamics and core performance in a variety of divertor configurations,
ranging from open to optimized slots (SAS).

In addition, the program plan looks to develop approaches for mitigating any deleterious
impacts, including the use of techniques such as siliconization and applying heating and current
drive to modify transport properties. A new Wall Interaction Tile Station (WITS) with extensive
diagnostics is being developed to facilitate this research, which will have sufficient linear motion
to enable test materials to come close to the limiting plasma surface. Measuring particle and energy
flux on the main chamber wall will be key to improving predictive understanding. The output of
this research will help validate and advance predictive PMI models and codes. A timeline of PMI
research is shown in Fig. 1-10 and further details on the material program is described in Section
3.3.
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FY19-20 FY21 FY22 FY23 FY24

Quantify main wall erosion

Validate Measure W leakage from open vs closed divertor
material
properties Impact of siliconization on performance

Assess AT performance with
W in divertor

Fig. 1-10. Timeline for PMI research.

Develop the physics basis for an integrated core-edge solution. Although the detailed physics
of the core and boundary are often best studied in regimes that are optimized for one or the other,
an integrated core-edge solution is also critically needed for fusion energy. Indeed, the interaction
and constraints between the two regions is what sets the scale of the challenge.

The new capabilities proposed in the 2019-2024 period, coupled with the existing flexibility
and capability of DII1-D, make it possible to more vigorously attack core-edge integration in high-
performance, steady-state class plasmas, as would be envisioned in a fusion reactor. Fundamental
questions to be answered include: the tradeoff between single versus double null; the impact of
divertor geometry (baffling and magnetic) on pedestal performance and the impurity “life-cycle”
(both from material surfaces and injected for heat flux control); and the ability of both the material
surfaces and the core plasma to tolerate ELMs.

Since the pedestal serves as the interfacing layer between the high-performance core and the
boundary, research is planned to understand its structure, transport, and stability, as well as
knowledge of how to manipulate it to optimize core and boundary performance. The advances in
understanding in both the core and the boundary, leveraged against the significant investments in
DIII-D in the past and coupled with the upgrades described here, make addressing this long-
standing challenge within reach of the fusion community. The core-edge research plan is described
in further detail in Section 4.4. A timeline for core-edge related research is summarized in Fig 1-11.

FY19-20 FY21 FY22 FY23 FY24
Evaluate ionization source and impact on pedestal

Determine requirements for power handling through impurity seeding
Develop physics

basis for Helium exhaust in pumped closed divertor

integrated core- _
Understand trade-offs in shape

edge

for reactor

Increase performance by optimizing pedestal

Fig. 1-11. Timeline for core-edge research.

1-20 General Atomics Report GA-A28765



The DIII-D National Fusion Program Five-Year Plan 2019-2024

These research elements will place DIII-D and U.S. scientists at the forefront of the world
program, enabling U.S. leadership in ITER and developing the technologies to take tokamak-based
fusion to steady state. It will lead to a rich diversity of high-impact scientific insights, as well as
unique know-how to secure a U.S. stake in future fusion energy development. More specifically,
it will enable the U.S. to make decisions on, and have the technical capabilities to proceed with,
next-step devices, either in the U.S. or through leading roles in international partnerships.

1.5 DIII-D FACILITY CAPABILITIES AND PROPOSED IMPROVEMENTS

From the beginning of the 2019-2024 five-year period, which commences immediately after a
major set of enhancements to the facility, DIII-D will be equipped to access new regimes and
behaviors, with new research capabilities to explore physics and develop fusion solutions. Key
tools available at the start of the plan include enhancements for off-axis current profiles, advanced
divertor investigations, and microwave systems. Further enhancements (additional divertor,
heating and 3D capabilities) early in the plan will build on these recent enhancements to enable
research objectives to be fully investigated. The improvements proposed in the 2019-2024 five-
year period will significantly enhance the facility’s capabilities and position DIII-D scientists to
develop a physics basis for a fully integrated high-performance solution.
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Fig. 1-12. Timeline for major hardware upgrades in DIII-D five-year plan.

Existing capabilities of DIII-D include a highly flexible 2D shaping coil system to produce a
wide variety of plasma shapes, flexible heating and current drive systems, three arrays of 3D-field
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perturbation coils located both inside and outside the vacuum vessel, multiple disruption quench
systems, over 50 state-of-the-art diagnostic systems to examine plasma parameters and
fluctuations, and an advanced digital control system for feedback control of the plasma.
Recognizing that the long-term success of a research program and its overall productivity is
intimately related to new capabilities, major enhancements are proposed in the 2019-2024 five-
year period, complementing facility developments made during the past five years, and are
described in detail in Section 5.3. The timeline for the upgrades is shown in Fig. 1-12 and includes:

Electron cyclotron heating (ECH) and current-drive systems. ECH power on DIII-D will
be more than doubled from the present 3.5 MW. A new gyrotron is being commissioned presently
that will raise the power to nearly 5 MW and, with two new gyrotrons and a series of replacements,
will bring DIII-D to approximately 8.5 MW by the end of the 2019-2024 five-year period. This
capitalizes on development of higher power gyrotrons, which reduce the need for high-voltage
power supplies, sockets, transmissions lines, and launchers.

The increase in ECH power represents a major advance in DI1I-D capabilities, enabling access
to torque-free high beta scenarios with significant electron heating, a situation closely mirroring a
burning plasma heated primarily by alpha particles. Significant changes in turbulence properties
are anticipated in such regimes compared with typical scenarios on present day devices. Moreover,
the increased power and number of gyrotrons is important for careful tailoring of the current profile
with flexible delivery of current, from on- to off-axis, and for simultaneous control of n=1 and n=2
tearing modes. Recent analysis has shown that the EC current-drive efficiency can be
approximately doubled when the power is launched directly above the plasma, and, consequently,
so-called “top-launch” ECCD will be tested.

Neutral beam (NB) heating systems. Neutral beams have been a workhorse heating system
on DIII-D. Coupled with off-axis injection capability and the increased ECH described above,
DIII-D is predicted to be able, for the first time, to explore reactor-relevant regimes with high fn~5
and high B, sustained for more than a current relaxation time. The 2019-2024 five-year plan will
build on the already exceptional flexibility of the DIII-D NB system, which will deliver >16 MW
of co-injected power, half of which can be configured off-axis (doubling the present capability for
off-axis neutral beam current drive) at the start of the plan. In particular, the program plan calls to
increase the total beam power further to 23 MW through a rise in beam voltage and also doubles
the net torque-free beam heating with a second steerable co/counter neutral beam line. These
improvements to the DIII-D beam system will allow further control of the current profile,
optimization of energetic particle confinement, investigation of the impact of rotation on steady-
state scenarios, and sustained high Bn ~5 operation.
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Advanced divertor configurations. In 2017, a novel new closed-slot divertor geometry
utilizing a small target angle dubbed “small angle slot” (SAS) was developed, based on modeling
with the SOLPS code. The five-year plan for 2019-2024 continues the development of an advanced
divertor through a staged approach that takes an SAS-like configuration and moves it to the main
upper divertor, where pumping is incorporated. This will prove an essential step in validating the
concept as a viable companion to high-performance operation. This work couples with exploitation
of DIII-D magnetic divertor shaping flexibility to establish the basis for a configuration that is
better able to detach and isolate the high-density divertor and impurity interactions from the high-
performance core. New diagnostics play a central role in this divertor research, with additional
pressure gauges, bolometer views, heat flux measurements, Thomson measurements, and multi-
species spectroscopy planned.

Based on understanding gained from the upper divertor and further model validation efforts, a
second modification is planned for the lower divertor to investigate and optimize the power and
particle balance between the upper and lower divertor for Advanced Tokamak (AT) steady-state
operation.

Materials testsA progressive program of innovative materials testing will be implemented,
starting from present divertor material evaluation system (DIMES) and midplane material
evaluation system (MIMES) small sample facility, but proceeding with test tiles, rows, and a
heated tile facility. A series of dedicated metal ring “mini-campaigns” are planned, following the
first successful one performed in 2016, using the new divertor geometries to better understand
high-Z sourcing and migration, and evaluate the efficiency of impurity screening provided by the
new geometries. As well as determining and optimizing compatibility with traditional high-Z
materials, other potentially reactor-relevant materials will be assessed from the perspectives of a
more reactor-like boundary for the core, or as new material options for a reactor itself. In addition,
a program option is included to evaluate a heated tungsten upper divertor.

Enhanced 3D field capabilities. DIII-D has led pioneering research using 3D fields,
particularly for control and suppression of ELMs, resistive wall mode (RWM) control, rotation
control using neoclassical toroidal viscosity (NTV), and scenario optimization. In the 2019-2024
period, these 3D capabilities will be significantly extended by the addition of a new coil set (M-
coil), which will provide 12 additional internal coils along the mid-plane. This will extend DIII-D’s
spectral flexibility from n<3 at present to create field configurations spanning n=1-6, control of
the poloidal mode spectrum for n=1-3, and rigid rotation capability for n=1-4 structures.
Sophisticated modeling and analysis that includes the plasma response indicates these new coils
will provide the needed capability in terms of accessing the relevant spectra for ELM suppression
and NTV optimization. A second “super SPA” power supply, following the successful
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implementation and exploitation of the super SPA provided by Institute of Plasma Physics,
Chinese Academy of Sciences (ASIPP), will provide much-improved capability to independently
control the poloidal spectrum and provide multi-mode error field correction, as well as providing
new axisymmetric shaping flexibility.

New off-axis current-drive technology development. The DIII-D plan from 2019-2024
features an aggressive program for exploring potentially transformational off-axis current-drive
technologies. A key challenge to the ultimate attractiveness of an AT reactor is the amount of
recirculating power needed for current profile control, and higher efficiency current drive is needed
to alleviate this problem. The proposed research explores three new such technologies: 1) ultra-
high frequency helicon current drive [started in the past five years]; 2) top-launch ECCD; and 3)
high-field side lower hybrid current drive. The successful demonstration of any or all of these
techniques would represent a significant achievement and closing of a gap for a high-performance
steady-state reactor, and could represent a potential game changer in device scale and performance.

Diagnostics. Building on what is arguably the most comprehensive suite of diagnostics on any
fusion device, DIII-D will continue to develop and exploit a wide range of diagnostic techniques
in the 2019-2024 five-year plan. Major diagnostic initiatives are planned in the boundary, with a
new instrumented tile station (WITS), increased spatial resolution for the Divertor Thomson
Scattering system, new divertor T; measurements, diagnostics for neutral density and ionization
rates, and infrared (IR) camera and thermocouple improvements for heat flux measurements. New
3D magnetics are planned, along with improvements to the tangential Thomson system, a new fast
ion loss detector for reverse Bt (often used for steady-state experiments), motional Stark effect
(MSE) upgrades (including an imaging MSE system) and an edge current measurement capability.
These new diagnostics were chosen because of their high impact on validating the physics basis
for fusion energy. A complete description of the diagnostics being proposed in this plan are
described in Section 6, and associated computer systems are detailed in Section 7.

Enhanced reliability. In addition to major capability enhancements, the 2019-2024 five-year
plan allocates a significant level of resources for major refurbishments and sustaining engineering
to ensure safe and reliable operation of the facility and allow optimal exploitation of the facility
capabilities. A comprehensive assessment of major system risk and impacts has been conducted
for important systems and components. Sustaining engineering activities are proposed in the
following systems: gyrotrons (investments are proposed to procure replacements for the four oldest
gyrotrons to maintain high availability and successfully deliver the desired increase in power);
motor generator power distribution (high-voltage cable replacement is proposed to avoid
unanticipated outages or reduction in capability); neutral beam components and power systems;
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cryogenic and vacuum systems; power systems; and water systems. These are described in more
detail in Section 5.2.

1.6 DIII-D FACILITY OPERATIONS

The DIII-D program plan provides, on average, more than 14 weeks of operation annually. The
specific number of run weeks in each year are staged to accommodate the proposed upgrades, and
vary between 12 and 16 weeks. This level of operation has previously yielded sufficient utilization
of the Facility to deliver excellent scientific output and maximize the productivity of the Program
while providing sufficient time for maintenance, diagnostic calibration, upgrades, and
experimental planning. Toward the end of the 2019-2024 period, another long torus opening is
planned to install several major upgrades including the second co-counter steerable neutral beam.
This is planned to be similar to the one anticipated in 2018-19 prior to the commencement of the
five-year plan covering 2019-2024.

Even with this level of run-time, the DIII-D facility continually operates with a very large
research backlog. There is typically a factor of 5-10 reduction in the number of unique
experimental ideas proposed at the DIII-D Research Opportunities Forums to the number of
experiments that are finally executed in a given year (the experimental planning process is
described in more detail in Section 10.2). The proposed schedule is already highly optimized to
give the maximum number of run weeks while enabling facility enhancements and refurbishments
to proceed as planned. Nonetheless, acknowledging that there is still large additional demand for
run time on DIII-D, the program plan contains an option to significantly increase the effective
number of run weeks by nearly doubling the amount of available operations time.

Doubling the available facility operating time would be achieved by utilizing extended-shift
operation of the DIII-D facility. A significant increase in DIII-D staffing would be required to
accomplish this; existing scientific and operations staff are insufficient to sustain extended-shift
tokamak operation, diagnostic support, and necessary data analysis. In practice, doubling the run-
time would require only a 50% increase in the operations and scientific team to deliver on this
significant program option. Exercising this option for increased run time could afford the U.S.
fusion program many key benefits, including supporting and energizing a significantly expanded
user base, further increasing leadership roles for university and lab partners, expanding
opportunities for training graduate students and postdocs, new possibilities for diagnostic
provision and development, extending fundamental “Frontiers” explorations that could be entirely
overseen and managed by the relevant university experts, and acceleration of the schedule for
facility enhancements with the additional operations personnel available during maintenance
periods.
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1.7 DIli-D TEAM

The highly capable research and operations personnel that constitute the DI11-D Team provide
the foundation for executing the research proposed in the 2019-2024 five-year plan. At its core,
the DIII-D Team is a deeply collaborative entity, including experimentalists and theorists from a
broad cross section of U.S. national laboratories, universities, and private industry, and attracting
strong involvement from the entire world fusion community. Consequently, collaborating
institutions and scientific collaborators play significant roles at all levels of the DIII-D program.
The DIII-D National Fusion Program presently includes over 600 scientific users from 106
institutions worldwide. The success of the DII1-D research program is closely coupled to the strong
engagement of its diverse international team.

The DIII-D Team consists of approximately 90 full-time PhD research scientists on-site, of
which more than half are collaborators. The presently active staff of DIII-D includes over 40
Fellows of the American Physical Society (APS) and 17 winners of the APS John Dawson
Excellence in Plasma Physics Award (almost all based on research conducted at DIII-D). There
were approximately 550 scientific authors on DIII-D papers during the period from 2015-2016.
DIII-D researchers come from worldwide locations (see Fig. 1-13).

o ' R _ N
DIII-D Facility Users o a0
3 1,_/7\4\ -u'/
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4 n Dalian University of Technology, China
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0Oak Ridge National Lab
Princeton Plasma Physics Laboratory
Sandia National Laboratory
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D-TACQ Solutions Ltd (UK)
{

Institute of
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University of Arizona
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University of York

VTT Technical Research Centre (Finland)
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Fig. 1-13. Active collaborations with the DIII-D Program.

Included in the list of DIII-D Facility users are:
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e 21 national laboratories [U.S. (7), Europe (8), Korea (3), Japan, India, and Argentina];

e 67 universities (U.S. [28], Europe [18], China [9], Japan [4], Russia [2], Australia, Brazil,
Canada, India, Peru, and Turkey); and

e 15 industrial companies (U.S. [13], Europe [2])

e 3 others (ITER Organization, American Physical Society, Oak Ridge Institute for Science
Education)

Many scientific users provide direct support to the research program through the development
and provision of diagnostics, data analysis and program planning. The DIII-D program benefits
from a strong synergy and interaction with both the GA theory group and other theory programs
across the U.S. The DIII-D facility user database includes 80 graduate students and 71 postdocs.
In the second quarter in FY17, 24 graduate students and 35 postdocs conducted the bulk of their
research on site as an integral part of the DI11-D program. A more detailed description of the DI1I-D
team is presented in Section 8.

While the DIII-D program is hosted and operated by General Atomics for the DOE-FES, the
management and program leadership is drawn from the broader DIII-D team through an effective
and inclusive system of governance. In addition to GA, there are eleven major collaborating
institutions that have broad programmatic responsibilities on multiple topics. Major collaborating
institutions join with GA to form the DIII-D Executive Committee (DEC) to guide the program’s
strategic and near-term directions. The DEC generally meets quarterly to advise the DIII-D
Director on a broad range of programmatic issues including program planning, direction, budgets,
and institutional issues. The DIII-D Program Advisory Committee (PAC) is composed of both
national and international leaders and experts in fusion who are not directly involved in the DIII-D
Program. The PAC provides advice annually on the program plans and other major programmatic
issues. The DIII-D Research Council (RC) is a small multi-institutional advisory group with
rotating membership selected from the DI111-D team. The RC provides specific advice on the annual
experimental plan and relative priority of experimental efforts within that plan. After major
research emphases are chosen, experimental proposals are solicited from the entire International
DIII-D Team at the Research Opportunities Forum. These proposals are discussed and further
developed and prioritized in open meetings. Group leaders present final research plans to the
DIII-D RC, and the DIII-D RC provides advice on the program balance for the year. More details
are provided in Section 10.
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1.8 NATIONAL AND INTERNATIONAL LEADERSHIP

In addition to the scientific leadership that the DIII-D Program will provide through execution
of this program plan, the DIII-D Program will play a key role of leadership and outreach to other
U.S. and international groups including:

e Strong and active participation in coordinating international collaborations that leverage
U.S. capabilities through the International Tokamak Physics Activity (ITPA) and
International Energy Agency (IEA) Cooperative Tokamak Program implementing
agreement.

e Promoting and stimulating theory/model development and validation with the broader
theory community through strong alliances with the U.S. Transport Task Force (TTF),
Edge Coordinating Committee (ECC), the Scientific Discovery through Advanced
Computing (SciDAC) and Simulation Center for Runaway Electron Avoidance and
Mitigation (SCREAM) theory efforts, and university theory groups across the U.S.

e Strengthening the role of universities in the U.S. fusion science program by increasing
opportunities for graduate students and university research personnel.

e Active participation and leadership of the U.S. Burning Plasma Organization (a separate
description of this activity is provided in VVolume I11).

e Continued active role in evaluating and promoting new initiatives for the U.S. program.

e Participation in developing enabling technologies critical to the success of fusion energy.

e Outreach to the broader science community, communicating the excitement and progress
of fusion energy science, making available data from well-diagnosed high-temperature
plasmas and making the DII1-D facility available for non-fusion research, as appropriate.

1.9 BENEFITS AND IMPACT OF RESEARCH

DIII-D has a demonstrated history of delivering significant impact to the worldwide fusion
energy endeavor, with essential contributions to the ITER project and providing fundamental
scientific discovery in plasma and atomic physics processes. The research contained in the 2019-
2024 proposal will enable FES to continue to reap the significant benefits associated with its major
tokamak facility, ensure U.S. leadership in fusion energy research is maintained and extended, and
position the U.S. to be ready to capitalize on ITER operation. In particular, there is a close
alignment of the DIII-D research activities with the high-priority areas of critical importance to
FES strategic goals in realizing fusion energy. The upgrades proposed during the 2019-2024 five-
year period will keep DIII-D at the forefront of fusion energy research, delivering a world-class
capable facility uniquely equipped with operational flexibility, outstanding diagnostic capabilities,
and a world-renowned scientific team. Coupled with expanding international collaboration and
outreach to the broader scientific community, the DIII-D Program will provide a compelling
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scientific opportunity for U.S. researchers and a vibrant training ground for the next generation of

fusion innovators.

Enabling the success of ITER. During the 2019-2024 period, DI1I-D will contribute critical
results to ensure ITER can advance rapidly to achieving its performance missions and allow the
U.S. to maximally capitalize on the ITER research program. A well-founded physics basis will be
developed to:

Confidently meet the performance requirements of ITER (Q=10, 500 MW fusion power
and Q=5 steady-state) through demonstration in relevant regimes on DIII-D and the
development of validated predictive integrated models;

Ensure the achievement of optimal, robust and reliable ELM control on ITER without
compromising performance requirements;

Meet the requirements for disruption mitigation to avoid damage to ITER resulting from
localized thermal loads or runaway electron generation;

Reliably avoid disruptions through fundamental advances in stability physics and 3D
effects, encapsulated into real-time stability predictions and integrated control;

Fully exploit ITER capabilities to get the most out of the facility.

Leveraging international collaborations. DIII-D is well positioned to ensure the U.S. fusion
program can realize benefits associated from fusion programs across the world, including access
to unique experimental capabilities overseas, owing to its existing and growing international
partnerships. Research in the 2019-2024 five-year plan benefits from:

Investment by international partners to provide important new capabilities to the DIII-D
facility;

Exchange of scientific and operations personnel, together with exchange of ideas and
expertise;

Opportunities to extend operational scenarios to long-pulse and steady-state conditions in
superconducting facilities abroad.

Strengthening the scientific basis for fusion energy. The 2019-2024 five-year plan on
DIII-D will continue a focus on scientific excellence through the development of fundamental

understanding of the underlying processes relevant to fusion and transforming that understanding

into validated predictive understanding. Key elements of the plan include:

Validation of models in reactor-relevant regimes with low torque, electron heating and low
collisionality using cutting-edge diagnostics and enhancements in DIII-D’s heating and
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current-drive capabilities and employing exascale computational capability where
appropriate;

Understanding of rotation generation and damping mechanisms and development of
techniques to control the rotation profile to maximize performance and avoid instabilities;
Enhanced ability to predict energetic particle behavior, allowing development and usage
of new control tools to improve fast ion confinement and enable a path to increased
performance in steady-state scenarios;

Development of advanced current-drive technologies for tailoring of the current profile in
steady-state plasmas, enabled by scientific evaluation of the interaction of RF waves with
the scrape-off-layer and main plasma coupling;

Identification of the mechanisms that affect temperature and density profiles and
understanding of how the pedestal structure is affected by the particle source;
Improvement of models of the boundary by quantifying uncertainties associated with
energy and momentum dissipation and transport;

Improvement of tokamak performance through experimental investigation and validated
predictive simulation, accelerated through the insights gained from theory-experiment
comparison.

Defining fusion systems beyond ITER. The DIII-D program is well suited to developing and
understanding steady-state scenarios appropriate for meeting ITER’s Q=5 steady-state mission, as
well as devices conceived to operate beyond ITER, including a fusion nuclear science facility (e.g.
CFETR), or a range of potential steady-state reactor devices, including ARIES-ACTL. In the
nearer term, DIII-D is well placed, and working closely with collaborators, to achieve scalable
steady-state operation in existing devices, including EAST, KSTAR, and JT-60SA. During the
2019-2024 period, DIII-D research will inform decisions on a next-step device for the U.S. and
the ultimate potential of fusion energy through:

1-30

Investigating relevant regimes (e.g., low torque resulting from limited NBI use in future
devices needing to breed tritium) to inform designs in the choice of parameters for a high
nuclear fluence device (e.g., FNSF, CFETR);

Developing the physics basis for high Bn (~5) and high bootstrap fraction steady-state
scenarios to help realize the improved economics and reduction in the cost of electricity of
a fusion reactor;

Exploring the compatibility between high performance steady-state core plasmas with
reactor-relevant boundary conditions, including expansion of new operating scenarios such
as Super H-mode;
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e Understanding the expected impurity exhaust for core- and edge-transport processes,
determining the choice and location of impurity seeding for power control, and the optimal
divertor closure for detachment and pumping efficiency;

e Quantifying the impact of material migration from the divertor and SOL and transport into
the core and the impact on overall performance.
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2. SCIENTIFIC BASIS FOR A BURNING PLASMA CORE

The DIII-D 2019-2024 research plan seeks to provide the scientific basis to project
integrated plasma operating scenario solutions for future burning plasma devices and to
discover unique new physics insights into plasma behavior. Research tools and programs are
developed to investigate the key challenges and phenomena from plasma core to the edge,
combining innovative experimental approaches with leading-edge comprehensive diagnostics and
theory/simulation comparisons. Critical enabling advances are expected in each individual
research line, such as the development of new regimes, control approaches, plasma science, current
drive methods, and divertor configurations. But, perhaps the key opportunity lies in the interaction
between the various techniques required to develop the physics basis for self-consistent ‘core-
edge’ solutions for future fusion devices — a key goal of this 2019-2024 five-year plan. Thanks to
its flexibility and parameter access, DIII-D is uniquely suited to confront this challenge. In this
plan, facility developments are implemented which transform capabilities in each area to develop
projectable solutions for the reactor scale. These are expected to equip the U.S. with the expertise
to undertake a leading role in ITER and other burning plasma devices, as well as provide the
plasma physics basis to map the path to steady-state fusion reactors.

Principle Challenges

The 2019-2024 five-year plan foresees a transformation in DI11-D capabilities and research
focus in order to access the physics and develop the path for fusion in steady-state burning plasmas.
DI11-D will be able to access the range of plasma configurations and regimes necessary to resolve
physical mechanisms and techniques for future reactors at the relevant parameters to develop an
integrated core-edge physics basis. Critical issues for future reactors have been set out in chapter
1. These organize into two key themes, which serve as the basis for plasma scenario development
and drive investigations across the program:

e Burning plasmas — to understand how to access high performance in burning plasmas.
Here, critical enhancements to DIII-D will access relevant conditions, such as dominant
electron heating and low rotation, and establish how to achieve robust and safe control.
This will provide a basis to understand how to achieve performance goals in ITER, and
extend to even higher performance, as well as to rapidly integrate the new learning from
ITER into the scientific framework to project to future power plants.

e High P~ steady-state operation — establishing requirements for, and understanding
behavior in, steady-state conditions. Key elements include exploring internal magnetic
plasma configurations with new current-drive tools and handling the hot plasma exhaust
with innovative divertor configurations (Section 3). This will drive research studies across
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the entire scientific program to explore the changes, new physical mechanisms, and
increased challenge posed by high [ steady-state operation.

This program will lead to a rich diversity of high-impact scientific insights, placing U.S.
scientists at the forefront of fusion research, as well as developing unique know-how and
technologies to secure a U.S. stake in future fusion energy development. More specifically, it will
enable the U.S. to take decisions on, and have the technical capabilities to proceed with, next-step
devices, either in the U.S. or through leading roles in international partnerships.

Research to Prepare for Burning Plasma Devices

The most important target for burning plasma research is the successful attainment of high
fusion performance in a fusion reactor such as ITER. This will be an exciting step, exploring the
new regime of the self-heated burning plasma state and operating at a scale never seen before. The
need is to equip scientists with the knowledge and tools to ensure rapid progress and reach the
highest performance possible to inform the path to fusion energy. However, burning plasma
devices operate in particular regimes and conditions, with techniques that have not yet been fully
established or optimized for these conditions; they will not have the time to conduct lengthy
research programs to explore all issues of plasma physics — focus must be on the new phenomena
encountered as a result of the new regimes, parameters, and scales accessed. Understanding must
be developed now through vigorous research on present devices that resolves impediments,
improves safety, and develops the physics by accessing relevant regimes and developing validated
physics models. For example, it is important to grapple with multi-scale multi-species turbulent
transport, where present facilities have the flexibility, time, and diagnostics to explore and resolve
the complex physics and intensive simulation techniques required.

Key differences relative to most present devices include dominant electron heating, low
collisionality and core fueling, low rotation, and, of course, a population of super-Alfvénic
particles from fusion a’s and heating systems. These will have critical impacts on the mechanisms
of turbulent and energetic particle transport, as well as MHD stability. A reactor will be equipped
with, and need to deploy, more sophisticated tools than present devices to maintain stability and
control, such as precisely tuned non-axisymmetric (‘3D”) fields, precise current-drive deposition,
and particle injection systems to safely quench the plasma. Understanding of how to manipulate
these actuators is needed to reach optimal performance. Critical issues include:

¢ Reaching high performance in reactor-relevant regimes (2.1.1): through understanding
and control of core transport (2.3.1, 2.3.2) and pedestal performance (4.1.2).
e Maintaining stability with low rotation and low collisionality plasmas at the ITER qos
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(2.2.2.and 2.2.3)

e Edge Localized Modes (ELMs) must be prevented or reduced to tolerable size, while
maintaining good stability, particle and impurity control (see 2.1 for scenario integration
and 4.1.1 for underlying physics of techniques used).

e Termination: Safely quenching the end of the fusion plasma with acceptable thermal
loads, forces, and runaway electron dissipation (2.2.1).

e Particle and impurity control to avoid impurity accumulation and exhaust helium
through pellet injection and pedestal manipulation (2.1.2, 4.1.2, 4.2).

e H-mode access, particularly in the non-activation phase (4.1.3).

It must be stressed that while there is confidence that ITER has the tools to meet these missions,
research on the above issues will enable us to rapidly understand and overcome differences
encountered in ITER and provide a framework to project results from ITER to future fusion
reactors. This will be equally important for other burning plasma devices.

The 2019-2024 five-year plan for DI11-D provides unique capability to prepare for operation
of burning plasma devices. The approach focuses on providing flexibility and accessing the
physics behaviors expected in the future devices, deploying comprehensive diagnostics and
leading-edge simulation to interpret behavior and to project how to optimize tokamak operation.
Key themes that drive DI1I-D facility development and physics investigations for the optimization
of performance in future burning plasmas are:

e Dominant electron heating: More than doubling microwave electron heating power to
access low collisionality, Te>Ti regimes and conduct perturbative tests of turbulence and
pedestal behavior.

e Low rotation: More than doubling torque-free injected power to explore stability and
transport in regimes with reactor-relevant low rotation and rotational shear.

e 3D field optimization: doubling the toroidal resolution to n=6 and providing harmonic
flexibility at n=3 and 4 to understand ELM, stability, and rotation profile control.

Research will exploit these capabilities to address the critical scientific challenges to achieve
stable high-performance burning plasma conditions. Studies will explore both innovation in
approach and scientific foundations to enable development and confident projection of required
techniques for future reactors. A strong focus will be placed on specific preparation for ITER. An
important element will be integrating and showing compatibility of the various techniques required
to develop robust solutions. Coupled with strong international collaboration and fusion simulation,
this will place the U.S. at the forefront of scientific understanding and thus, a natural and required
leader in ITER research, as well as in the physics to project future fusion devices.
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Developing the Path to Steady-State Burning Plasmas

To reach fusion energy, the physics basis and techniques for establishing plasma regimes with
continuous operation must be developed. The crucial difference of such regimes compared to
present inductive scenarios is that they must be fully non-inductive, and thus have their current
driven by a combination of bootstrap current, which requires higher gthan the ITER baseline
scenario, and auxiliary systems (i.e., without use of solenoid). In a power plant, generating the
electricity to power auxiliary current drive systems can drive up the required device size and other
parameters, so it is highly desirable to find predominantly self-driven solutions through high
bootstrap current fraction regimes. An alternative is to develop regimes and technologies for more
efficient auxiliary current drive, which pushes the operating scenario to other extremes.

The challenge, therefore, is to determine if the required performance of both plasma and
associated tokamak systems can be achieved. Critical aspects to explore to meet this challenge are:

e The current profile will differ from inductive plasmas, altering turbulent transport and
energetic particle transport (2.3.1 and 2.3.3).

e High S, necessary for high self-driven current, brings the plasma close to ideal MHD
stability limits, which must be understood and controlled (2.2.2), and further modifies
turbulence (2.3.1) and 3D interactions used for ELM (4.1.1) and rotation (2.3.2) control.

e A high-density and high-performance edge pedestal is highly leveraging to performance,
and may also ease the divertor challenge (2.1.2, 4.1.2).

e Efficient methods of current drive must be developed that are compatible with the
reactor environment and tritium breeding (2.3.4).

Further, a steady-state solution poses new challenges for power and particle handling
(addressed in Section 3), and the tradeoffs between this and the core in the overall configuration
design must be studied to develop the physics basis to project integrated solutions (Section 4).

The DIII-D program has conducted simulations to explore the key parameters and techniques
that leverage the development of a cost-effective, compact, advanced tokamak pilot plant [Buttery
2018]. The studies exploit the FASTRAN suite [Park 2017a] and includes TGLF, EPED, and
current-drive models developed and validated in the DIII-D research program [Holcomb 2015,
Park 2017b]. The simulations provide self-consistent and fully converged non-inductive steady-
state plasmas (Fig. 2-1), predicting performance from physics-based models, which leads to
important insights. It is found that a combination of high Bn and high density is desirable to ensure
sufficient fusion power and reduce auxiliary current-drive requirements. Efficiency of systems to
provide the remaining current drive is also key. Coupled with sufficient toroidal field, a modest
scale device can be constructed (4m radius), with tolerable neutron and divertor heat loads. Similar
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considerations arise for larger-scale
devices that seek to reduce cost and
scale, such as ARIES-ACT1 [Kessel
2015].

The 2019-2024 five-year plan
foresees a transformation in DI11-D
capabilities and program focus to
address this steady-state challenge.

The facility is being redeveloped to o " WiMw/m? ; |
enable access to high-performance o ]OD::,SI;:,SHDQO e o o 1

steady-state core configurations. This Fig. 2-1. Simulations of fully non-inductive plasmas in a
program will benefit from new compact net-electric advanced tokamak pilot plant with

facility developments already made 4m radius, 7T, and no=ncp=0.4. Auxiliary heating and
) ] current drive is adiusted to ensure each noint is fullv
during the 2014-2018 five-year plan.

Indeed, some of these will become available for first use at the start of the 2019-2024 plan. And

this mission will drive the ongoing transformation of the facility through the next five-year period.
Key elements discussed in this section include:

Current: ,(MW)

Ingw Nen = Nep = 0.4

e Off-axis heating and current drive: More than doubling the off-axis neutral beam and
microwave power will provide the means to explore steady-state configurations,
assessing the new physics of these regimes and the principles of steady-state
configuration design.

e New current-drive technologies: The physics of three promising new current-drive
technologies will be assessed. Simulations indicate this could lead to greater efficiency in
future reactors — a potential game changer in device scale and performance.

The new regimes accessible with these tools define the context and drive the objectives of
many further physics areas (such as transport, stability, pedestal, and energetic particle physics) as
set out in this and the following two chapters. These elements will combine with the learning,
exploration, and application of techniques discussed in the burning plasma preparation theme to
develop projectable fusion core solutions. A key focus will be to use DIII-D’s flexibility and
comprehensive diagnostic set to understand the underlying processes and physics behind the
development of such solutions. In parallel, the program will test innovative new divertor concepts
and materials solutions (Section 3), and explore the tradeoffs with the core and overall
configuration optimization (Section 4) in order to develop a projectable physics basis to design
future steady-state burning plasma devices.
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Time Sequence, Priorities, and Organization

The 2019-2024 five-year plan commences directly after a set of major upgrades to DII1-D with
enhancements in neutral beam off-axis current drive and power, advanced divertor investigations,
new materials, increased microwave systems, and a new helicon current system. Thus, DII1-D will
be equipped to access new regimes and behaviors on burning plasma and steady-state missions
with new research capabilities to explore the physics and develop fusion solutions from the start
of the plan. Further enhancements early in the plan (divertor, heating, and 3D) build on these to
enable research objectives to be fully investigated.

The developments in current drive and divertor physics will enable a rapid acceleration of
steady-state research from the start of the 2019-2024 research plan. This work is vital to enable a
decision on, and preparation for, a follow-on steady-state device, such as a nuclear science facility
or a pilot plant in the U.S. or abroad. Nevertheless, ITER will remain the top priority for DIII-D
research and, indeed, the burning plasma work set out for ITER is also vitally needed for other
burning plasma devices. This work benefits particularly from ECH and 3D improvements.
However, it is anticipated that specific demand from ITER for DIII-D investigations will decrease
as ITER’s operation approaches, physics basis, simulation tools, and modes of operation become
developed and team members start to engage more directly with ITER itself.

The parameter space and, thus, challenges for much of this work are defined by two key
“scenario” physics initiatives (inductive scenarios and steady-state physics, Section 2.1), which
will also explore limits and trade-offs in the various requirements, integrating insights and
techniques developed in the wider program to develop integrated scenario solutions. These
scenarios drive the focus and particular challenge of many detailed physics investigations
throughout DIII-D research areas, described in chapters 2-4. In this chapter, the focus is on core
performance and stability activities, explaining first the two scenario strategies for inductive
scenarios to meet ITER Q=10 needs and the high g path to develop steady-state fusion scenarios.
These are followed by discussions on stability physics and its control, and then performance and
current-drive issues. Boundary physics and integration follow in sections 3 and 4.

2.1 ROBUST PLASMA SCENARIOS FOR FUTURE REACTORS

Plasma scenario research seeks to identify complete operating schemes for future tokamaks to
achieve performance requirements. The hardware design and goals of ITER are now largely
defined, so ITER scenario development on DI11-D will continue to evaluate the ability to achieve,
or better, exceed the stated goals given the known constraints. The basic question to address is
“how can ITER use its many actuators to reach its performance goals?” If necessary, alternate
approaches or new requirements (e.g., new actuator capability or modified actuator usage) will be
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defined. Beyond ITER, future tokamak reactor concepts are often envisioned to be sustained non-
inductively at higher normalized pressure. For these, performance requirements and design are still
largely undefined or flexible, opening a wide parameter space to explore; a path must be
developed. D11I-D fully non-inductive (i.e., steady-state) scenario research seeks to understand the
physics of a largely self-driven plasma state, the interaction between different mechanisms, and
the control through advanced heating and current drive approaches in order to obtain sufficient
knowledge of potential scenarios to move confidently beyond the conceptual phase to begin
building next-step steady-state tokamaks.

Scenario research is necessarily holistic in nature because the size of a useful scenario
operating space may be defined by stability boundaries, transport restrictions, and current-drive
limitations. Multiple physical mechanisms and their interactions and tradeoffs must be understood.
Presently there is relatively high confidence in models of ideal MHD global stability limits, H-
mode pedestal height set by peeling-ballooning limits, and current drive (external and bootstrap)
under ideal conditions. There is relatively less confidence in models to predict resistive instability
boundaries (e.g., neoclassical tearing modes) in transport models to accurately predict density,
temperature, and rotation profile details (e.g., gradients of these) and in models for scrape-off layer
properties and particle transport that impact the pedestal height. Integrated modeling simulations
coupling all of these physics elements will be used to guide DI11-D scenario experiments, but more
significantly, experiments will help benchmark the parts of these models that work and provide
new data for use in improvement of the parts that do not.

An integrated operating scenario poses a significant challenge. Many different, and often
competing elements of the physics and control optimization must be brought together. The physics
and limits of each must be understood, along with their interactions; connecting the in-depth
physics understanding needed to a practical real-world optimization of how to make fusion better.
The scenario itself can be thought of as a set of actuator time histories that results in stable MHD
equilibria for the lifetime of the plasma, with sufficient pressure and confinement time during a
“flat top” phase to obtain desired performance goals — all without transient MHD instabilities that
can damage machine components or excessive heating of divertors. Typical actuators to control
the plasma from initiation to extinction include poloidal and toroidal field coil currents, external
heating, current drive and torque sources, fueling sources (such as gas valves and pellets), and non-
axisymmetric fields for error field control or feedback on MHD modes. The resulting MHD
equilibrium in the flat-top phase is largely the defining feature of a scenario — in particular the
current density or safety factor profile and normalized pressure beta. Performance goals may
include obtaining target 3, confinement time, projected fusion gain Q, pulse length, non-inductive
current fraction (fni=Ini/1p), and bootstrap current fraction fss. Transient events to be avoided that
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can destroy machine components include disruption-inducing tearing modes and resistive kink
modes, and type-1 edge localized modes (ELMs).

There are two steps to developing the physics basis for future reactor scenarios:

1. Feasibility: The first step focuses on establishing the feasibility of a particular scenario
concept by demonstrating a few key “go or no-go” requirements, even if all of the
required parameters to project to a future device cannot be met. An example of this on the
steady-state path is to demonstrate current profiles that can be sustained non-inductively
and are capable of DEMO-relevant operation at fn > 5.

2. Projection: Once an existence proof has been established, the next step is to obtain
predictive capability to find more optimal solutions, and to project/extrapolate to a future
device (for example, in rotation, electron heating, or collisionality). Predictive ability
requires validating stability, transport, and current-drive models over a range of relevant
parameter spaces that encompass the existence proof demonstrations, as well as resolving
underlying physical mechanisms and models. This requires flexible plasma actuators to
access a range of conditions, and to perturb plasmas and stretch toward more burning-
plasma relevant parameters characterized by low rotation, Te/Ti~1, no Type-I ELMs, and
a dissipative divertor. This work thus naturally partners with many more topically
focused physics efforts described in later sections, with the scenario aspect acting as a
driving and parameter-defining focus.

An example of scenario research now in the predictive understanding phase is work on the
ITER Baseline Scenario at zero torque. Here, multiple physics interactions, including the
dependence on current profile, transport, and rotation of RMP ELM suppression and 2/1 tearing
mode avoidance, are being studied at increasingly more ITER-relevant collisionality, rotation, and
Te/Ti.

During the past five years, the balance of scenario work was tipped toward exploring and
validating inductive scenarios for achieving ITER Q>10, with less time spent on steady-state
scenarios. However, with strong progress made on inductive scenarios, and the finalization of
hardware decisions, research is turning toward steady-state plasmas in ITER and beyond. Thus, in
the 2019-2024 period, this balance will be reversed to put a greater emphasis on steady state, taking
advantage of new hardware upgrades that are key to this type of discharge scenario. While ITER
will remain the top priority, research requests from ITER, particularly for inductive scenario work,
are expected to decrease in number and urgency.

The three basic steady-state scenario concepts are summarized in Fig. 2-2, and described in
more detail in later sections.
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Fig. 2-2. Summary of steady-state scenario concepts being studied on DIII-D.

The five-year plan is structured to address both feasibility and projection aspects of fusion
scenarios. The start of the plan comes directly after an upgrade in which off-axis and co-injected
neutral beam power will be substantially increased. This will enable tests of the performance limits
of the various regimes (as discussed further in sections below) to establish their basic viability and
potential. This work also benefits from improvements in electron cyclotron current-drive power.
Later in the plan, further upgrades play more strongly to the projection aspect. Notably, a second
neutral beam reconfiguration will provide the scope to fully balance injected torque. Continued
increases in electron cyclotron power and the potential of additional current drive actuators (top-
launch ECH, helicon current drive, and inboard launch lower hybrid) enable increasing capability
to project scenarios to low torque and dominant electron heating.

Most steady-state scenarios still require key elements to be demonstrated, although the
scientific basis has advanced significantly in some scenarios, such as the high-beta hybrid scenario.

General Atomics Report GA-A28765 2-9



The DII1-D National Fusion Program Five-Year Plan 2019-2024

The hybrid is now being tested at lower torque, with RMP ELM control, and coupled to a radiative
divertor. In the 2019-2024 plan this scenario will be put on a much firmer predictive basis by
extending studies down to zero torque and Te/Ti~1 with four balanced beamlines and increased
gyrotron power, and by obtaining more detailed understanding of the physics of flux pumping that
maintains gmin>1. Also, the hybrid scenario will be tested for core-edge compatibility by
continuing studies of ELM control requirements and divertor heat flux reduction using new 3D
coils and advanced divertors, respectively. These studies will help determine if the hybrid scenario
can be used as the basis for various steady-state nuclear science facilities, such as an FSNF or
CFETR, or perhaps a more driven and larger power plant, such as EU-DEMO.

Other steady-state scenarios will complete initial feasibility tests enabled by hardware
upgrades, and then move on to tests in more reactor-relevant conditions that will enable
extrapolation (e.g., zero torque, ELM control). Feasibility tests for high-gmin and high-li are to
prove access to predicted DEMO-relevant Bn near 5 in steady state using heating and current drive
upgrades, with high-gmin relying on strong wall stabilization and RWM feedback, and high-li
operating below the no-wall Bn limit. High- B is a version of the high-gmin Scenario that achieves
higher bootstrap current fraction (>70%) by operating with a high-radius internal transport barrier
(ITB) and at relatively low toroidal f (i.e., low plasma current, high qes). The primary feasibility
test for high-Bp scenario is to sustain an ITB and high bootstrap fraction at higher Bt and plasma
current.

Significant work will continue on inductive scenario development for ITER’s Q=10 mission.
Here efforts will continue to narrow down the best options for ITER, looking at fully integrated
scenarios at relevant parameters. Options include the ITER Baseline Scenario (IBS) core scenario
with either RMP ELM suppression, QH mode, or pellet-based ELM control. IBS plasmas with
gos~3 and Bn~1.8 at zero torque have been highly prone to disruptions caused by 2/1 tearing modes.
Only recently has progress been made obtaining and understanding 2/1-stable zero-torque IBS
plasmas, though at elevated collisionality, but so far attempts to add RMP ELM suppression or
QH-mode have been unsuccessful. This will continue to be a focus in the 2019-2024 five-year
period. An alternative path is the Advanced Inductive (Al) core scenario with either QH-mode or
pellet control. Al operates at higher ges near 4 for improved core stability, but at the expense of
(so far) insufficient energy confinement for ITER Q=10 at zero torque if tegy2 confinement scaling
is assumed. Integration of Al and QH-mode is expected to raise confinement, so this new approach
will be pursued further. The identified best zero torque Q=10 scenario options without type-I
ELMs will be used as platforms for further integration studies. These include adapting divertor
heat flux mitigation solutions to the scenario and evaluating the effectiveness of real-time control
solutions for handling off-normal or fault events (i.e., recovery, safe shutdown, or fire the
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disruption mitigation system). Use of improved profile control tools through ECH and stronger
and more flexible 3D field capabilities will provide potential to improve stability and performance
of these scenarios.

Fig. 2-3 and Fig. 2-4 graphically indicate the integrated performance goals for inductive and
steady-state scenarios, respectively. The shaded regions are examples of progress as of the end of
FY17. Typically, a few, but not all, performance goals are met simultaneously. The 2019-2024
five-year research plan aims to extend integrated scenario development to simultaneously meet
more target objectives than are possible now — i.e., to fill more of the gray area in the following
figures.

Scales to Q=10 with 500 MW Fully non-inductive fi;=1
fusion power on ITER

High-qmin scenario

Self-driven
bootstrap
curent,
high fip

Fusion
performance,
high pr

Dominant
electron
heating

(Te/Ti> 1)

Zero
torque

Hybrid
Dominant scenario
electron
heating
1BS with (Te/Ti= 1)
ECH,

co-torque,

Zero
torque

RMP or QH
Inter-ELM divertor Intra-ELM divertor
heat flux mitigated by heat flux mitigated Inter-ELM divertor Intra-ELM divertor
a factor of ~2 by a factor of ~10 heat flux mitigated by heat flux mitigated
greater than a factor by at least a factor
of -2 of ~10
Fig. 2-3. Primary goals to be achieved Fig. 2-4. Primary goals to be achieved
simultaneously (gray shading) in an inductively simultaneously (gray shading) in a steady-state
driven scenario by 2024 to inform ITER scenario to inform a next-step burning plasma or
operation. Color-shaded areas are examples of DEMO. Color-shaded areas are examples of
progress as of the end of FY17. progress as the end of FY17.

Sections 2.1.1 and 2.1.2 contain detailed descriptions of the physics challenges, research plan
approaches, and needed capability improvements for inductive and steady-state scenarios.

2.1.1 Inductive Scenarios and Basis for Q=10 in ITER

Physics Leads: A. Garofalo (GA), F. Turco (CU), J. Ferron (GA), C. Holcomb (LLNL), R. Nazikian (PPPL),
W. Solomon (GA), T. Strait (GA), B. Victor (LLNL), D. Weisberg (GA), T Wilks (MIT)

A primary mission of the DI11-D facility is to develop the understanding and techniques needed
to enable high-performance burning plasmas in ITER. ITER’s research mission centers on the
understanding of the burning plasma state to establish the physics basis for a follow-on fusion
power plant. To this end, ITER has a performance goal to achieve for the first time in any magnetic
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fusion device a fusion gain Q=10, corresponding to a state with 2/3rds of the heating power
supplied by fusion alphas. An inductively driven operating scenario that achieves Q=10 must be
stable to harmful core MHD modes capable of reducing confinement or causing a disruption, it
must not have large Type-1 edge localized modes (ELMs) capable of eroding the divertor, and it
must not exceed steady-state heat flux limits for the divertor materials. ITER must avoid the risk
and delay of a lengthy research mission to develop possible techniques and solutions to meet these
requirements. The world fusion community needs to resolve many of these issues on present-day
research facilities before an ITER Q=10 campaign begins.

ITER Q=10 equivalent performance has been demonstrated in a number of existing research
devices with strong torque injection and large Type-1 ELMs. However, in the past five years
DIII-D has shown that plasmas become challenged at ITER-relevant rotation and collisionality,
being more readily subject to instabilities and marginal in required energy confinement, while
robust ELM control has not yet been integrated at these conditions. Hypotheses have been
developed to explain tearing mode and ELM stability dependences on the current profile and
rotation. Tearing-stable low-torque IBS plasmas have been achieved, but still with Type-1 ELMs
and at relatively high collisionality. ELM suppression has been successfully achieved in IBS-like
plasmas using either RMP or QH-mode, although not yet at zero torque.

2.1.1.1 Challenges and Impact

The goal of the DIII-D Inductive Scenarios program is to identify the best-integrated solutions
for ITER to follow to achieve Q=10 as rapidly as possible without risking device damage. To
accomplish this, the program is focused on three key challenges (Table 2-1). The first challenge is
to demonstrate integrated low-torque, ELM-stable operation in scenarios that project to Q=10 in
ITER. This will be done by using key facility upgrades, notably additional gyrotrons and 3D
capabilities, to fine tune profiles in ways predicted to lock-in core stability and ELM
mitigation/suppression at low torque and collisionality. The next challenge is to develop power
exhaust control for acceptable divertor heat flux in integrated ITER Q=10 scenarios. This will be
achieved by taking advantage of a more flexible gas puff system and divertor/scrape-off-layer
(SOL) diagnostics to optimize “puff and pump” feedback-controlled radiative divertor techniques.
The last challenge is to establish a predictive physics understanding of inductive scenarios for
projections to ITER. This will be met by systematic comparison of observed and simulated plasma
conditions to identify and improve transport and stability model shortcomings in an ITER-relevant
parameter regime. This work also connects to related underlying physics studies discussed in
sections 2.2, 2.3, 4.1, and 4.2.

The demonstration of low-torque, ELM-stable operation in scenarios that fulfill ITER’s Q=10

mission will give confidence in ITER’s plan. Further, the research described here will provide a
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validated set of tools for predicting discharge behavior in ITER and other nuclear fusion facilities,
where each discharge must be modeled ahead of time. It will provide a unique basis to understand
how to optimize performance in ITER, and a conceptual and validated simulation framework to
project ITER’s learning to future fusion reactors. DIII-D will thus make a unique and vital

contribution to ITER’s success in this plan.

torque, ELM-stable
operation in scenarios
that project to Q=10
in ITER

eliminating Type-l1 ELMs in low-torque
ITER Q=10 scenarios

o Within the constraints of low torque and
ELM control, identify transport and
stability tradeoffs in ggs and By

Develop power
exhaust control for
acceptable divertor
heat flux in low-
torque, ELM-stable
ITER Q=10 scenarios

o Evaluate compatibility of radiative
divertor techniques with different ELM
control approaches

e Optimize puff-and-pump detachment
control to achieve greater divertor heat
flux reduction with smaller impact on
pedestal and core performance

Establish predictive
understanding of
inductive scenarios at
high normalized
fusion performance,
necessary for
projections to ITER

o Ability to predict heat, particle, rotation,
and current transport and profiles from
core to SOL in ITER Q=10 regimes

¢ Ability to predict MHD instability onset,
evolution and impacts in ITER Q=10
regimes

Table 2-1
Inductive Scenarios Challenges, Goals, and Upgrades
Challenge Goals/Deliverables Upgrades
Demonstrate low- o Evaluate methods and requirements for Hardware

¢ Additional gyrotrons for ECH/ECCD

¢ Additional gas valve locations

o New 3D coil arrays

¢ New individual fully programmable
power supplies for 3D coils

Diagnostic

o Better measurements of current density
near g=2 and the pedestal

o Neutral deuterium and SOL deuterium
ion measurements

¢ Advanced imaging of temperature and
density fluctuations (ECE-I, MIR)

¢ Improved/additional diagnostics for
determination of the separatrix location

Analysis Capabilities
¢ Improved models and codes for time
dependent evolution of:

— Current profile evolution
— Pedestal stability

— Linear MHD

— Non-linear extended MHD
— Core transport

— Scrape-off layer transport

21141

Research Plan

The inductive scenarios research plan is organized by the challenges and goals in Table 2-1.
Fig. 2-5 shows the timeline for each challenge, research tasks and milestones, and required
capability improvements.
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Challenge

FY19-20 | Fy21 | FY22 | FY23 | FY24

Demonstrate low-
torque, ELM-stable
operation in
scenarios that
project to Q=10 in
ITER

Understand the rotation requirements for ELM-stable edge in IBS
Use 3D fields to optimize plasma rotation for ELM-stable
operation at low injected torque
\Within the constraints of low torque and ELM control, understand confinement and stability trends
with ges and Bn
Compare ELM control at low torque achieved
using balanced NBI versus high-power ECH

Develop power
exhaust control for
acceptable divertor
heat flux in low-
torque, ELM-stable
ITER Q=10
scenarios

Optimize gas injection for divertor heat flux reduction

with smaller impact on core
Test compatibility of radiative divertor techniques with different ELM control
approaches

Establish predictive
understanding of
inductive scenarios
at high normalized
fusion performance,
necessary for
projections to ITER

Predict time-dependent equilibria, core plasma profiles, and SOL parameters for a given time
dependent set of shape, heating, fueling, and 3D coil current inputs
Provide time-dependent synthetic diagnostic signals and compare to experiment
Identify conditions where bifurcation in MHD stability is
observed and not predicted
Devise models that reduce occurrence
of missed bifurcation

Hardware upgrades:

Diagnostic
Upgrades:

Code development:

Additional gyrotrons
Optimized gas injection for radiative divertor

Individual fully programmable power supplies for each of the IC-coil loops
Upgraded 3D coil arrays

Advanced imaging of temperature and density fluctuations
Improved/additional MSE for current density measurements near g=2 and the
pedestal
Neutral deuterium and SOL deuterium ion
measurements

Build capability and models for describing time-dependent evolution
and bifurcation of behavior
Training of neural networks

Fig. 2-5. Inductive Scenarios Plan Timeline

Challenge 1: Demonstrate low-torque, ELM-stable operation in scenarios that project to

Q=10in ITER

Current Progress. At the time of the writing of this proposal, ITER’s Q~10 equivalent
performance has been achieved in ITER-similar plasmas on DI11-D, either at zero torque with large
type | ELMs, or without ELMSs but with finite counter-Ip torque. Operation with near-zero-net NBI
torque has so far been unobtainable with an ELM-stable edge in the ITER Baseline Scenario (IBS:
Qos~3 Bn~2, ITER-similar shape plasmas). Experimental efforts in the last few years focused on
understanding the low-torque limit for both RMP-ELM suppression and QH-mode in the ITER
baseline scenario (IBS) on DIII-D. Progress toward zero-net torque has been made with both
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approaches to an ELM-stable edge. Note that 0.5-1.5 Nm in the co-Ip direction is an estimate for
the range of ITER-equivalent torque on DIII-D, depending on density, so the lower end of this
range is usually taken to be the meaning of “low torque.” However, due to the uncertainty of this
value, 0 Nm is normally the conservative target in experiments.

The ELM suppression experiments in the IBS were conducted using n=3 RMP fields with the
upper row found to be most effective. RMP-ELM suppression in these experiments was accessed
with co-NBI injection, corresponding to a torque of ~ 4.5 Nm and pedestal top rotation of about
70 km/s. Addition of even modest amounts of counter-1p torque (to move towards ITER-relevant
~0 Nm) was found to cause type-1 ELM activity to return, when the net torque was ~ 3.5 Nm and
the rotation still high, ~ 50 km/s [Wade 2015, Moyer 2017]. More recent experiments used a
slightly modified shape and qos. (see Fig. 2-6). These experiments found the pedestal top rotation
could be reduced significantly further, to ~ 10 km/s, although this was achieved at comparable
NBI torques to the IBS case, indicating substantial differences in momentum confinement or
magnetic braking. Further analysis is required to understand why single-row operation is preferred
for the IBS scenario while more traditional even parity n=3 fields are less successful. A possible
reason for the reduced pedestal rotation is discussed shortly.

E NBI Torque (Nm)

= |[TER Similar,169473
= |TER Baseline,161438
= ITER Baseline, 160920

w

100

== |TER Similar
=== |TER Baseline

50

o} Pedestal Rotation (km/s)

Do (a.u.) [
e 1 WL

Fig. 2-6. Progress toward RMP-ELM suppression at zero-net NBI torque with Q=10 equivalent
performance on DIII-D, and comparison of the ISS and IBS plasma cross sections.

An alternative approach is to use the Quiescent H mode (QH-mode), where ELMs are replaced
by benign edge MHD fluctuations, usually in the form of a coherent edge harmonic oscillation
(EHO). QH-mode research has made remarkable advances in the understanding of the EHO
through comparisons of linear and nonlinear modeling results to DIII-D experiments [Liu 2015,
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Garofalo 2015, Chen 2016, King 2017, Liu 2017]. QH-mode experiments in the IBS have made
progress toward zero-net NBI torque by operating with RWM feedback (dynamic error-field
correction) across the L-H transition to avoid locked modes [Garofalo 2015], and made further
progress more recently by operating with a slightly increased outer gap, i.e. the plasma-wall
separation at the outer mid-plane (see Fig. 2-7). The lowest net NBI torque without type-1 ELM
activity is ~2.2 Nm (counter-lp direction), achieved with excellent energy confinement quality
Hosy2~1.4 at Bn~2 and qos~3.3.
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Fig. 2-7. Progress toward QH-mode at zero-net NBI torque with Q=10 equivalent performance on
DIlI-D, and comparison of the plasma cross sections.

Thus, a common feature of the recent experiments is that lower net NBI torque was achieved
with both RMP ELM suppression and QH-mode approaches by using a plasma cross section shape
with increased outer gap. In parallel, recent data analysis and modeling have indicated that
operation with counter- 1o NBI on DIII-D creates a thick mantle of fast ions surrounding the low-
field side of the plasma [Bortolon 2017]. These are confined fast ions trapped in banana orbits that
can travel almost a full gyro-diameter (~8 cm) outside the plasma, as shown in Fig. 2-8. The
standard ITER-similar shape on DIII-D has an outer gap of about 8 cm. This mantle of fast ions
interacting with the outboard wall surfaces could generate impurity fluxes with important
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consequences for both regimes of RMP ELM suppression and QH-mode, which require a low
collisionality edge.

Achieving acceptably small ELMs via pellet pacing is another option under development. At
zero-net torque, the mantle of fast ions at the edge from counter- I» NBI presents a challenge for
studying ELM pacing, since data shows a large fraction of each pellet is ablated before it reaches
the last closed flux surface. This explains why experiments using counter-lp NBI have found that

pellet injection is nearly equivalent to gas injection [Bortolon 2016].
1.5

In summary, the presence of an edge mantle of fast ions
sourced from the counter-lp NBI means that DIII-D
demonstrations of low-torque ITER scenarios may be
complicated by effects not expected to be present in ITER itself.
The plan below discusses how such effects will be verified.

0.5F

Recently, progress has also been made achieving a zero- ol
torque IBS that runs stably without disruption-inducing 2/1
tearing modes. Examples are shown in Fig. 2-8, and the key _os}
insights involve improved understanding of the role of the current
profile gradient near the q=2 surface that is impacted by changing -1}
transport at low rotation. This is explained in Section 2.2.2. As
shown in the figure, this scenario presently runs stably over a  -1s- v : r
range of Ip and internal inductance at ITER target parameters, Fig. 2-8. Full-orbit Monte Carlo

although the collisionality is still too high and Type-1 ELMs code SPIRAL predicts outer-gap

remain to be eliminated. populated by trapped, confined,
beam ions orbiting outside the

Goal 1: Evaluate methods and requirements for lastclosed flux surface. Gyro-
eliminating Type-l ELMs in zero-torque ITER Q=10 Srl]?meter~80m, IBS outer gap ~8
scenarios.

Work in the next five years aims to understand the requirements for successful ELM-paced
(via pellets) and ELM-stable operation (either RMP ELM suppressed or QH-mode) at low torque
in the ITER Baseline Scenario, with the help of upgraded hardware, diagnostics, and modeling.
New, more ITER-like mid-plane 3D coil arrays and new power supplies will enable much greater
flexibility in the 3D field poloidal and toroidal spectra that can be applied to the plasma. Increased
3D field capabilities will be exploited to better control the rotation shear profile to test the
hypothesis that this is important for access to both RMP- and QH-mode ELM suppression,
especially at low injected torque. The new 3D capabilities will enable research to decouple ELM
control, rotation generation, and mode-locking effects. The ability to accurately predict the
neoclassical torque from 3D fields is still not at hand. This research will provide the needed
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experimental data to validate and improve neoclassical models in the ITER-relevant regime of
beta, collisionality, and rotation. In addition to the application of 3D fields, plasma shaping is an
actuator that will be varied within relevant limits to alter pedestal gradients and diamagnetic flows.
Different paths to zero net torque will be investigated, including ramping down from high torque,

and starting from zero torque.

Additional gyrotrons will enable low-torque ITER Q=10
scenario plasmas without using counter-Ip NBI, and this will
allow more realistic tests of all three ELM control techniques
without the negative impacts of counter-lIp propagating fast ions.
Experiments will evaluate if a low-torque plasma achieved using
balanced NBI is equivalent to a low-torque plasma achieved using
only RF heating. The latter will eliminate large prompt fast-ion
losses from the counter-1p NBI and confined fast ions trapped in
banana orbit that extend significantly outside the plasma (also
from the counter-Ip NBI). ITER will not have counter-Ip neutral
beams, and removing these in DIII-D experiments may have
significant impacts on ELM stability, notably through reduced

wall interactions and edge collisionality. Experiments will also ™°*

confirm if the confined fast ions with orbits extending outside the
plasma also directly affect pellet ELM pacing techniques by
ablating the pellets before they reach the plasma.

Goal 2: Within the constraints of low torque and ELM
control, identify transport and stability tradeoffs in qes and Bn.

1.5} 1

Time (s)

Fig. 2-9. Zero-torque IBS discharges
run without 2/1 tearing modes but
still need lower collisionality and
ELM control.

Work will also focus on whether or not there is a better operating point for ITER’s Q=10

mission, away from the standard IBS with qes~3 and Bn~2. Operation at higher qos (i.€., go5>3.2)

and higher Bn in an Advanced Inductive (Al) scenario regime will be explored. Previous work
called into question the adequacy of Al scenario confinement for ITER Q=10 at zero torque
[Solomon 2013]. Research will seek to increase energy confinement of the zero torque Al by
adding a QH-mode edge to it, enabled by more flexible 3D fields. In more general terms,

experiments that scan ges and Bn will investigate if the prospects for ELM elimination at low torque
are improved, if core tearing mode stability is improved, and if projected fusion performance is
sufficient for ITER Q=10. This combines pedestal and core optimization, and research will provide
opportunities to compare experimental trends with transport and stability models in a broader range

of ITER-relevant parameters.
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Challenge 2: Develop power exhaust control for acceptable divertor heat flux in low torque,
ELM-stable ITER Q=10 scenarios

Current Progress. In ITER, where simultaneous high density and low collisionality H-mode
pedestals are possible (because of higher toroidal field, energy confinement time, and heating
power), strong gas puffing in the divertor area may have little impact on the collisionality of the
H-mode pedestal, unlike in DIII-D. Furthermore, core fueling from gas puffing may be less
efficient on ITER because neutrals may not be able to penetrate significantly past the separatrix
before being ionized. Thus, operation with RMP ELM suppression or QH-mode (requiring a low
collisionality pedestal) integrated with a radiative divertor may be easier to achieve in ITER than
in DII-D. So far, power exhaust control on DIII-D has been explored in high-torque, high-power
steady-state scenarios without any ELM mitigation, but there has been almost no work to look into
the integration of these requirements in a low-torque, ELM-free scenario for ITER’s Q=10
mission.

Goal 1: Evaluate compatibility of radiative divertor techniques with different ELM
control approaches. Research on DIII-D will investigate the possibility of strongly decoupling a
radiative divertor from the plasma pedestal and core, focusing on understanding the
interconnections and developing the ability to extrapolate. This will provide greater confidence
that ELM control and radiative divertor can be integrated in ITER, and could provide essential
information for the integration under more challenging requirements, such as in DEMO.

ELM control and radiative divertor have so far been developed separately, but in the next five
years, these should be mature enough to begin integration efforts. Initial experiments will identify
the limitations for integrating radiative divertor with RMP ELM suppression, QH-mode, and pellet
pacing in ITER Q=10 scenarios using the existing divertor and ITER-similar shape. These tests
will use puff-and-pump techniques with a variety of impurity gases to increase radiation near the
divertor targets while avoiding excessive collisionality increase and loss of ELM control inside
the separatrix. Divertor heat flux reductions will be measured and compared to values needed in
ITER. Comparison of the three ELM control techniques in similar divertor plasma conditions will
help prioritize which techniques may be best for ITER, and DIII-D results will be used to
extrapolate to ITER. This work will also evaluate the impacts of a more collisional and radiative
edge on core performance, most notably the stability of the q=2 surface that sits not far inside the
pedestal, and energy confinement.

Goal 2: Optimize puff-and-pump technique to achieve greater divertor heat flux
reduction with smaller impact on pedestal and core performance. A key hardware upgrade to
address this issue will be a new, flexible gas injection system designed to allow optimization of
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the puff-and-pump technique [Petrie 2009] by enabling gas injection from multiple locations,
including inside the pumping slot, and close to the strike points on the divertor (see Fig.2-10).
The gas-puff arrays will be toroidally distributed, and /%
injection sites at different poloidal locations (to E;
accommodate for different strike points in different
triangularity plasmas) will be independently controlled.
The d?SIgn seeks to increase flexibility of gas ﬂOV\./S both in Fig. 2-10. Schematic illustration of a
the private flux and the common flux near the divertor to  radial array of gas injectors near the

better control the radiation profile near the strike points lower divertor. A similar array on
the upper divertor is also planned.

while limiting core fueling. Similar arrays in both upper
and lower divertors will be used to evaluate the effects of drifts and divertor closure on puff-and-
pump operation with ELM control in ITER Q=10 scenarios. The best integrated solutions will
again be used to inform possible options for ITER.

Challenge 3: Establish predictive understanding of inductive scenarios at high normalized
fusion performance, necessary for projections to ITER.

Current Progress. Every discharge on a future reactor, including ITER, must be validated via
simulations ahead of time, and continual predictions during a discharge will provide feedback for
how to stay away from stability boundaries that might make the plasma disrupt while maximizing
desired fusion performance. In the inductive scenarios on DIII-D, there are a number of processes
that interact, including sawteeth, neoclassical tearing modes (NTM), current profile evolution, and
kinetic profile evolution (i.e., density, temperature, and rotation). Progress to date on developing
predictive capability of core turbulence and transport in ITER Q=10 relevant conditions is
described in Section 2.3.1. Chapter 4 contains descriptions of current progress predicting pedestal
and SOL parameters. A recent example of integrated modeling is the use of integrated core-
pedestal modeling using OMFIT to predict DIII-D plasmas [Meneghini 2015]. The same tools and
methods applied to ITER predict Q=10 operation with an optimized pedestal. Lastly, Section 2.2.2
contains a description of the present ability to predict MHD instabilities that occur in ITER Q=10
scenarios. The ITER Inductive Scenarios research program will integrate key physics from many
areas of the DIII-D program.

Goal 1: Predict heat, particle, rotation, and current transport and profiles from core to
SOL in ITER Q=10 regimes. Research will increasingly use state-of-the-art physics-based codes
listed in Table 2-4 to predict the evolution of ITER Q=10 scenarios, given preprogramed actuator
waveforms (e.g., plasma shape, Ip, heating, fueling, 3D coil currents, etc.). This will include
predicting time-dependent synthetic diagnostic signals for comparison to real measurements. Any
discrepancies between the models and the experiments will be highlighted as issues for improving
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model fidelity. Neural networks will be developed and trained for faster, more accurate simulations
and for detecting complex nonlinear relationships. New or improved diagnostics, such as
turbulence imaging and a laser blow-off system, will be exploited to get a better understanding of
transport processes in ITER scenarios.

Goal 2: Ability to predict MHD instability onset, evolution, and impacts in ITER Q=10
regimes. Research in this area will include work to better understand the roles of sawtooth, tearing
modes, and potentially anomalous resistivity in determining discharge evolution and performance.
Experiments and modeling will be performed to determine if the plasma current evolution is
consistent with current diffusion based on neoclassical resistivity. Knowing this is a prerequisite
for accurate prediction of density, temperature, and impurity profiles, and for predicting sawtooth
behavior. This work will rely on improved measurements of the density, temperature, and current
profiles. Experiments and modeling will be designed to evaluate to what degree resistivity and,
therefore, current profile evolution, is altered by the presence of less harmful 3/2 tearing modes in
IBS and Al plasmas. There will be an effort to evaluate models of sawtooth frequency and
amplitude, including the impact of neutral beam fast ions, by varying the NBIl and ECH mix in
ITER scenario plasmas. Models of sawtooth control (destabilization or pacing) by localized ECCD
will be tested. A better understanding of sawtooth dynamics will enable evaluation of models of
sawtooth control to minimize their impact on ITER’s fusion gain, and models of their role in
neoclassical tearing mode triggering. In all cases, the impacts of sawtooth and higher-order (i.e.,
> 2/1) tearing modes on transport of heat, particles, current, and rotation will be assessed.

2.1.1.2 Capability Improvements

The primary improvements enabling research on integrated ITER Q=10 scenarios are
described in the following tables. Key hardware upgrades for this include additional ECH power,
balanced beams, flexible 3D field systems, and diagnostics and codes to evaluate results.

Table 2-2.
Hardware Improvements for Achieving Q=10 in ITER
Hardware Capability New Physics
Additional gyrotrons Explore different paths to low torque plasmas: balanced NBI
versus high power ECH

Optimized gas injection for radiative Achieve divertor heat flux reduction with smaller impact on core
divertor plasma density

New power supplies and upgraded 3D Use neoclassical torque from 3D fields to control plasma rotation
coil arrays near the pedestal for ELM-stable operation at low injected torque
Balanced NBI Explore improved zero-torque scenarios at higher Bn and qos
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Table 2-3.

Diagnostic Improvements for Achieving Q=10 in ITER

Scientific Objective

Physics Measurement

Diagnostic Technique

Improved equilibrium
reconstructions and stability
characterization

Transport model validation

Improved understanding of the
plasma-neutral interaction and its
role in PMI and particle, energy,
and momentum transport

Understand transport of high-Z
impurities in ELM controlled
regimes

Current density measurements near
g=2 and the pedestal, accurate Te,
ne profiles

Advanced imaging of temperature
and density fluctuations

Poloidally and radially resolved

neutral deuterium and SOL
deuterium ion measurements

Spectroscopic/X-ray imaging

Improved/additional MSE,
improved Thomson scattering

ECE-I/MIR SNR improvement
Imaging MSE, 2" BES

Laser scattering, upper divertor

camera, Ly-alpha arrays, pressure
gauges, wall Langmuir probes

Laser blow off/VUV spectroscopy

Table 2-4.
Simulation Codes Used
Code Purpose
OMFIT Integrated modeling. Predict time-dependent evolution and

Reduced models/Neural networks

ONETWO, TRANSP

GPEC, MARS, DCON, M3D-C1

ELITE, EPED, BOUT++

NIMROD, M3D-C1, JOREK

GS2, TGLF, NEO, CGYRO, XGC

OEDGE, SOLPS

bifurcation of behavior

Provide faster simulation throughput, and ability to implicitly
detect complex nonlinear relationships

Current profile evolution understanding and prediction

Linear MHD stability codes, including realistic modeling of 3D

perturbations

Understand and predict pedestal stability

Nonlinear extended MHD codes

Core turbulent and neoclassical transport

lonization sources from kinetic neutrals in edge/SOL
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2.1.2  Fully Non-inductive Scenarios for Steady-State Fusion

Physics Leads: J. Ferron (GA), J. Park (ORNL), A. Garofalo (GA), J. Hanson (Columbia), C. Holcomb
(LLNL), C. Petty (GA), K. Thome (ORAU), F. Turco (CU), B. Victor (LLNL)

A key mission of the DIII-D program is the development of the physics basis for fully non-
inductive steady-state operation at high plasma pressure. This work is strongly motivated by the
anticipated improvements in reactor economy and reliability to be gained through operation in
steady state and the increase in fusion gain with plasma pressure. DIII-D has a unique capability
to advance the steady-state mission as a result of its flexibility. On- and off-axis injected neutral
beams (NB) and electron cyclotron (EC) systems enable exploration of plasma current and
pressure profiles ranging from peaked to very broad. Cryopumping provides strong density control
to achieve advanced current profiles with NBCD, ECCD, and bootstrap current, and to access
reactor-relevant low collisionality and low-rotation transport regimes. 18 PF coils enable a wide
variety of shapes in single-null and double-null configurations to optimize stability, transport, and
divertor pumping. Flexible perturbative 3D coils and steerable EC mirrors provide ELM, resistive
kink, and tearing mode control. Finally, a world-class diagnostic set enables a detailed
understanding of the outcomes of experiments enabled by this flexibility.

Using these tools, DIII-D has made substantial progress on the steady-state path. Sustained
operation above the free boundary ideal MHD limit [Garofalo 2007] is now routine, with resistive
wall mode Kkinetic damping physics largely understood. [Reimerdes 2011]. Transient
demonstrations of the advantages of broad current and pressure profiles for achieving power plant-
relevant Bn>4 with improved confinement Hgg>1 have been made [Ferron 2004, Garofalo 2006,
Hanson 2017], as well as similar transient demonstrations of the advantages of very peaked current
profiles [Ferron 2015]. Plasma shaping has been optimized for stability, confinement, and density
control in steady-state discharges, and the impacts of g-profile on transport assessed [Holcomb
2009, Holcomb 2012]. In the 2014-2018 period, research has identified key energetic particle
modes that can harm advanced scenarios, as well as new methods to mitigate these modes
[Holcomb 2015, VanZeeland 2017, Kramer 2017, Pace 2017]. Further advances in thermal
transport optimization in advanced scenarios have been made [Garofalo 2017, Yoshida 2015]
based on g-profile optimization. A steady-state hybrid scenario for ITER and next-step devices has
been developed, in some cases with RMP ELM suppression or with a radiative divertor [Turco
2015, Petty 2017]. However, considerable work and facility development is needed to access and
develop potential configurations for future fusion reactors, with greater profile range and higher
Bn needed. Work to confront this challenge is set out below.
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2.1.21

Challenges and Impact

Experiments will be conducted at DII1-D to address three underlying challenges (see Table 2-
5). First, the viability of fully non-inductive, high Pn operation for a power plant must be
established. This entails testing a range of advanced current profile scenarios and identifying which
are capable of supporting the high By required by reactor designs without needing inductive current
drive except for the formation phase. Second, a predictive understanding must be developed of the

stability, transport, and heating and current drive necessary to achieve the goals of future burning
plasmas. This will be achieved by physics studies in scenarios, comparison to advanced simulation
and integrated scenario modeling, and pushing to new parameter regimes. Third, compatibility
with reactor-relevant boundary conditions must be achieved. This will be explored using a range
of hardware upgrades in collaboration with other parts of the DIII-D program.

Table 2-5.
Steady-State Scenarios Challenges, Goals, and Upgrades
Challenge Goals/Deliverables Upgrades
Develop current profiles e Identify requirements and optimal | Hardware

consistent with fully non-
inductive operation at high pBn
to establish the viability of
future steady-state reactors
from ITER to DEMO

scenario paths for plasmas with
gmin>2 and high bootstrap fraction
Identify requirements and optimal
scenario paths for plasmas with
Omin~1 and efficient central
current drive

Develop a predictive
understanding of steady-state
operation to support ITER and
enable the design of future
burning plasma tokamaks

Validate integrated models that
predict self-consistent
equilibrium, transport, and
stability in non-inductive plasmas
Take fully non-inductive, high Bn
scenarios to reactor-relevant low
toroidal rotation and Te/Ti~1;
evaluate and adjust for impacts on
stability, transport, and current
drive

Integrate high-performance
steady-state scenario core
plasma with power-plant-
relevant edge plasma

Test compatibility of steady-state
scenarios with radiative and
advanced geometry divertors; and
with ELM mitigation techniques
Establish and assess higher
density paths to steady-state
operation to simplify divertor
challenges

ECCD power increased to 7-9 MW
Newly installed 2nd off-axis NBI
Raise NBI power to 19 MW co-
injection

6 s NBI full power pulse length
Full-power NBI adjustable between
balanced and unidirectional torque
Improved RWM feedback

New 3D coil set

Conformal low-field-side
conducting wall

Advanced radiative divertor
compatible with high-performance
core plasmas

Helicon and HFS Lower Hybrid

Diagnostic

Improved T, and ne profiles
Routine main ion rotation profile
Midplane MSE profile with
improvements in the outer half of
the plasma

Routine fast-ion profile diagnostic
Laser impurity blow off

Analysis Capabilities

Improved transport models
Simultaneous core, edge, scrape-
off layer modeling

Full-length discharge simulations
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DIl1-D advancements in steady-state scenario physics understanding will happen on a schedule
that is well timed to aid the newest generation of long-pulse devices, EAST, KSTAR, and JT-
60SA. DIII-D will use its flexibility to pioneer scenarios and resolve physics, and then these can
be tested in the longer pulse devices, as well as with larger radius in the case of JT-60SA. However,
DIII-D will retain the greatest flexibility for further exploration and physics investigation. The
predictive understanding gained by DIII-D research will provide a basis to ensure the success of
the ITER Q=5 steady-state mission and to design future burning plasma devices, such as fusion
nuclear science facilities and DEMO reactors. DIII-D is uniquely suited to identify viable paths
for medium-field, conventional aspect ratio, steady-state DEMO tokamaks to achieve the very high
Bn near 5 required for high fusion power and bootstrap current fraction.

2.1.2.2 Research Plan
The steady-state program research plan is organized by the challenges and goals in Table 2-5,
with the timeline for research activities tied to capability improvements in Fig. 2-11.

Challenge FY19-20 | FY21 | FY22 | FY23 | FY24
Develop current Evaluate improved broad J profiles Explore fyy = 1 with py=4-5  Extend fy =1
profiles to with By = 3-4 for ITER and FNSF. in Omin >2 scenario duration to 2 tr

tablish stead Extend fy; = 1 parameter range for FNSF and DEMO Explore more robust high
establish steady- | i steady-state hybrid to higher pr Pn stability with higher
state viability ideal-wall limit
Develop a Evaluate the robustness of each scenario and the control needs
predictive
understanding of Test scenarios with increased Te/Ti, apply to validation of models
steady-state Study high fi, scenarios w/ reduced toroidal rotation

Evaluate the dependence of fully non-inductive operation on Zeff and fast-ion fraction

operation to Benchmark fully non-inductive scenarios with various g profiles

support ITER _and against improved transport models using time-dependent integrated
enable the design modeling predictions
of future devices Validate predictions of AE dependence on ¢, Brast

such as FNSF-AT Benchmark predicted RWM stability

and a DEMO at low toroidal rotation

power plant

Integrate high-

performance

Steadyjs'[ate Continue evaluation of radiative divertor with fy, = 1 discharges using the steady-state hybrid scenario

scenario core Evaluate high pedestal n. Super-H mode compatibility with fy, =1

plasma with Integrate modified divertor geometries with fy, = 1 scenarios

power-plant- Evaluate compatibility of steady-state scenarios with ELM suppression/mitigation techniques

relevant edge

plasma

Capability Second off-axis b

econd off-axis beam

Improvements 9 MW off-axis beam 7-9 MW EC Second co-cntr beam
19 MW co-beam power 19 MW balanced beam
5MW EC 6 s beam pulse at 22 MW total
Top-launch EC additional power supplies and 3D coils Stabilizing conformal
wall
Helicon antenna HFS-launch LHCD system

Fig. 2-11. Steady-state Scenario Timeline
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The research timeline is set by the anticipated upgrades schedule. Right from the start of the
plan, research will use a newly implemented off-axis co/counter toroidally steerable neutral beam,
which more than doubles off-axis neutral beam current drive and increases co-1p power by a third.
Augmented by increases in EC power, sustained, fully non-inductive scenarios with Bn
approaching 5 are projected, similar to designs in advanced steady-state DEMO studies.
[Najmabadi 2006, Kessel 2015]. Later, a second toroidally steerable beam will enable full-power
operation with balanced torque to project regimes to burning plasma relevant conditions.
Additional innovative new current-drive tools (see 2.3.4: helicon ultrahigh harmonic fast wave,
high-field-side launch lower hybrid current drive) will extend performance at low torque and
enable higher density research lines. Near the end of the plan, a new conformal wall will be
considered that would widen the range of Bn and Br that can be accessed at fni=1.

Challenge 1: Develop current profiles consistent with fully non-inductive operation at high
B~ to establish the viability of future steady-state reactors from ITER to DEMO

Current Progress. Fully non-inductive tokamak operation at pn and ges comparable to that of
the ACT1 design for multiple tr has never been demonstrated. Previous DIII-D experiments
[Garofalo 2017] have achieved high fss and long-pulse length, but at reduced Br. Thus, it remains
to be proven that a solution at high Br exists with stationary, self-consistent current and pressure
profiles with zero loop voltage everywhere that is stable for duration greater than tr. This existence
proof is a fundamental challenge for the DIII-D program.

A key part of this challenge is to assess the potential of four discharge scenarios with varying
q profile to achieve power-plant-relevant Bt and fni = 1 operation. These scenarios, in fact,
represent points on a continuum of discharge parameters, but it is helpful to understand the
distinctions and differences in behavior of these four points. They are grouped here by Qmin:

1. Discharges with qmin > 2 (“elevated Qmin”)
a. “ngh qmin”
b. “High Bp”

2. Discharges with gmin =~ 1

a. “Steady-state hybrid”
b. “High €

The high gmin scenario focuses on qes< 6 with q(0)= gmin This approach has been studied at
DIII-D because, with broad pressure profiles, it scales to high pr, and thus high Q, in a power
plant. Intervals with fy; near 1 with duration approaching tr have been achieved in DIII-D at 1.5
< (min <2 with current density peak value at p~ 0.3 [Holcomb 2009] but, thus far, only limited
cases have achieved stationary profiles.
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The introduction of off-axis neutral beam injection led to improved capability to operate at gmin
>2, but thus far at reduced Bn and fani [Ferron 2013], largely as a result of increased fast-ion
transport caused by unstable Alfvén eigenmodes [Holcomb 2015]. Recent experiments and
modeling have shown a variety of options for improving fast-ion confinement in DIII-D high Qmin
discharges, including further broadening of the g-profile with more off-axis NBI, (Fig. 2-12,
[Kramer 2017]), AE stabilization using ECH [Van Zeeland 2016], and reduced AE-drive using
variable NBI voltage [Pace 2017].

10[
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Fig. 2-12. RSAEs are unstable when the radius of gmin is aligned with a large fast-ion gradient (top).
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Moving gmin farther off axis and raising go with additional external current drive is predicted to eliminate
TAEs and reduce RSAE drive (bottom).

The high Bp scenario (Fig. 2-13) [Garofalo 2017] provides high fgs steady-state operation with
good confinement. Self-consistent, fni = 1 operation with stationary profiles has been achieved for

duration well above tr with fes~ 0.8 and gmin >2. Operation with low values of neutral beam input
torque has been achieved. This work has formed a basis for long-pulse operation in the EAST

tokamak and is in the parameter regime envisioned for a high Bt power plant such as ACT2.
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Fig. 2-13. DIII-D fully non-inductive high g discharge.
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Turning to scenarios with gmin near 1, the “hybrid” regime 12 161403

of operation [Luce 2014] achieves a stationary, high- 08 lp (MA) prrdinaintuts *‘[C'J
performance H-mode scenario with higher confinement and 0.4 NBCD
greater stability to disruptive tearing modes than the g bootstrap
conventional H-mode regime. It has the attractive 02 (o)
characteristic of a self-organized current profile that derives 0.0-(\-'})- -- %A+ -
from a “flux pumping” mechanism transferring part of the 02

central current density to an off-axis position, and has been g B J
sustained fully non-inductively in DIII-D atthe MA leveland o (KA)

Bn as high as 3.8 [Turco 2015, Petty 2017]. The scenario has 1 T -
been produced in both the double-null divertor shape and the 2 5 )
ITER shape scaled to fit in the DIII-D vacuum vessel. Fully g :

non-inductive operation has been combined with ELM 1 _—
suppression using 3D resonant magnetic perturbations 0 1 2 3 4 % H{‘a
(RMP) in the scaled ITER shape (Fig. 2-14). Projections for Time (s)

Fig. 2-14. Time history of a steady-

operation of the steady-state hybrid scenario in ITER have S
state hybrid discharge.

shown that it can be used to satisfy the ITER goal of
demonstrating steady-state operation with Q> 5.

The high ¢; regime of operation refers to a scenario in which the internal inductance (i) is
increased over what is normally obtained in an H-mode discharge leading to high ideal Bn limits
and confinement increase. Discharges with Bn =5 and normalized confinement Hogy» >1.5 have
been produced in DIII-D with £; >1 [Ferron 2015].

Goal 1: Identify requirements and optimal scenario paths for plasmas with qmin>2 and
high bootstrap fraction

Fully non-inductive elevated gmin Scenarios will be developed that are capable of meeting
expected future burning plasma pn requirements: Bn=~3 for ITER or a high-field power plant, Bn=3-
5 for possible steady-state nuclear science facilities (e.g., FNSF, CFETR), and Bn~5 for medium-
field strength DEMO power plants. These tests will rely heavily on the use of new off-axis heating
and current-drive sources shown in Table 2-5 and Fig. 2-11 to access broad current and pressure
profiles. Exploiting power and pulse length extensions, self-consistent physics models developed
in the 2014-2018 five-year period project elevated gmin discharges will be pushed to reactor-
relevant Br, sustaining the performance for at least ~2 tr to ensure proximity to the ultimate
stationary state.

For the high gmin Scenario, FASTRAN integrated modeling [Park 2017] predicts NBl and ECH
upgrades available in the 2019-2024 five-year period will enable access to fni = 1 operation in the
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Qos, Pn range relevant to a medium-B+ power plant design, such 150
as ACT1: gqes = 5, Bn = 5. Fig. 2-15 shows current density 1201
components predicted by FASTRAN with performance
approaching these targets. The key upgrades enabling this are
increased total neutral beam injection power, an increase in the 60
fraction of the beam power that is injected off axis, and an 30

<J,> (Alem?)

Tot

90+

increase in the available ECCD power for off-axis current g ~— _EC/
drive. 0.0 02 04 p0.6 08 1.0
For the high gmin scenario, key actions include: Fig. 2-15. Predicted current

components of gmin>2, fui=1
e Broadening the central region of nearly uniform g using scenario with Sy=4.6 and

additional off-axis current drive in order to test if  Ues~0 using 6 MWECCD and
- _ o _ 4 off-axis NBI sources.

stability and confinement are optimized as predicted;

e Maintaining a stationary q profile with gmin > 2 by combining self-generated bootstrap
current with sufficient external current drive for duration at least 2 tr;

e Exploring fully non-inductive operation over a range of ges guided by predictive
simulations; this will verify the predicted self-consistent values of combinations of fn
and qos as these are pushed toward the challenging requirements for a DEMO: qos=5 and

e Evaluating the long-pulse stability limits to Bn as determined by ideal, resistive wall, and
tearing modes as a function of the q profile;

e Mitigating the effects of energetic-particle-driven instabilities such as Alfvén eigenmodes.
For more on this see Section 2.3.3.

For the high Bp scenario, key actions include:

e Reducing qos in order to increase Bt while maintaining a local steep pressure gradient far
off axis through operation with negative central magnetic shear as predicted by theory-
based modeling. Additional off-axis external current drive should help here also.

e Increasing Bn sufficiently as Ip is increased in order to maintain fni = 1. Document the
changes in fgs and compare with predictive models as ne decreases and Te increases, thus
decreasing collisionality. Understand the effects on fss and stability of energetic-particle-
driven modes of the corresponding increase in fast-ion stored energy fraction.

e Obtaining control of observed periodic relaxations in the pressure profile using available
heating and current drive, 3D fields, and plasma shaping.
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The DIII-D research plan also proposes to explore additional methods to implement localized
off-axis current drive (Section 2.3.4), which offers the potential to further expand the development
of advanced scenarios.

Increasing the available ECCD power enables stable access to fni = 1 at reduced ges and
increased B, pushing toward ACT1-relevant regimes. Fig. 2-16 shows the Bn values for a series
of self-consistent fni = 1 solutions as a function of ges along with the ideal n = 1 MHD stability
limit calculated including the effect of a stabilizing, conducting wall. With the DIII-D vacuum
vessel as the conducting wall and 6 MW ECCD power, the region that is stable to ideal modes is
at qos >6 at By~ 4.5, while with 9 MW ECCD power, the stable region expands to ges >5.3 with
Bn close to 5. The range of qes and Bn Where stable operation at fni = 1 is possible can be expanded
through the installation of a conducting wall insert, which is included as an option in the plan. The
insert would be of the type illustrated by the conceptual design in Fig. 2-17.

8 T T T | T 7 1.5

Pn

5.0 5.2 54 5.6 5.8 6.0 6.2 15
(os 0.5

Fig. 2-16. Self-consistent fnj=1 operating parameters vs. qes. Solid black  Fig. 2-17. Conceptual
circles: transport-limited Sy; red open circles: ideal Sy stability limits design for a conducting

with present DIII-D vacuum vessel; blue squares: stability limits insert (red). Present
including inserts. Dashed lines: with 6 MW ECCD; Solid lines: with 9 vacuum vessel in black,
MW ECCD. plasma in blue.

Goal 2: Identify requirements and optimal scenario paths for plasmas with gmin~1 and
efficient central current drive. Fully non-inductive scenarios with gmin~1 will also be evaluated
for their potential use in future burning plasmas. The planned set of flexible heating and current
drive upgrades will be used to push to higher Bn, Br, and pulse length. FASTRAN modeling
predicts that the upgrades that benefit elevated gmin Scenario research also enable the development
of a fully non-inductive high (i scenario with Bn = 4, not exceeding the ideal, no-wall MHD
stability limit.

The key physics issues in the steady-state hybrid regime that remain for study are primarily
directed toward operation closer to parameters that would be characteristic of ITER or a power
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plant and the validation at these parameters of models that would be used to project the scenario
to those future devices. Planned actions are to:

Obtain a detailed understanding of the physics of the flux pumping mechanism using
improved diagnostics, ECCD to affect tearing modes, 3D coils to affect ELMs, and
comparison to models.

Push fully non-inductive operation to lower ges < 5 and higher Bt using additional ECCD.
Evaluate the limits to stable, long-pulse operation at high pn and develop techniques to
achieve higher values in order to maximize ITER or power plant Q.

Understand the dependence of the achievable Bn on the pressure profile shape by
comparing cases with off-axis and on-axis neutral beam injection.

Optimize transport in this scenario, including understanding the importance of high-k
modes, and methods to suppress them.

Optimize the high-performance core and H-mode pedestal together. Test if confinement
can be improved by raising the pedestal pressure without reaching a global-mode stability
limit.

The high €; scenario has been the least-studied of the four steady-state scenarios. Thus, the
most urgent physics issues to be addressed center on a validation that a stationary, fully non-
inductive, high €;, high Bn discharge is possible. Work will:

Extend high B, high £ discharges to qos <6 from the presently explored regime of qgs >7
in order to access the regime where self-consistent, stationary operation is predicted.
Understand how to maintain n = 1 tearing mode, fishbone, and ideal internal mode stability
in these discharges where Qmin = 1.

Apply increased ECCD near the axis to maintain a stationary, fully non-inductive
discharge.

Challenge 2: Develop a predictive understanding of steady-state operation to support ITER
and enable the design of future burning plasma tokamaks

Current Progress. The DIII-D steady-state research program is executed in close
collaboration with advanced fusion simulations. This is used to guide facility development (not
least determining major hardware upgrades set out in this proposal), plasma scenario design and
experimental approaches, and to interpret observed behavior. Comparison to experiment enables
model validation and identification of required improvements or missing physics. At the heart of
this is the FASTRAN suite, which combines TGLF core turbulence models for all transport
channels, heating and current drive deposition models, and EPED edge pedestal structure into a
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solver that converges stationary equilibrium solutions. TRANSP is another code used worldwide
to interpret and simulate time-dependent scenario trajectories. It is used on DIII-D, as described
below.

Recent examples of fruitful physics model comparisons to experiment are shown in Figures
Fig. 2-18 and Fig. 2-19. Fig. 2-18 shows a comparison of the FASTRAN-predicted stationary loop
voltage profile at t=co and the measured loop voltage profile during the high B phase of an elevated
gmin discharge [Holcomb 2014]. The proximity of these two profiles both (i) improves confidence
that FASTRAN contains most of the important physics, and (ii) confirms that the experimental
discharge was approaching a stationary state. Fig. 2-19 shows how a comparison of simulation and
experiment motivated the development of a new TGLF turbulence saturation model that improves
agreement between observed and predicted transport in the high Bp regime [Staebler 2017]. This
particular regime differs significantly from conditions in which TGLF was originally benchmarked
to GYRO, therefore it is the most challenging of all of the steady-state scenarios being studied to
account for all transport physics, thus providing an excellent opportunity to expand the range of
model validity.

60 T | T | 10
Experiment, analysis < 9- TGLF+NEO
= time period=t=4-4 s 1 g 8
£ o 74
}T40 2 5 SATO ES
(o) @
o) o 54
= E
O T 4
= 20| FASTRAN prediction of 1 e[ e SATO EM
g- loop voltage at 2 34 SATM
L t=infinity (=32 mV - 8 21
S v ) 0 1 Data
0 | ] 1 ] 0
0.0 0.2 0.4 0.6 0.8 1.0 0 02 04 06 08 1
p r/a
Fig. 2-18 Comparison of FASTRAN and Fig. 2-19. Comparison of the measured Te in high
experiment loop voltage profiles. e scenario to a prediction using TGLF for

turbulent transport and NEO for neoclassical. The
new SAT1 saturation model with electromagnetic
effects,is a better match to data than the SATO
model with only electrostatic effects.

Obtaining predictive capability for future steady-state reactors will also require pushing present
devices to new parameter regimes that have not yet been extensively explored. These are
specifically low toroidal rotation and equal electron and ion temperatures. On DI11-D, most steady-
state scenario development efforts have so far been done at high torque and Ti/Te>1. In the past
few years, some initial forays towards these conditions have begun in the hybrid and high Bp
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scenarios, but heating and current drive upgrades are planned to expand scenario exploration to
reach reactor-relevant parameters.

Goal 1: Validate integrated models that predict self-consistent equilibrium, transport, and
stability in non-inductive plasmas.

Research will use the FASTRAN suite and TRANSP to interpret behavior in the above-
described plasma scenarios in a repeated cycle of scenario design, experimental implementation,
and modeling validation. It is particularly important to validate the predictions of current-profile
evolution and current-drive self-consistent with transport and stability, which are key to being able
to project a steady-state solution for future reactors.

Improvements to FASTRAN are being implemented to increase predictive capability, and
these will be tested by comparison to experiment. For the first time, the FASTRAN suite will
integrate a self-consistent theory-based model of energetic particle transport associated with
Alfvén eigenmodes, to replace the use of approximate and ad-hoc fast-ion diffusion coefficients.
Putting this on a predictive footing is an important goal for achievement of simultaneous
optimization of thermal and fast-ion confinement. Modeling of tearing mode onset will be also
tested using a reduced model (PEST3 / resistive-DCON + critical A" model) verified against
comprehensive non-linear MHD modeling (TAEFL, NIMROD, M3D-C1). Prediction of resistive
tearing mode onset as the equilibrium evolves will be essential to optimize access paths into fully
non-inductive high Bn conditions.

As the above discussion implies, the validation of models against steady-state scenario data
goes deep into the other physics sections in this proposal, where developing and validating
advanced simulation capabilities is often at the heart of plans. Rather than repeat those elements
here, the reader is referred to the relevant sections, in particular 2.2.2 on stability, 2.3.1 on
transport, 2.3.3 on energetic particles, 2.3.4 on heating and current drive, and chapter 4 on core-
pedestal-boundary integration.

A key further aspect of the simulation strategy is to utilize TRANSP for time-dependent
modeling to project access to steady-state regimes. TRANSP simulation capabilities include free-
boundary equilibrium evolution and transport from TGLF to predict the current profile and thermal
plasma profiles self-consistently for entire discharge timescales. New physics capabilities being
implemented include reduced fast-ion transport models (RBQ-1D), MHD stability with DCON,
and pedestal structure with the neutral-network-based EPED model. Additionally, TRANSP
interfaces with control algorithms through Simulink to test control methods for the plasma heating,
torque, and current drive actuators. This is vital for future reactors, but also quite important to
guide discharge development and control on DIII-D. Indeed, as set out in 2.2.3, model-based real-
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time profile control is proving highly valuable already for ensuring stability is maintained and
target q profiles are realized.

Goal 2: Take fully non-inductive, high Bn scenarios to reactor-relevant low toroidal rotation
and Te/Ti~1; evaluate and adjust for impacts on stability, transport, and current drive.

The addition of the capability for full-power neutral beam injection balanced between the co-
Ip and counter-Ip directions will allow the study of fully non-inductive conditions with = 0 input
torque. This neutral beam injection configuration will, however, reduce the amount of beam-driven
current so that high-power ECCD is essential to replace this missing current drive. The parameter
regime accessible for steady-state DI11-D operation is limited in this case to relatively high ges and
low Bn. Simulations have shown that fn) = 1 operation is possible at By~ 4 and qos~ 6 with 9 MW
ECCD.

This will provide a platform to assess more reactor-relevant turbulent transport and stability
behavior. In particular, the role of broad current profiles and high Bn electromagnetic effects in
turbulence will be assessed at relevant rotational shear and Te/T;i values — key parameters
influencing turbulent mechanisms (see Section 2.3.1 for more details). Behavior of resistive wall
mode stability (and in particular associated dissipative kinetic damping effects), as well as tearing
stability, will be assessed at low rotation — a crucial parameter governing these physics
mechanisms (see Section 2.2.2). For both aspects, the decreased reliance on neutral beams will
reduce fast-ion fractions to enable further assessments of impacts on stability and turbulence, as
well as energetic particle-driven resonances (see Section 2.3.4).

Successful implementation of the developmental current-drive tools discussed under
Challenge 1 (top launch EC, helicon, and high-field-side LHCD) would further improve the
capability to achieve high Bn fully non-inductively at low torque.

Challenge 3: Integrate high-performance steady-state scenario core plasma with power
plant relevant edge plasma

Current Progress. In the past few years, good progress has been made in initial efforts to
integrate steady-state scenarios with techniques that lower divertor heat flux and reduce or
eliminate ELM heat loads. Experiments using elevated gmin Scenarios [Holcomb 2014] and the
high B hybrid [Petrie 2017] have explored integrating a puff-and-pump radiative divertor.
Discharges with different impurity gases, flow rates, and heating power levels have been compared
and impacts on pedestal height, core performance, and heat flux reduction quantified. Similarly,
efforts have begun to integrate RMP ELM suppression into high 3 hybrid operation in the ITER
single null shape, as shown in Fig. 2-14. Since the pedestal is the interface between the core plasma
and the SOL/divertor plasma, recent advances in pedestal control, such as the ability to access a
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high “Super H-mode” pedestal [Solomon 2014], suggest new options for integrated core-edge
solutions. This work and other aspects of core-edge integration are described in more detail in
Chapter 4. This section has a more narrowly defined scope to assess impacts of integration
techniques on steady-state operation, and to pursue the development of a higher density path as a
key bridging element to developing compatibility with a dissipative divertor solution.

Goal 1: Test compatibility of steady-state scenarios with radiative- and advanced-geometry
divertors, and with ELM mitigation techniques.

Radiation of a substantial fraction of the power entering the divertor region is planned through
injection of fueling and impurity gases. The gas valve upgrade discussed in Section 2.1.1 will be
used to optimize radiative divertor operation in steady-state scenarios. Extra fueling naturally
raises the electron density at the separatrix, at the H-mode pedestal top, and in the core, although
new divertors will be designed to minimize this increase. Any core density increase will reduce
the effectiveness of the principal DII1-D external current-drive sources (neutral beam and electron
cyclotron) and push discharges away from fni = 1 conditions, as would an increase in impurity
density in the discharge core. These trade-offs will be explored in terms of impacts on pedestal
and core performance, as well as means to overcome them.

The optimum design for the divertor region geometry will be one of the key DIII-D research
areas and a substantial modification of the divertor hardware is envisioned for the second half of
the proposal period. Continued compatibility of the divertor geometry with plasma shapes that
enable high Bn, fai = 1 operation will be an important area of research.

Investigations of RMP ELM suppression in steady-state scenarios using expanded 3D coil
capability will focus on: (1) achieving suppression in ITER-like single null plasmas at ges relevant
for the Q=5 mission in other scenarios besides the hybrid; (2) achieving suppression in double null
steady-state scenarios for the first time; and (3) assessing and adapting to the impacts of RMP
fields on core scenario performance.

Research will also extend integrated simulation to the boundary, with the CESOL suite now
under development. This code suite combines the FASTRAN/EPED solver with 2D boundary
simulation codes such as C2/GTNEUT and SOLPS, in order to project fully integrated solutions
from the magnetic axis to the divertor and wall. The development of this suite, and improvement
of its composite models, is part of the research plan for this period, with the code development and
exploitation led by DIII-D scientists. A critical aspect is to identify reduced transport models at
the boundary that can capture 2D transport behavior in the divertor/SOL regions sufficiently well.
In the steady-state section of the program, a key issue to explore will be to determine what core
parameters are compatible with divertor requirements, and conversely, how boundary techniques
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(such as closed divertors) affect core behavior and performance. Iteration between experiment and
simulation is vital here.

Goal 2: Establish and assess higher density paths to steady-state operation to simplify
divertor challenges.

Experiments will begin to look for a high pedestal density scenario with high pedestal pressure,
higher bootstrap current fraction and confinement, and increased possibility for reduction of
divertor heat flux through detachment. It must be compatible with high ideal stability limits and
with fully non-inductive operation given the restrictions on 120

) ) o o <J,> (Alcm?)
driven current as density and collisionality increase.
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This will be focused on the use of Super-H mode coupled to
a suitable advanced current profile scenario to substantially
increase the pedestal density. The helicon current-drive method 30
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2.1.2.3 Improvements in Capabilities
The DIII-D capability improvements listed in the following tables will enable large steps
forward in steady-state scenario research.

Table 2-6.
Hardware Improvements for Study of the Path to Steady-State
Hardware Capability New Physics
7-9 MW injected gyrotron power ECCD, q profile tuning, T.=T;, reduced fast-ion stored energy
fraction, stabilization of tearing and fast-ion modes
Second off-axis neutral beam line Broader pressure profile for higher B limit, reduced on-axis NBCD
for higher gmin and broader current profile
6 s beam full-power pulse length 2 tr high BN phase duration to approach a stationary state
Increased co-injection and total neutral Sufficient power to reach fn=4-5
beam power
Full-power NBI adjustable between Assess the effect of reduced toroidal rotation on access to high Bn
balanced and unidirectional torque steady-state discharges
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Hardware Capability

New Physics

Stabilizing conformal low-field side wall

New 3D field coils

New off-axis current drive sources:
helicon, LHCD, top-launch ECCD

Increased ideal-wall BN limit for tearing mode and resistive wall

mode stable steady-state operation at reactor-relevant toroidal beta

Improved 3D field match for ELM suppression at ggs > 5

Improved access to fully non-inductive operation at low Qgs.
Capability to test fully non-inductive scenarios at high density.

Table 2-7.

Diagnostic Improvements for Study of the Path to Steady-State

Scientific Objective

Physics Measurement

Diagnostic Technique

Evaluation of bootstrap current
density, externally-driven current
density, transport, ideal stability
analysis

Understand the physics of the self-
consistent generation of the current
density profile and its effects on
transport and stability

Understand fast-ion loss resulting
from energetic particle instabilities
and the effect on heating and
current drive

Understand the effects of toroidal
rotation on access to fully non-
inductive conditions

Understand particle and impurity
transport

Accurate Te, ne profiles are
absolutely essential

Midplane profile of the magnetic
field pitch angle

Routine fast-ion density profiles
and loss spectrum, particularly with
the positive toroidal field direction

Routine measurement of the main
ion rotation profile

Transport of injected impurities

Improved Thomson scattering at p
<0.9, particularly p <0.5

MSE diagnostic with improved
coverage of the full plasma radius;
capability maintained as neutral
beam injection geometry is
modified

FIDA (fast-ion Da), FILD (fast-ion
loss detector) for positive Bt

CER (charge exchange
recombination)

Laser blow off

Table 2-8.
Simulation Codes Used

Code

Purpose

Integrated suites of codes to evaluate transport, current
drive, equilibrium, H-mode pedestal, scrape off layer
FASTRAN; TRANSP; ONETWO; IPS (integrated plasma

simulator)

Understand, model, and predict the evolution to a
stationary state of fully non-inductive discharge
scenarios, and in so doing, improve and validate

these models to enable future device design

Individual codes: TGLF (turbulent transport); NEO
(neoclassical transport); NUBEAM (neutral beam heating
and current drive); TORAY (electron cyclotron heating and
current drive), EFIT (equilibrium); DCON (ideal and
resistive stability); EPED (pedestal); SOLPS; EIRENE

(SOL, divertor)
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2.2 DISRUPTION CONTROL

Viable operating scenarios for future devices must include methods to control disruptions.
Disruptions are caused by MHD instabilities that arise either from an unexpected plant failure (e.g.
actuator, device component, programming error), or from undesirable evolution of the plasma to
an unstable state. The first case should be rare if actuators are engineered properly, but nonetheless
viable recovery or safe-shutdown techniques must be understood and qualified to move forward
with devices like ITER. These techniques necessarily involve asynchronous triggering on a
detected fault (e.g., heating system failure) to a new real-time control state that must determine the
proximity to controllability boundaries and decide on a course of action (recovery or shut down)
with the available actuators. The second case can occur even with all actuators working as expected
as a result of uncertainties in real-time calculated stability boundaries. Therefore, understanding
of stability boundaries and maintaining control is a fundamental requirement. The primary core
instabilities that occur in scenarios of interest are classical and neoclassical tearing modes (TM
and NTM) that produce non-axisymmetric magnetic islands at low-order rational g-surfaces, and
resistive-wall kink modes (RWM) that globally distort the equilibrium, typically at high Bn. Both
TMs and RWMs, at best, only reduce confinement, but in some circumstances the modes can grow
to large amplitudes and cause disruption. Plasma-facing components and nearby conducting
structures can be damaged by rapid and uncontrolled loss of thermal and magnetic energy, or by

the impact of deconfined ‘runaway’ electrons, generated during the plasma current quench.

Compared to larger machines, DIII-D has a much lower risk of actually experiencing
component damage from disruptions due to the lower energies involved and its forgiving carbon
wall. It is also equipped with a wide range of actuators, to both explore the physics and thresholds,
and to provide active control. These include real-time steerable electron cyclotron heating and
current drive, three arrays of non-axisymmetric ‘3D’ perturbation coils, fast 3D RWM magnetic
feedback systems, massive gas and shattered-pellet injection, and variable voltage beams. Indeed,
such tools have already pioneered techniques now adopted in ITER and future reactor designs such
as ECCD NTM control, shattered pellet disruption mitigation and high B operation with RWM
control (although key questions remain to ensure an effective and rapid implementation).
Therefore DIII-D is well suited to develop the physics understanding and control capability to
avoid disruptions.

Scenario development research usually includes explicit efforts to build instability control into
the scenario in a staged approach. But often more focused, isolated studies on stability and control
are needed, and these are carried out in more relaxed plasmas conditions not rigidly constrained
by scenario requirements. Therefore, the DIII-D program supports distinct physics topical area
work on disruption mitigation solutions (Section 2.2.1), core stability physics (Section 2.2.2), and
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plasma control (Section 2.2.3). These are driven by the needs of scenarios, and the results are fed
back to improve scenarios (Section 2.1). Core stability physics experiments are designed to test
specific physics models when possible, but in other cases experiments are designed to identify
correlations to better constrain or build empirical or physics models. Controls research is
complimentary to more focused stability studies, both by providing new means to systematically
explore relevant parameters to obtain new physics understanding, and by enabling more robust
and advanced control solutions that take advantage of the new physics. Together these approaches
provide a range of solutions for maintaining passive stability or actively controlling instabilities
that can be incorporated into scenarios to effectively avoid or mitigate disruptions.

These solutions will be aided by the development of disruption prediction early warning
capabilities using advanced machine-learning approaches as well as physics-based methods,
including monitoring proximity to anticipated stability boundaries and the development of an off-
normal and fault response (ONFR) system to react in real time to a disruption warning, a detected
instability, or a plant failure. Once triggered by such events, ONFR will choose a new action,
including switching to a new plasma state, or recovering from an event, or initiating a controlled
shutdown, or firing the disruption mitigation system.

Having a reliable and effective disruption mitigation system is critical. Disruption mitigation
research on DIII-D is elucidating the detailed physics of how the thermal quench and current
quench can be safely managed, and how runaway electrons can be dissipated. This work will
evaluate and optimize specific mitigation techniques for ITER and beyond, including finishing
work on shattered-pellet injection and moving on to novel shell-pellet injection, which is predicted
to be more effective.

The DIII-D vision of a “layered defense” to reduce the occurrence of disruptions is shown in
Fig. 2-21. It begins with passively stable discharges achieved through control of the plasma
configuration, with active control of certain instabilities when needed. Events such as an
uncontrolled instability or a power-supply failure call for a control response that maintains stable
operation while either recovering normal discharge operation or terminating the discharge safely.
A rapid shutdown with the disruption mitigation system should be a last resort. The Off-Normal
and Fault Response system described in Section 2.2.2 will enable the control system to move
between the layers in Fig. 2-21, and to engage different elements of each layer, as needed.
Techniques of rapid shutdown are discussed in Section 2.2.1 on Disruption Mitigation.
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Fig. 2-21. Multi-layered approach to maintaining stable operation and
reducing the occurrence of disruptions.

/ Recovery

This research will enable the resolution of underlying science and the basis to optimize
techniques in DIII-D, understanding how to achieve favorable effects such as maintaining passive
stability, and avoiding adverse effects such as rotation braking and locked modes. This will equip
scientists with the understanding they need to utilize ITER’s many actuators to establish robust
regimes and reach high performance in ITER, as well as resolve requirements and optimal paths
for future steady-state fusion reactors. Sections 2.2.1 through 2.2.3 provide more detailed
explanations of the challenges, goals, scientific approaches, and key capability improvements
related to disruption control.

2.2.1 Safely Quenching the Fusion Plasma (Disruption Mitigation)

Physics Leads: N. Eidietis (GA), D. Shiraki (ORNL), E. Hollmann (UCSD), R. Moyer (UCSD), C. Paz-
Soldan (GA), P. Parks (GA).

The capability to rapidly radiate the thermal and magnetic energy of an unstable discharge to
alleviate the consequences of a rapid plasma termination (‘disruption’) is a critical feature of any
reactor-scale tokamak. Left unmitigated, disruptions can cause significant damage, leading to
delays and cost that can endanger the research goals (ITER) or economic viability (power plant)
of the device. The thermal quench (TQ), current quench (CQ), and runaway electron (RE) portions
of a disruption each present their own challenges. The ITER disruption mitigation system (DMS)
[Lehnen 2015] remains in a state of flux, with unanswered questions regarding its basic capability
to meet the necessary mitigation metrics, its construction, and usage. It is unclear if existing plans
for shattered-pellet injection will be sufficient, and ITER remains open to additional techniques.
This research plan thus aims to underpin the understanding of the ITER baseline DMS design and
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physics needs while also pursuing innovative, robust, and reactor-relevant alternate DMS
technologies that better meet the mitigation goals of ITER and future fusion reactors.

The DIII-D program has actively addressed many aspects of ITER DMS research in the course
of the 2014-2018 five-year plan. The wide variety of impurity injection technologies installed on
DIII-D, including the only shattered-pellet injection (SPI) in the world, massive gas injection
(MGI), and solid argon pellet injection, enabled flexible exploration of the mitigation problem.
MHD activity was identified as a key contributor to radiation asymmetries during TQ mitigation.
The limits of SPI for TQ and CQ control were established, with the success of SPI on DIII-D
establishing it as the present primary approach for DMS in ITER, and it is now also being tested
on JET. Behavior was used to validate non-linear resistive MHD models of the thermal quench
and quantify n=1 heat load asymmetries. Key mechanisms for RE plateau dissipation were
identified and compared to modern Kinetic theories via international theory collaborations,
exposing several areas of agreement, as well as inconsistencies between the models and
experiment, and the first direct measurements of RE seed generation rates were made.

Moving forward, it is crucial to develop a predictive understanding of the dynamic interaction
between mitigation systems and the disrupting plasma in order to develop a robust ITER DMS and
ensure safe termination in future reactor concepts. This is the central thrust of this proposal.

2.2.1.1 Challenges and Impact

The goal of the DIII-D disruption mitigation research program is to provide the scientific and
technical basis to design and operate a robust, effective ITER DMS. To accomplish this, the
disruption mitigation program is focused on three key challenges (Table 2-9). The first is to
understand the performance scalings and limitations of SPI (the chosen ITER DMS technology)
for TQ, CQ, and RE mitigation in order to finalize the SPI implementation and operation plans for
ITER, and maximize its effectiveness. For a number of years, DIII-D was the only device
possessing SPI, but a proliferation of the technology to numerous devices in 2018 means that this
thrust will be a collaborative effort, coordinating and running in parallel with an international
effort. The second is to develop a completely new ‘inside-out’ mitigation method and its associated
physics, which aims for core deposition of impurities using low-Z shell pellets, to assess if this
method can provide the robust, all-in-one mitigation of which early simulations suggest it is
capable. Finally, the third challenge is to address the detailed physics driving perhaps the most
intractable problem facing the tokamak: RE suppression and dissipation. DIII-D aims to provide
unique experiments and capabilities to measure the RE generation and dissipation processes in
unprecedented detail. This data will be used, in coordination with multiple theory and modeling
collaborations, to test predictions and benchmark codes critical to determining what, if any, path
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ITER has to mitigate the RE threat. Indeed, developing validated predictive models will be an
underlying theme of all three challenges.

Table 2-9.
Disruption Mitigation Approaches and Upgrades
Challenge Goals/Deliverables Key Capability Improvements
Develop mitigation metric e Determine physics basis to Hardware upgrades:
scalings for ITER SPI system optimize SPI performance for TQ | e Cryogenic shell injector
mitigation

o Improved SPI shatter mechanism
e Measure impurity transport into

RE plateau Diagnostic Upgrades:

Achieve “inside-out” disruption | e Demonstrate inside-out mitigation | e Tangential EUV camera
mitigation through core dust physics with carbon shells
impurity deposition to robustly
meet needs of TQ, CQ, and RE

¢ GRI improvements
¢ Develop reactor-relevant

mitigation magnetically shielded pellet Code development:
e Increase speed of delivery o Collaboration with SCREAM
initiative to model highly-coupled
Develop predictive capability of | e« Compare measurement and multi-scale RE production
conditions for effective RE modeling of existence, location, processes
mitigation and population of seed RE e Continuing SPI modeling
« Measure spatial/temporal andNIMROD modeling
evolution of RE plateau energy ¢ NIMROD 3D-MHD shell
distribution mode”ng

o Continuing shell ablation model
development

The DIII-D disruption mitigation research plan presented above will provide critical
knowledge and predictive simulation capability for the development of the ITER DMS. As
disruptions represent a significant threat to all large tokamaks, development of such a system is
critical to the long-term viability of tokamak fusion reactors.

2.2.1.2 Research Plan

The disruption mitigation research plan is organized according to the challenges and goals in
Table 2-9. Fig. 2-22 provides the timeline for each challenge, research milestones, and the
capability improvements necessary to achieve them.

2-42  General Atomics Report GA-A28765



The DIII-D National Fusion Program Five-Year Plan 2019-2024

Test prompt formation of RE seed

New
Capabilities:

Diamond shells
Modified SPI shatter mechanism

Tangential EUV camera
GRI detector upgrade

Challenge FY19-20 FY21 FY22 FY23 FY24
Developing SPI joint comparisons with JET et al.
ITER SPI Variations in SPI performance with
Scalings solid fraction and velocity
Inside-Out “Inside-out” TQ mitigation evaluation
Mitigation Characterize low-Z dust mitigation
Magnetic shielding of cryogenic shell
Edge dust injection
High-speed injection
RE Mitigation | njeasure 2D RE profiles

Measure location / population / timing of RE seed production
Compare RE seed generation in edge and core cooled conditions
Compare RE seed measurements to models

Cryogenic shell launcher
Dust/D2 SPI hybrid

High speed injector

Fig. 2-22. Disruption Mitigation Plan Timeline

The detailed plan elements are discussed below.

Challenge 1: Optimize SPI performance for TQ mitigation

Current Progress. The 2014-2018 DIII-D five-year plan
period saw significant progress in understanding of the disruption
mitigation process, aided by a multi-MGI installation and the
world’s only SPI installation. Led by modeling NIMROD resistive
3D MHD modeling predictions [lzzo 2015], TQ MHD was
identified as a significant (but tolerable) contributor to toroidal
radiation asymmetries during MGI mitigation [Commaux 2014,
Shiraki 2015], as shown by the ability to “steer” the n=1 character
of the radiation with 3D fields in Fig. 2-23. The effect upon
poloidal radiation asymmetries is less pronounced [Eidietis 2017].
SPI provided superior performance, with studies revealing that TQ
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Fig. 2-23. Measurement of n=1
character of TQ radiated
energy during neon MGl
[Shiraki 2015].

radiation levels using neon SPI saturate near 90% radiation fraction (the ITER goal for radiated
mitigated power fraction) at fairly low injected particle quantities (Fig. 2-24) [Shiraki 2016], and
a very narrow window where scaled current quench times and the desired radiation fraction meet

ITER specifications simultaneously.
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Although SPI has now been chosen as the injection

technology for the ITER DMS, significant uncertainty remains as _— 100
to the optimal configuration and quantities of impurities that must % osl . l'."' . %
be deposited into ITER in order to create the desired TQ radiation, g |, s g E
which in turn has ramifications for the final DMS design. § = g
Similarly, a wide disparity exists between the ability to dissipate £ &
RE beams through impurity injection into the RE plateau on L
various devices. Mid-size (e.g., DIII-D) and small devices have Ne quantity (Pa-m?)

reported strong dissipation of RE beams by injecting MGl and SPI  Fig. 2-24. TQ radiated energy
into the plateau [Hollmann 2013], but with widely varying @nd corresponding radiation
T .. fraction (right axis), as a

assimilation efficiency, whereas JET reports almost no effect, fynction of SPI neon quantity
even with very large impurity quantities [Reux 2015]. The showing saturation at~ 10 Pa-
t t and assimilati fi ities into the RE b dth m?. Broken pellets (at time of
ransport and assimilation of impurities into the eam, and the  firingy are indicated as red
effect of SPI vs MGI on that transport, must be understood in triangles. From [Shiraki 2016].

order to project to ITER.
Key physics questions remain to be answered:

1. How does the impurity quantity required for >90% radiation fraction with SPI scale
with plasma volume/energy/pedestal height?

2. How do the SPI characteristics (velocity, solid vs gaseous fraction, fragment size
distribution) affect those scalings?

3. What governs the transport of impurities into the RE beam, and what will RE beam
assimilation of impurity injection be in ITER?

Goal 1: Determine physics basis for optimizing SPI performance for TQ mitigation. The
primary component of this research thrust will be jointly planned similarity experiments to develop
scalings of SP1 TQ mitigation metrics for ITER. These joint experiments will be planned with JET,
J-TEXT, and HL-2A, all of which are planned to have SPI systems available in FY18 or soon
thereafter. The ITPA MHD Topical Group serves as the forum for organizing these joint
experiments, with first discussions having occurred in late 2017.

Numerous questions regarding the operation of SPI remain. SPI is a very complicated process
compared to MGI. On the injection level, changes in pellet velocity and shatter angle drastically
alter the ratio of the various phases (gas, liquid, solid) of impurities exiting the injector. This may
have a significant bearing upon whether SPI acts like a fast version of MGI and MHD mixing
dominates the impurity transport into the plasma, or acts like a pellet stream with ballistic transport
dominating. The shattering properties will also vary the size distribution of the solid pellet
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fragments, potentially leading to vastly different ablation evolution and particle assimilation,
which in turn will vary with plasma parameters. Multi-machine comparisons are desirable to
explore the many dimensions involved in this problem. The primary studies that will be executed
are:

e Measure the quantity of neon at which radiation fraction saturation occurs as a function of
thermal energy, plasma volume, and pedestal height;

e Test modifications to the above scalings using pure neon pellets of differing sizes vs
equivalent amounts of neon in deuterium/neon SPI mixtures (i.e. test effect of dilution
cooling).

In addition, DI1I-D will explore the effects upon the SPI mitigation metrics as the SPI injection
characteristic are modified. The key injection characteristics are

e SPI solid fraction (fraction of SPI pellet mass that remains in solid form after shattering);
e SPl velocity;
e SPI fragment size.

In the present DIII-D SPI design, the pellet velocity and solid fraction are closely linked.
Modifications to the SPI shatter mechanism to allow high solid fraction at high velocities (> 200
m/s) will be pursued.

These experiments will provide benchmarking for, and be guided and interpreted by, modeling
through collaboration with the SciDAC Center for Tokamak Transients Simulations (CTTS).
CTTS will run the NIMROD and M3DC1 codes, coupled with advanced SPI source models, to
simulate SPI mitigation on DIII-D.

Goal 2: Measure impurity transport into RE plateau. Research will feature a concentrated
effort to quantify and interpret the assimilation dynamics of impurity injection into the RE plateau.
This impurity transport will be measured as a function of RE current, thermal core plasma density,
and scrape-off plasma density. MGI and SPI assimilation will be compared to determine if SPI
avoids the blocking of neutral impurities by warm (10’s eV), low-density scrape-off plasma as
observed in JET [Reux 2015]. Impurity and plasma density profiles will be measured by moving
the RE plateau across existing diagnostic lines of sight, while upgrades to the gamma ray imager
(GRI) detectors to allow the spatially resolved RE plateau energy spectra to be measured will
enable spatially resolved measurement of the effect of the impurity transport upon the RE
population. Completion of this research goal will provide the impurity transport dynamics required
for existing OD and 1D RE dissipation models, developed in collaboration with the Simulation
Center for Runaway Electron Avoidance and Mitigation (SCREAM) and Max Planck Institute for
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Plasma Physics (IPP), to accurately project to the DMS response required to dissipate an ITER RE
plateau.

Challenge 2: Produce “inside-out” disruption mitigation through core dust impurity
deposition

Current Progress. Recent modeling [Izzo 2017] indicates that core impurity deposition,
wherein the injected radiating impurities cool the plasma core without significantly cooling the
edge, shows promise to dramatically improve all stages of the disruption-mitigation process over
conventional methods that first cool the edge (e.g., MGI or SPI). Core radiation inverts the TQ
process, cooling from the inside-out and minimizing heat transport to the scrape-off layer to protect
the divertor. 100% impurity assimilation due to deposition in the core enables the use of low-Z
impurities (e.g., beryllium dust) to achieve high thermal radiation fraction while still providing a
warm CQ with acceptably slow current decay rate to avoid mechanical damage from eddy currents.
In addition, inside-out mitigation is predicted to create stochastic regions throughout the entire
cross-section of the plasma during the TQ (not just the edge, as in conventional mitigation [1zzo
2011]) that can rapidly deconfine RE seeds and provide high core densities to suppress RE seed
formation and avalanche multiplication (Fig. 2-25).

Key physics and technical questions to be addressed are:

e How can impurities be Tifhie:= 0.3 #hé
T — —1.6

\

Time =0.5ms

A \“‘

Time =0.7 ms

1.6 T
A\

transported to/near core
before inducing the TQ?
e How does core impurity
deposition alter heat
transport and radiation
efficiency during TQ?

0.8 k 40.8
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e What governs
transport/confinement of T i/ |
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massive dust quantities in 82 16 20 240 12 16 20 24 12 1.6 20 24
cooling plasma?

Fig. 2-25. Poincare plots of magnetic field lines at three

e Is dust dispersal sufficient to times after core deposition of argon, as modeled by the
collisionally suppress RE NIMROI_:) _resis_tive M_HD code. Core flux surfaces are
] stochasticized immediately. Outermost closed flux surfaces
formation throughout are retained until the end of the thermal quench, after
plasma? which outer field lines become very stochastic. From [1zzo
2017].
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e Can dust payload be tailored with large high-Z grains to increase RE suppression
capability without creating excessively fast CQ?
e Is dust quantity required for effective mitigation consistent with ITER deflagration limits?

The most promising candidate for inside-out mitigation is shell- |@) Jp
pellet injection, which uses a low-Z shell filled with dust to deliver (_O
impurities to the core (Fig. 2-26) [Commaux 2011]. Once the impurity | le
is successfully delivered to the core, the effects of the core deposition
upon the TQ radiation efficiency and heat transport need to be verified.
In addition, the transport of core-deposited dust in the plasma must be

measured to understand where and how much impurity density will be 0| ©

) %o |0 o
present for RE suppression. ./ - N
While DIII-D has maintained a low-level effort of shell pellet
development over the past several years [e.g. Commaux 2011], i f) !

technical difficulties have slowed physics progress. Polystyrene shells Fig. 2-26. Cartoon of shell
used in the initial studies that were thick enough to survive to the pellet injection. (a)
plasma core proved too perturbative to the plasma (i.e. cooled the Radiating impurity
o _ i (purple) encased in low-Z

plasma significantly before reaching the core), and thinner shells broke shell (green) proceed
up in the injector guide tube at desirable velocities when any curvature through plasma without

. . . . perturbing profiles. (b)
was present. Hence, the physics promise described in [1zzo 2017] has spel| ablates in core,
yet to be experimentally verified. Moreover, no knowledge exists of the transport of massive dust
around and out of the plasma. This knowledge is critical to understanding how much dust is
required to provide the desired mitigation, and thus if the required quantity in ITER would be
within deflagration safety limits. The shell pellet development plan outlined below is designed to
overcome the technical difficulties in a step-wise manner to enable thorough testing of the physics

of inside-out mitigation and proceed to a reactor-relevant solution.

Goal 1: Demonstrate “inside-out” mitigation with carbon shells. This initial work will
focus upon testing and experimentally verifying the physics of inside-out mitigation using core
dust injection by the most technologically expedient method. This will utilize room-temperature
carbon shells launched by a conventional gas gun injector.

In contrast to previous attempts, the planned studies will use diamond shells to provide greater
mechanical strength (allowing higher velocity injection) and ablation energy (reduced perturbation
to edge plasma) than the plastic shells used in [Commaux 2011]. These qualities should enable
deeper penetration into the plasma core. In addition, the shell injector and guide tube will be
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modified to provide a more direct injection path and minimize the chances of shell damage prior
to entering the vessel.

The research is comprised of two main steps:

1. Demonstrate “inside-out” TQ mitigation with small, pure C (diamond) shells filled
with boron (B) and B+tungsten (W) dust.

2. Explore limits to impurity assimilation and core impurity transport with large B
dust filled diamond shells.
Step #1 will allow the basic model of inside-out TQ mitigation to be tested. The key features of
the mitigation to verify in Step #1 are:

e Deposition of impurity dust in the plasma core;

e Radiation predominantly from core;

e High radiation fraction with low-Z (B) radiator ;

e Mild CQ Te and slow CQ decay rate despite high radiation fraction.

Step #2 will test if sufficiently high densities (some fraction of the “Rosenbluth” density) can be
achieved to collisionally suppress RE seed production in the TQ and avalanche multiplication of
the RE in the CQ. Key features to measure will be:

e Maximum TQ/CQ density as function of B dust quantity;
e Variation in assimilated quantities with plasma thermal energy;
e Transport of impurity dust from core region of plasma.

Shell-pellet studies will be guided and interpreted by the modeling collaboration with CTTS,
which will build upon the initial 3D resistive MHD modeling reported in [lzzo 2017] to ascertain
the sensitivity of inside-out mitigation to the deposition radius, predict optimal radiator quantities,
and provide interpretation of experimental results.

Should the shell-pellet concept prove technically infeasible, deep dust injection may also be
attempted using a B dust + D2 ice hybrid SPI, although the penetration properties of this concept
are presently very uncertain.

Goal 2: Develop reactor-relevant magnetically shielded shell pellet. Following the basic
demonstration of inside-out mitigation outlined above, this research will aim to demonstrate the
magnetic shielding of a metallic shell pellet.

A conventional shell pellet would require extraordinary velocities (km/s range) in order to
survive to the core of the plasma in ITER or a reactor, due to the high plasma temperature and
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large distances the shell must travel. However, a metallic shell (Li in DIII-D, Be in ITER)
cryogenically cooled so that it has extremely low resistivity will push the tokamak’s magnetic field
around itself, producing “magnetic shielding” that diverts the hot electrons around the shell and
dramatically lowers its ablation rate. Magnetic shielding enables core deposition with readily
achievable injection velocities (100’°s m/s).

The deposition depth of cooled and room-temperature metallic shells will be compared on
DIII-D to verify the magnetic shielding concept and validate modeling of the shielding effect.
Lithium shells (Beryllium is not compatible with DI1I-D operations) and a cryogenic launcher will
be developed by GA for these experiments.

Goal 3: Increase speed of delivery. Finally, should the shell pellet method show promise,
high velocity injection (proposed for DI11-D) will be tested to expand the response time and reduce
the need for magnetic shielding in an ITER-relevant shell pellet injector.

Challenge 3: Develop predictive capability of conditions for effective RE mitigation

Current Progress. RE mitigation remains the most intractable issue for the ITER DMS.
Recent modeling [Konovalov 2016] suggests that dissipation of RE beams, once formed, in ITER
may be extremely difficult or impossible due to the additional electric field induced by the almost
inevitable vertical instability of the runaway beam. This has had major ramifications for the design
of the ITER DMS, forcing a reconfiguration to focus upon RE seed suppression rather than just
RE plateau dissipation [Martin-Solis 2017]. Although the primary sources for RE seed formation
(Dreicer, hot-tail, Compton scattering, tritium decay) are well studied theoretically, their self-
consistent interaction with the TQ MHD and other dissipation and loss mechanisms are not well
understood. Understanding the RE seed generation process and verifying the understanding of RE
plateau growth and loss mechanisms is critical for defining a robust RE mitigation system.

The primary goal of this research thrust will be to understand the dissipation of RE plateaus
and RE seed production to provide guidance as to whether dissipation and/or complete suppression
of RE is possible in ITER. Several mechanisms come into play in determining the evolution of an
RE plateau, including the driving electric field, scattering, synchrotron losses, line radiation,
kinetic instabilities, radial losses, and the evolution of the beam equilibrium. Understanding the
relative importance and competition between these various mechanisms will determine whether
an existing RE plateau can in fact be mitigated. The exact nature of the RE seed generation
mechanisms during the TQ in ITER is also in doubt, as it is unclear if the standard Dreicer and
hot-tail mechanisms accurately describe the generation process during massive impurity injection.
The only direct measurement of RE seed production to date has been performed on DI1I-D using
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indirect measurements of pellet ablations (Fig. 2-27) [Hollmann 2017]. Moreover, the interaction
of RE seed generation with the dynamic stochastic fields of the TQ remains both unmeasured and
poorly modeled.

Key physics questions to be answered for RE seed suppression and plateau dissipation are:

e Does [Konovalov 2016] accurately predict strong RE regeneration due to scrape-off of the flux
surfaces in a vertically unstable RE plateau?

e What mechanisms are responsible for inconsistency between measured and modeled RE
energy spectra at low energies [Paz-Soldan 2017]?

e What role do kinetic instabilities and radial transport play in RE plateau dissipation, and can
they be exploited to enhance RE dissipation?

e At what location(s) do seed RE form after TQ?
e What mechanisms dominate RE seed production (i.e., what is RE seed population)?
e What processes most effectively reduce RE seed population?

Goal 1: Compare measurement and modeling of existence, location, and population of
seed RE. Work will emphasize detailed measurements of

3
Hot tail - (a) Iseed (A) ]

RE seed production and comparison to modeling under 105;Avalanche g Fast pellets |
various conditions. This will enable the predictive 101; D‘:;'i'ce?:_?\'
understanding necessary to determine if massive @[ JNL
deuterium injection [Martin-Solis 2017] or core dust 109\ g‘:yseedﬁi?;_;_n——'l -Hoﬂé‘.i““‘ﬁ ]
injection could reliably suppress RE production in ITER, 1054 "'}J_(:-‘_—“?jeﬁ‘_’?'i“ﬁ'l?ii;\ e zi{l—’i'
and what quantities are needed. In particular, it will: d S ’i"‘%reicer

e Measure location/population/timing of RE seed ' 1 |RE(12°°kA) ‘

production and compare to predictions of Fig.2-27. RE seed currentatend of TQ
] estimated using argon pellet ablation for
close/open flux surfaces from NIMROD; (a) fast pellets and (b) slow pellets as a
e Compare RE seed production at vastly different function of initial RE plateau current.
. . From [Hollmann 20171.
core Teto test prediction of prompt conversion of
all current to low energy RE [Aleynikov 2015];
e Compare RE seed generation in edge (Ar pellet) and core cooled (shell pellet filled with

Ar gas) conditions to test if the core stochastization limits RE seed production.

This research will be enabled by additional diagnostic capability, including an EUV camera to
image the location of young, low energy (10’s keV) RE seeds, and low-energy GRI detectors to
provide imaging of mid-energy (100°s keV) RE seeds.
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These spatially-resolved measurements will be compared to time-dependent, multi-scale
simulation of RE seed interaction in the presence of MHD in collaboration with SCREAM and
IPP.

Goal 2: Measure spatial/temporal evolution of RE plateau energy distribution. This part
of the research plan will pursue detailed measurements of the post-disruption RE plateau energy
spectra, expanding upon work done in the flattop quiescent runaway electron (QRE) regime in the
past five years. These spatially resolved energy spectra measurements allow the most detailed
comparison to theory to identify the primary mechanisms for RE plateau loss and dissipation. This
will enable predictive modeling critical to determine if a self-consistent scenario for RE plateau
dissipation exists in ITER, and the most effective means for producing that dissipation.

Key parts of this plan will be to:

e Compare the energy deposited to the wall by vertically stable and unstable RE plateau to
determine if the energy dissipation rate is much greater in the unstable case [Konovalov 2016],
and if it can be significantly modified by collisional damping

e Measure of radial profiles of RE energy distribution to determine role of 1D radial transport in
discrepancy between measured and modeled RE energy distribution function [Paz-Soldan
2017]

e Analyze role of kinetic instabilities in limiting the high-energy portion of spectra
e Explore feasibility of induced whistler waves to clamp RE energy distribution to low energies.

This plan will be enabled by planned upgrades to the GRI detectors to avoid saturation of the
diagnostic during the high gamma flux of the RE plateau. The resulting data will be used to
benchmark models in collaboration with SCREAM, IPP, and Chalmers University.

2.2.1.3 Capability Enhancements

The disruption mitigation research program will require numerous enhancements to present
impurity injection hardware (Table 2-10). Modification to the SPI shattering mechanism will
enable variation of the SPI shard size and distribution to optimize SPI assimilation. Diamond shell
pellets will provide an intermediate step for verifying inside-out mitigation at room temperature.
This will be progressively followed up by the deployment of cryogenic metallic shells and a
cryogenic injector to test reactor-relevant magnetic shielding of the pellets, and subsequently high-
speed injection hardware. Runaway studies will be enabled by diagnostic upgrades (

Table 2-11). A tangential extreme ultraviolet (EUV) camera will provide imaging of the
location of young, low energy (10’s keV) RE seeds, and low-energy GRI detectors to provide
tangential imaging of mid-energy (100’s keV) RE seeds. In addition, upgrades to the existing
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higher-energy (multi-MeV) GRI detectors will allow measurement of spatially-resolved RE
energy spectra during post-disruption RE plateau, in addition to the flattop quiescent RE (QRE)
that were studied in the past five years.

Table 2-10.
Hardware Improvements for Disruption Mitigation Research

Hardware Capability New Physics

Improved SPI shatter Core (deeper) deposition of SPI impurities
Large pure C shells Core dust mitigation and transport
Cryogenic metal shells and launcher Magnetic shielding of shell (reactor relevant)

Increased injection speed Deeper/faster impurity fueling

Table 2-11.
Diagnostic Improvements for Disruption Mitigation Research

Scientific Objective Physics Measurement Diagnostic Technique

Visualize location and EUYV bremsstrahlung from low- EUYV imaging (low energy) and
population of seed RE energy/mid-energy seed RE modified GRI detectors (mid

energy)

Measure 2D RE energy RE bremsstrahlung emission Upgraded GRI detectors
distribution and seeds

Table 2-12.
Codes Used for Disruption Mitigation Research

Code Purpose

NIMROD SPI mitigation modeling. Effect of core impurities upon TQ
mitigation and RE generation. Coupling of MHD to other
dynamics

SCREAM development Multi-scale self-consistent RE generation and loss including MHD
effects

SOFT Synthetic synchrotron and bremsstrahlung emission diagnostic
code for comparison to camera and GRI images

1D Fokker-Planck RE kinetics code Predict RE generation mechanisms in impurity dominated plasma
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2.2.2 Core Stability Control for Disruption-Free Operation

Physics Leads: E. Strait (GA), J. Hanson (Columbia), N. Logan (PPPL), R. La Haye (GA), W. Choi
(Columbia), M. Okabayashi (PPPL), C. Rea (MIT), Z. Taylor (ORAU).

Reliable operation of tokamak fusion plasmas requires stable operating scenarios, achieved
through passive or active means. Stable operation is critical to ITER and to future power plants, in
order to minimize the risk of damage to the facility from plasma disruptions, as well as the risk to
the scientific mission or interruption of power production that would result. The most dangerous
instabilities are long-wavelength tearing modes and kink modes, and these must be avoided by
passive means or suppressed by active stability control. ITER and other burning-plasma tokamaks
will operate with low plasma rotation (low torque input) and low collisionality, a regime that
differs from many existing tokamaks. Solutions to the challenge of stability must be compatible
with this regime.

DI1I-D research has made significant progress toward the scientific understanding and practical
control of tokamak instabilities. ITER-simulation discharges free of tearing or kink instabilities
have been demonstrated, techniques have been developed to predict or actively sense an impending
instability, and active control methods have removed or limited both ideal and resistive instabilities
after they have appeared. Advances in the physics understanding of non-axisymmetric or “3D”
fields in tokamaks have enabled new approaches to improving and controlling stability. The work
proposed in the 2019-2024 five-year plan is aimed at consolidating these advances and the
scientific understanding that underpins them, and incorporating that understanding into an
integrated control system that maintains stable operation and handles off-normal events without
disruptions.

2.2.2.1 Challenges and Impact

The goal of DIII-D stability research is to develop the scientific foundation for integrated,
physics-based stability control and disruption avoidance in ITER and other future burning plasmas.
This goal entails three significant challenges (Table 2-13).

The first challenge is to improve the stability of conventional inductively driven plasmas,
relevant to ITER’s Q=10 mission. This research will be enabled by new tools including additional
gyrotrons for multi-mode tearing control with simultaneous control of global profiles for passive
stability, new coils for control of 3D magnetic fields and magnetic islands, and new diagnostics
for detailed measurements of instabilities and the plasma conditions that cause them.

The second challenge is to establish the scientific basis for stability of high beta, steady-state
discharges, which have the added feature of wall stabilization. Here the steerable, variable-voltage
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neutral beams and new 3D coils and power supplies will be key tools for investigating both passive
stability and feedback stabilization of kink modes at high beta.

Table 2-13.

Core Stability Control Challenges, Goals, and Enhancements

Challenge Goals/Deliverables Facility Enhancements
Understand Assess tearing mode dependence on current, | Hardware:

stability and pressure, and rotation profiles, seeding, and other » Added EC power, up to 7-9 MW
control parameters. Raise stability « Co-counter steerable NB

requirements for
disruption-free
operation of

Validate models of active tearing mode control by
ECCD and RMP, and assess requirements for ITER.

Develop real-time sensing and prediction of stability

ITER’s Q=10 limits that can be extrapolated to ITER, and event
mission response strategies.

Understand Validate kinetic stabilization physics at low rotation,
stability and and op_tlmlze_for hlg_h?B sj[ablllty. _

control Establish active stabilization of RWMs (kink modes)

requirements for
high-performance
steady-state
operation

beyond passive stability limits, using ITER-relevant
coils.

Assess stability of high-li and other high-$ scenarios
that do not require wall stabilization.

Understand and
apply

3D physics to
improve the
stability of
tokamak plasmas

Optimize active control of intrinsic 3D fields (error
fields) at multiple n.

Establish control of resonant drive for higher n
tearing and kink instabilities in ITER-relevant
scenarios.

Assess the impact on stability of flow and flow shear
generated by 3D fields.

» New 3D coils and supplies for
expanded n,m spectra

* “Conformal wall” for passive
stabilization

Diagnostics:

« 1D profiles (ne, Te, Ti, toroidal
rotation, Bz): Improved radial
and time resolution for
axisymmetric control

« 2D and 3D: Toroidally resolved
MSE, ECE or ECE-Imaging for
MHD mode analysis

Analysis Capabilities:

« Stability models to predict linear/

nonlinear tearing stability limits

¢ Real-time codes for ideal and
resistive stability

* Integrated analysis of extended
3D magnetics and other
diagnostics

The third challenge is to advance the scientific understanding of small non-axisymmetric “3D”

fields and their use to control instabilities, compensate intrinsic “error” fields that may cause
magnetic islands or other deleterious effects, and control plasma rotation. In the near term,
additional power supplies will enable full utilization of the existing 3D coils for control of locked
tearing modes, resistive wall kink modes (RWMSs) and error fields. Later, new 3D coils will enable
optimization of the applied toroidal and poloidal spectra, opening a wide range of control and 3D
physics studies. It is noted that ITER is well equipped with internal and external 3D coil sets; this
work on DIII-D will be key in understanding how to apply these tools in ITER.

Successful completion of the planned research will establish the basis for the disruption free
tokamak, and in particular robust operation of ITER and future fusion devices. This will:
e Advance the fundamental stability physics of tokamak plasmas;
e Advance the scientific understanding of 3D field effects in toroidal plasmas;
e Develop reliable real-time prediction and detection of tokamak stability limits;
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e Develop the physics basis for robustly stable operation through integrated control.

Measurable, physics-based progress toward a solution to the problem of disruptions in
tokamaks will enhance confidence in tokamak-based fusion within the scientific community,
funding agencies, and the energy industry. The techniques to be developed through the research
proposed in the present section will form the building blocks of an integrated control system to
maintain stable operation and handle off-normal events without disruptions, which will be
supervised by the Off-Normal and Fault Response system described in Section 2.2.3. A rapid
shutdown with the disruption mitigation system, discussed in Section 2.2.2, acts as a last resort.

2.2.2.2 Research Plan

The core stability research plan is organized according to the challenges and goals in Table 2-
13. The timeline for each challenge is given in Fig. 2-28, with the research elements and key
facility improvements necessary to achieve it.

Challenge FY19-20 Fy21 FY22 FY23 FY24
Disruption-free | Multi-mode active tearing control with ECCD and RMP
operation for Passive stability through equilibrium control
ITER’s Q=10 Real-time stability prediction for Q=10
mission Off-normal and fault responses for robust stability
Robustly stable | Active RWM control: reactor-relevant coils, advanced controllers
scenarios for Physics of kinetic stabilization at low torque
high-B steady- Real-time stability prediction for steady state
state plasmas Improved wall stabilization
3D physics for | Active control of n=1, 2 error fields
stability of Flow and flow shear generation by 3D fields
tokamak Active control of 1<n<3 error fields
plasmas Optimize resonant vs. non-res. fields

2" off-axis NB
Facility Co/ctr NB NB power/pulse upgrade 2" Colctr NB
Improvements 5> 7 29 MW EC power
3D supply #2 3D coils Conformal
wall (option)
2D imaging, toroidally resolved profiles 3D magnetics (phase 1)

Fig. 2-28. Core stability research timeline
Challenge 1: Establish the basis for disruption-free operation in ITER’s Q=10 mission

Current progress. In the past five years, there has been significant progress toward
development of passively stable scenarios without m/n=2/1 tearing modes. Critical features of the
current density profile have been identified [Turco 2016] (Fig. 2-29) but there is as yet no
quantitative predictive capability. Nevertheless, this has helped guide experiments that have
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achieved reliably stable discharges with the Bn and qos values of ITER’s baseline scenario, and net
neutral beam torque of zero [Turco 2017], at elevated collisionality. Growth of the 2/1 tearing
mode is often preceded by internal phase-locking of rotating rational surfaces [Tobias 2016],
which may help to explain previous observations that tearing instabilities are correlated with
reduced rotational shear [LaHaye 2010, Jackson 2013].

1alo O Stable | _
e O Unstable Current density J
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Fig. 2-29. Measured current density gradient at both sides of the minimum in
ITER baseline discharges, showing that instability is associated with larger

gradients. (Shown schematically in the right-hand
/I,,/(MA)

panel.) [Turco 2016]

: dB,-; Grow'nNg is:kI:ndd
E (G) o isian
o g

[-coll
(kA)

165262

-

DIII-D experiments have demonstrated integrated control
of 2/1 tearing modes, in which electron cyclotron current drive
(ECCD) is automatically enabled and steered to the island
location when an unstable mode is detected [Welander 2013,
Kolemen 2014]. Preemptive stabilization has been
demonstrated in low-torque, low-rotation ITER baseline
scenario discharges [LaHaye 2017]. Recent research has also
explored feedback-controlled rotation of large islands using
resonant magnetic perturbations (RMP) to avoid wall-locking
and disruption. Rotation shear and/or wall stabilization effects
alone may postpone disruption [Okabayashi 2017], allowing 0 10 20 30 40 50 60 70
time for other actions to recover stable operation (Fig. 2-30). . Time (_s) . )
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disruptive ITER baseline regime remains challenging, particularly at the ITER collisionality and
ITER-relevant torque, with further needs to integrate sensing and control techniques.

DIII-D is pursuing multiple approaches to the prediction of stability limits and disruptions.
Active MHD spectroscopy appears to show a resonant response before the onset of tearing modes,
both at kink mode frequencies [Turco 2016] and at tearing mode frequencies [LaHaye 2016],
raising the exciting possibility of predicting the approach to instability while the plasma remains
stable, as well as a method to probe the underlying physics. Efficient methods of simultaneously
determining the stability of multiple plasma modes also show promising results [Wang 2016].
Real-time kinetic equilibrium reconstruction [Kolemen 2016], a prerequisite to real-time stability
calculations, is under development. Several approaches [Rea 2017, Kleijwegt 2017, Parsons 2016]
are being developed to apply sophisticated “machine learning” techniques to the prediction of
disruptions, based on correlation of key plasma parameters in the existing DIII-D database, and
offline analysis has yielded disruption predictions with better than 90% accuracy [Rea 2017,
Kleijwegt 2017].

Goal 1: Assess and improve tearing mode stability. A key goal here is to gain an actual
predictive capability for tearing instability, as well as to understand and develop the techniques to
improve stability to enable robust ITER baseline scenario operation. Research will thus explore
control of the current density profile near the q=2 surface and other parameters. The emphasis will
be on indirect methods, including modification of the H-mode pedestal temperature and bootstrap
current by variation of the pedestal density and plasma shape. Linear and nonlinear resistive MHD
modeling and improved 1D and 2D profile diagnostics will be crucial to this effort, in order to
interpret experimental results and to develop the capability to predict (for DIII-D and for ITER)
discharge configurations with robust stability to tearing modes. The influence of rotational shear
in tearing mode stability will also be investigated, including its possible role in screening of
electromagnetic coupling from other rational surfaces. Magnetic probing and control techniques
(below) also play a role in developing this understanding.

Goal 2: Validate active tearing mode control. Work will focus on extending and integrating
techniques to develop robust tearing mode response systems to recover performance or allow safe
termination. Experiments will quantify the requirements on ECCD power, pulse length, and
alignment for detection and suppression of the 2/1 tearing mode before the island locks, and the
possible effects of current drive broadening by edge turbulence. Event response sequences will be
tested, including the deployment of 3D fields to control or rotate modes while ECCD is applied.
Research will also investigate the nonlinear physics of neoclassical tearing mode onset and
saturation, including the possibility of indirect stabilization by control of “seeding” events that
may trigger the tearing mode. The stability physics of a saturated island with forced rotation by
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electromagnetic torque will be investigated using experiments and nonlinear 3D codes such as
NIMROD or M3D-C1. Understanding the recovery of H-mode operation during controlled island
reduction will require integrated modeling, including transport and H-mode pedestal physics. A
practical goal is to bring tearing mode control, with techniques using both ECCD and 3D fields,
into routine use as part of DIII-D’s Off-Normal and Fault Response system.

Goal 3: Develop real-time sensing and prediction of stability limits. The physics basis for
active MHD spectroscopy of tearing modes will be established through detailed experiments and
comparison to stability modeling. This work will also be used to probe and improve underlying
physics understanding of the modes. Disruption predictions based on machine learning will be
implemented in real-time calculations. Fast, accurate equilibrium and stability calculations will
also be developed and tested in real time. Successful techniques will be incorporated into DIII-D’s
Off-Normal and Fault Response system, and used to trigger and guide appropriate actions to
prevent or mitigate a disruption. Modeling and cross-machine testing will evaluate the portability
of these techniques to ITER.

Challenge 2: Establish the scientific basis for stability of high BN, steady-state operation

Current progress. As shown in Fig. 2-31, DIII-D discharges routinely exceed the ideal MHD,
no-wall stability limit in configurations having high normalized beta, B, and high minimum safety
factor, qmin, compatible with steady-state operation [Hanson 2017]. The stability of the resistive
wall mode (RWM) with Bn above this limit has been understood in terms of kinetic stabilization
by resonant interactions of the mode with the bounce and precession frequencies of trapped ions
[Wang 2015]. Modeling indicates that resonant interactions with fast ions from neutral beam
injection may also be important for RWM stability [Turco 2015]. When the minimum safety factor
Qmin IS greater than 2, these high-p discharges do not have 3 collapses or disruptions caused by
locked tearing modes.

Simple “proportional gain” feedback stabilization of the RWM with internal control coils (I-
coils) has enabled discharges compatible with steady-state operation to reach beta values
significantly above the passive stability limit [Hanson 2017], as shown by the magenta points in
Fig. 2-31. More recently, an initial test of a model-based Linear Quadratic Gaussian (LQG)
controller for the external control coils (C-coils) has shown stabilization comparable to that with
the internal coils and the simpler control algorithm [Clement 2017], an important development for
future fusion reactors.

Earlier experiments have shown that both the ideal MHD stability limits and the confinement
increase with high internal inductance I;. Discharges with Bn~5 and very good confinement have
been achieved with i greater than unity [Ferron 2015], although such configurations have not been
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sustained for long pulses. They are calculated to be stable without a wall up to Bn~4, and the most
common instability is a 2/1 tearing mode.

With RWM fdbk
e Without RWM fdbk
v n=1 RWM onset

.......... With RWM fdbk
iw o Without RWM fdbk
i Vv n=1 RWM onset

““““““

05 06 07 08 09 10 1 2 3 4

0 GUmin

Fig. 2-31. Experimentally accessed (a) S versus li and (b) Sn versus gmin Values, with and without RWM
feedback control, showing fg-collapses due to n = 1 RWM events, and calculated no-wall and ideal-wall
ideal MHD stability limits. [Hanson 2017]

Goal 1: Validate and optimize kinetic stabilization of kink modes at high beta. The key
challenge here is to test and validate damping models in more advanced regimes with higher Bn
and gmin, and lower fast-ion fraction, to determine if the potential of the advanced tokamak concept
can be fulfilled. In particular, studies will test behavior and limits very close to ideal MHD, with-
wall Bn driven kink thresholds. Research will validate models of kinetic stabilization in these
regimes and also as the plasma rotation is reduced to reactor-relevant values. The role of fast ions
in Kkinetic stabilization will be tested using steerable and variable voltage neutral beams, also
deploying greater electron cyclotron heating power to vary fast-ion content. The strength of the
kinetic damping will also be validated, since weak damping can leave the discharge vulnerable to
destabilization by transients and error fields. Modeling predicts kinetic stabilization almost to the
ideal wall limit [Hanson 2017]. Future experiments will investigate the hypothesis that limits in
reaching the ideal limit in Fig. 2.3 are due to imperfect error field correction, using improved multi-
mode error field correction enabled by new power supplies and, later, by an additional set of 3D
coils. The critical role of tearing stability in these limits will also be explored, noting that a pole in
the classical tearing instability index is predicted at the ideal limit. As discussed in Section 2.1.2,
the proposed option of close-fitting “conformal” wall inserts will significantly increase the ideal-
wall stability limit, and will further test the hypothesis that the tearing mode limit follows the ideal
kink mode limit.
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Goal 2: Establish active stabilization of kink modes beyond passive stability limits. The
initial promise of advanced state-space (LQG) controllers and reactor-relevant external control
coils will be rigorously explored, assessing behavior and limits in higher Bn plasmas close to with-
wall ideal MHD limits that will be accessed in the 2019-2024 five-year plan. New power supplies
and, later, new active coils (M-coils) will improve the simultaneous control of RWMs and error
fields. Research will exploit the greater poloidal spectral flexibility gained by using the M-coils in
combination with existing coils to develop RWM control that avoids undesired rotation braking or
destabilization of other modes, and greater toroidal mode number range to extend capabilities to
investigate control of the full range of RWMs expected to pose a concern (n=1, 2, 3), noting that
studies have already shown differences in underlying stability between n=1 and n=2 modes (see
Challenge #3). An upgraded set of magnetic diagnostics to accompany the M-coils will be critical
to exploiting these new capabilities. Ultimately this advanced control will be implemented for
routine use in experiments on high-beta, steady-state scenarios.

Goal 3: Assess stability of high-li and other high-p scenarios that do not require wall
stabilization. Although the stability limits of high-li discharges are less well characterized than
those of ITER-like inductive discharges or high-gmin Steady-state discharges, existing data shows
that the limiting instability is often a 2/1 tearing mode. Research will focus on tearing mode control
in this configuration, using techniques outlined under Challenge #1. The sensitivity of stability to
the current density profile will be assessed. Direct stabilization by local ECCD may be readily
achievable with the more central location of the low-order rational surfaces. If needed, the
advanced RWM control described above will be adapted for stabilization at high li and high p.

Challenge 3: Use 3D physics to improve the stability of tokamak plasmas

Current progress. DI1I-D research has shown that the plasma’s magnetic response to external
n=1 perturbations is in good agreement with linear, ideal MHD models [King 2015]. At moderate
beta, the plasma n=1 response is well described by a single stable mode [Paz-Soldan 2014, Lanctot
2017a], and therefore n=1 error field compensation (EFC) simply requires a control coil set that
couples to that mode. Real-time optimization of single-mode n=1 EFC by minimizing rotation
braking has been demonstrated [Lanctot 2016], and may be useful for ITER. In contrast, recent
research shows a multi-modal response to n=2 fields, depending on the spatial structure of the
external field [Paz-Soldan 2015a] (Fig. 2-32). The dependence of n=2 error field penetration
(driven reconnection) on plasma parameters is similar to previous n=1 results [Lancot 2017b].
However, unlike n=1, single-mode n=2 EFC does not fully recover the plasma performance of the
case without error field [Paz-Soldan 2015b], confirming that additional modes are important. A

2-60  General Atomics Report GA—-A28765



The DIII-D National Fusion Program Five-Year Plan 2019-2024

new paradigm of “reluctance eigenmodes” explains the complexities of the plasma response in
terms of a strong response by very stable modes as well as by weakly stable ones [Logan 2016].
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Fig. 2-32. Experimental n=2 plasma response amplitude and IPEC prediction
at the (a) Low Field Side and (b) High Field Side midplane as upper-lower I-
coil phase difference is varied. Cross-section of the computed response at the
(c) LFS null and (d) HFS null. /Paz-Soldan 2015a]

DIII-D experiments have also confirmed that in plasmas with low neutral beam torque,
neoclassical toroidal viscosity (NTV) can accelerate the plasma to a rotation rate of the order of
the ion diamagnetic drift frequency [Garofalo 2008]. This effect has been exploited to enable high-
performance QH-mode plasmas with near-zero neutral beam torque [Burrell 2012]. Taking
account of the stable plasma response, it has been estimated that the offset rotation driven by n=3
fields in ITER could be as large as the neutral beam-driven rotation [Garofalo 2009, Burrell 2013].
Similarly, a recent empirical scaling study [ Chrystal 2017] suggests that “intrinsic torque” in ITER,
including NTV as well as other effects, could be comparable to ITER’s expected neutral beam
torque.

Having laid these foundations, the challenge remains to resolve the multi-modal resonance and
non-resonance responses in order to understand how to simultaneously avoid braking, optimize
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(or avoid problems with) NTV torques, while enabling additional 3D functions such as ELM or
RWM control.

Goal 1: Optimize active control of error fields with multiple mode numbers. Research will
develop multi-mode error field compensation. Planned additional power supplies for the existing
3D coils will enable simultaneous n=1 and n=2 EFC in routine operation. The multi-n EFC should
improve the stability of both the low-torque ITER baseline scenario, where n=2 penetration and
locking often leads to n=1 mode growth and disruption, and of high-beta steady-state scenarios,
where a strong response to n=2 error fields may alter the rotation and kinetic damping of n=1
RWNMs. At present, ITER has no plan for n=2 EFC, so it is crucial to establish the implications of
its absence and advise ITER on required strategies.

Goal 2: Establish control of resonant drive for higher n tearing and kink instabilities.
Later in the five-year period, a proposed additional set of internal coils at the midplane will extend
studies of 3D physics to higher toroidal mode numbers (up to 6) and finer control of the poloidal
mode spectrum (notably providing harmonic control at n=3 and 4 for the first time). The enhanced
spectral flexibility will be used to test control of multiple 3D effects — for example, compensation
of resonant error fields while minimizing non-resonant braking of rotation.

Goal 3: Assess the impact of flow and flow shear generated by 3D fields. DIII-D research
will investigate the possible use of rotation modification by 3D fields to improve stability of
discharges with little or no neutral beam torque. In plasmas with zero neutral beam torque, NTV
rotation driven by non-resonant fields could reduce the susceptibility to penetration of resonant
error fields, and could play a role in kinetic stabilization of resistive wall modes. In plasmas with
small, ITER-equivalent neutral beam torque, selective braking by NTV could enhance local
rotational shear for tearing mode stability. The proposed M-coils will enable much greater
flexibility in the poloidal spectra of applied n=2 and n=3 fields, allowing more control of the NTV
torque amplitude and radial location. The physics of the NTV effect will also be explored in Section
2.3.2 as part of studies in rotation profile control and projection.

2.2.2.3 Improvements in Capabilities

In the 2019-2024 five-year period, a broad range of physics inquiries will be enabled by
enhancements of the DIII-D facility (Table 2-14) and its diagnostic instrumentation (Table 2-15)
and of the modeling tools for prediction and interpretation of experiments (Table 2-16). Key
enablers of this program include the 3D upgrades and increased ECCD powver.
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Table 2-14.

Hardware Improvements for Core Stability Studies

Hardware Capability

New Physics

Increased EC power, 7-9 MW

Two co-counter steerable NB injectors

New 3D coils and power supplies

Close-fitting “conformal wall” inserts

¢ Validation of passive stability limits with controlled variation of

current density profile and fast-ion beta fraction
Active stabilization of multiple MHD modes

Optimization of stability by simultaneous control of background
current profile and active stabilization

Validation of stability limits vs. current density profile
Validation of stability limits vs. plasma rotation

Optimization of stable plasma response to 3D fields with n>2,
and with varying poloidal spectrum

Understanding of stability limits in tokamaks with external 3D
fields

Active probing of plasma stability while coils simultaneously
provide error-field control, ELM suppression, etc.

Active stabilization of resistive wall modes, with multi-mode
control and/or improved spatial spectrum selection

Validate the link between global kink stability and tearing
stability in high-performance scenarios

Enable stable, high-p, steady-state scenarios by raising the wall-

stabilized limit

Table 2-15.

Diagnostic Improvements for Core Stability Studies

Scientific Objectives

Physics Measurement

Diagnostic Technique

Understanding and prediction of
stability limits in tokamaks

Profile control and real-time
stability assessment

Real-time prediction of stability
limits, robustly stable operation

Validation of predicted internal
structure of MHD modes, early
warning of growing instabilities

Measurement of plasma response
to the fields applied by new non-
axisymmetric coils (“M-coils”)

1D profiles (ne, Te, Ti, Q, J) with
improved precision, time
resolution, radial resolution

Continuous real-time profile
measurements (ne, Te, Ti, Q, J)

Real-time kinetic equilibrium and
stability analysis

2D and 3D measurements of
macroscopic non-axisymmetries:
stable and unstable modes

Toroidally and poloidally
resolved 6B for toroidal modes n
upto6

Upgrade existing profile
diagnostics (Thomson scattering,
ECE, CER, MSE, polarimetry)

PCS enhancements

PCS enhancements

Toroidally resolved 1D profiles
(ECE) or 2D imaging (Thomson,
MSE, ECE); upgrade high-
frequency magnetics array

Upgrade existing arrays of
external magnetic diagnostics
(i.e. 3D magnetics, Phase II)
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Table 2-16.
Simulation Code Development Plan

Code Purpose

Linear and nonlinear, nonideal MHD stability ~ Realistic modeling of linear/nonlinear tearing mode
codes (MARS, DCON, NIMROD, M3D-C1) stability, enabling reliable prediction of experimental
stability limits

Realistic modeling of non-ideal effects in the stable
response and stability limits of wall-stabilized kink modes
at high beta

deal and resistive stability codes (e.g., DCON) Real-time assessment of stability limits, enabling plasma
adapted for real-time operation control for robustly stable operation

Ideal and resistive MHD stability codes (e.qg. Physics understanding of observed unstable modes and the
MARS-F, VMEC/V3FIT, M3D-C1) adapted stable plasma response to 3D fields

for fitting 2D and 3D experimental data from

multiple diagnostics

2.2.3 Plasma Control

D. Humphreys (GA), M. Walker (GA), N. Eidietis (GA), J. Ferron (GA), E. Kolemen (Princeton U.), A.
Hyatt (GA), E. Schuster (Lehigh U.)

Plasma Control research at DIII-D seeks to develop the knowledge and solutions needed for
ITER and power reactors to satisfy their control requirements and operate disruption-free with
specified levels of robust high performance. Control science research provides the principal
methods for managing uncertainty inherent in physics understanding, and provides the essential
knowledge through which plasma physics understanding is transformed into operational reality.
Advanced tokamak regimes, characterized by operation beyond various open loop stability limits
(i.e. points beyond which some plasma mode is unstable in the absence of feedback control), are
particularly demanding of control advancements, and continue to drive DIII-D to maintain its
leadership role in plasma control science. DIII-D has had a unique emphasis on control physics
and mathematics since its inception, and is the most highly-controlled and controllable tokamak
in the world [Humphreys 2007, Humphreys 2009]. Both ITER and next-generation reactors will
demand control performance and reliability far beyond that required by presently operating
devices, yet with significantly more constraints on control actuators and diagnostics. Future
reactors including FNSF, CFETR, and DEMO, will require still more reliability than ITER, likely
operating in AT regimes with even stronger cost and resource constraints.
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Significant progress was made in control science in the 2014-2018 DIII-D research period,
including reduction to practice of g-profile control using a variety of algorithmic approaches
[Schuster 2016], development of off-normal and fault response algorithms and ITER-relevant
methods for integrated design and generation of real-time code for operational algorithms [Eidietis
2017], development of ITER-relevant methods for shot validation with control-level simulations
[Walker 2017], and deployment of many algorithms to support DI11-D experimental physics goals
(e.g. [Eldon 2017]).

2.2.3.1 Challenges and Impact

While many control advances have been made along the path to ITER and fusion power plants,
substantial work remains in order to establish the control solutions needed to make tokamak fusion
power viable. To accomplish this, the DIII-D Plasma Control research program focuses on four
principal challenges (Table 2-17). The first challenge addressed is to develop and demonstrate the
fundamental individual and integrated control solutions needed by ITER. Research addressing this
challenge will develop controllers for continuous regulation of ITER scenarios, including
multivariable shape and vertical stability control, current profile regulation, and divertor operation
control. Asynchronous control related to this challenge includes algorithms and scenarios for
handling exceptions (off-normal events requiring real-time modification to control policies). The
second challenge is to develop the specific understanding and solutions needed to ensure minimal
disruptivity in ITER, and true disruption-free sustained operation required for a power plant
[Humphreys 2015]. Addressing this challenge will entail developing mathematical robustness
metrics for low disruptivity and research in quantifiably robust control algorithms. The third
challenge is to identify and/or develop appropriate model-based design approaches to address
plasma control problems. Although plasma control research at DIII-D and elsewhere has
demonstrated the quantified performance possible with model-based design, the solutions needed
for ITER and beyond have not yet been fully developed. Research to address this challenge will
include development of specific control-level models for design, including MHD stability and
machine learning-derived profile response models. The fourth priority challenge is to determine
the advanced control solutions needed to support the DIII-D experimental program. The research
in this area will be driven by the developing needs of DIII-D, but will develop and make use of
advanced algorithms to enable experimental operation and elucidate relevant physics in specific
experiments.

The understanding and solutions developed in this research program will contribute to enabling
ITER to operate robustly with minimal disruptivity, help establish the viability of a disruption-free
tokamak reactor, qualify the model-based design approach to control needed for all burning
plasmas, and continue to provide the essential control solutions that enable much of the DIII-D
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physics research program. As such, DI11-D Plasma Control research will play a key role in enabling
ITER to be licensed, to achieve its physics goals, and to operate with sufficient machine protection

effectiveness throughout its lifetime.

Table 2-17.

Plasma Control Research Challenges, Goals, and Capability Improvements

Challenge

Goals

Key Capability Improvements

Develop understanding, methods,
and solutions needed for
integrated, robust control of
ITER

¢ Develop and assess individual
ITER control algorithms:
equilibrium, n=0 stability,
current profile, divertor
regulation, exception handling

e Emulate ITER with DIII-D to
assess and validate integrated
ITER PF control solutions

Develop understanding and
control methods to prevent
disruptions in ITER and AT
reactors

¢ Develop/quantify robust
disruption-prevention control:
profile regulation robustness to
transport variation, n=0 stability
robustness to MHD disturbances
and impurity influx

o Develop/assess off-normal/ fault
response (ONFR) finite state
machine algorithms for
preventing disruption in ITER

Identify high-performance model-
based control approaches
capable of effective control
without empirical tuning

¢ Develop/assess linear MHD
equilibrium and stability
models, machine learning-
derived profile response models

¢ Quantify and compare
performance of model-based
design approaches including
Model Predictive Control,
convolutional neural networks,
and adaptive methods

Determine advanced control
solutions to best enable, support,
and accelerate the DIII-D
program

¢ Design/apply advanced control
algorithms for DIII-D VFI-less
equilibria, SAS2, profile
regulation for steady-state
targets

¢ Regulate MHD stability to
enable transformational
elucidation of physics in DIII-D

Hardware upgrades:

e Continual PCS hardware
upgrades

e New power supplies to enable
increasing-fidelity emulation of
ITER PF control

Diagnostic Upgrades:

¢ Continual advancement of
diagnostics to real-time
capability in support of
operations and experimental
control goals

e Increasing integration of 3D
diagnostics in control
applications

Code development:

e Continual development of PCS
software, algorithms

¢ Continual development of finite
state machine (ONFR)
algorithms

e Continual TokSys upgrades

e Real-time stability and
controllability calculation

e Real-time calculation of
relevant models and control
algorithms

e Faster than Real-Time
Simulation of plasma state

e Control testing and shot
validation simulations, both
offline and connected to PCS
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2.2.3.2 Research Plan

The DIII-D Plasma Control research program in FY 2019-2024 will be organized around the
challenges articulated in Table 2-17. Fig. 2-33 provides timelines for each challenge area, key
research activities and milestones, and capability improvements enabling these activities.

Challenge FY19-20 | FY21 | FY22 | FY23 | FY24
< ITER actuator sharing, EH->
Robust ITER <Integrated ITER control emulation>
Control < Demo end-to-end ITER control >

< Balanced plasma state/stability ctrl->

Disruption <ONEFR for disruption prevention>
prevention < Demo/quantify disruption-free in ITER and AT -
<Online model/algorithm calculation>
Model-based & Faster than Real-Time Simulation in PCS >
Control <Performance quantification>
<Expanded shape space> < Full VFI-less equilibria w/ new SSPAs >
DI111-D Control <Routine profile/TM/ONFR control->

<Increased profile control robustness with new ECH->
< Simserver: transition from limited to routine>

New

Capabilities SSPAs: < Use in shape control > < Full VFI-less >

ECH: < Improved TM suppression > < ITER-like actuator sharing >

3D diags: € RT stab bound detection > < RT stab bound control >

Codes: < Increasing simserver use > < ITER-like shot validation >
< Continuous advancement of TokSys environment >

PCS: <&  Continuous advancement of PCS hardware/software >

(Key: VFI=Vertical Field Inductor, TM=tearing modes, ONFR=off-normal/fault response, EH=exception handling, AT=advanced
tokamak, SSPAs=Super-SPAs, RT=real-time, PCS=Plasma Control System, TokSys=GA Tokamak System Toolbox,
FRTS=Faster-than-Real-Time-Simulation)

Fig. 2-33. Plasma Control Research Plan Timeline

Challenge #1: Develop understanding, methods, and solutions needed for integrated, robust
control of ITER

Current Progress. The unique demands of the ITER physics research and operations plans
have led to specification of a particular set of requirements for ITER control. For example, ITER
will follow a rigorous integrated control model-design-simulate-validate-apply design philosophy
(see Fig. 2-34 and [Humphreys 2015]), with quantified model accuracy and controller performance
specifications, and will include mandated whole-shot validation prior to execution of a discharge.
This approach will be applied to all controlled quantities in ITER: plasma equilibrium boundary
and vertical stability, divertor radiation and detachment, tearing mode stability, Kinetic
characteristics, burn state, etc. Significant progress has been made in the current and previous
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DIII-D research periods toward developing and studying many individual ITER-relevant control
algorithms [Humphreys 2007], including ITER axisymmetric stability control [Humphreys 2009],
ITER-type shot validation [Walker 2017], and divertor detachment control [Eldon 2017] (Fig.
2-35). However, many aspects of this control design and qualification process require further
research and development, and the end-to-end process has yet to be fully demonstrated on
operating devices. The flexibility of DIII-D, control expertise of the DIII-D team, and strong
connection with both the ITER project and other superconducting devices (e.g., EAST and
KSTAR), make the DIII-D control research program ideal for addressing this challenge. This area
of research will include demonstration and study of individual ITER control algorithms, as well as
emulation of key ITER characteristics in executing such algorithms with DIII-D (as well as EAST
and KSTAR, to the degree enabled by collaborations with those devices). Common use of the
DIII-D PCS by EAST and KSTAR greatly facilitates such cross-machine testing of control
algorithms.
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Fig. 2-34. Integrated control design process uses validated physics-based models to
construct control algorithms, and verifies control system performance against detailed
simulations prior to operational use

Goal 1: Develop and assess individual ITER control algorithms. This research program
will see continued focus on studying and developing plasma control science to enable the success
of ITER. This focus will include research in integrated control for robustly achieving and
maintaining the ITER target scenarios, including advanced equilibrium and n=0 stability control,
gap-basis shape control, fully-populated gain matrices designed from magnetic plasma response
models for boundary and divertor configuration control, ITER-relevant divertor detachment and
radiation control, burn control using DIII-D neutral beam proxies for alpha heating, ITER Catch-
and-Subdue (continuously active) tearing mode suppression,

2-68  General Atomics Report GA-A28765



The DIII-D National Fusion Program Five-Year Plan 2019-2024

Goal 2: Emulate ITER with DIII-D to assess and validate integrated ITER control
solutions. Prior to commissioning of ITER control algorithms, it is important to demonstrate their
operation and performance in present devices. The ability to control all F-coils individually in
DIII-D, made possible by several advancements including new Super-SPA power supplies, will
enable emulation of the type of equilibrium regulation required in superconducting devices such
as ITER, KSTAR, and EAST. DIII-D will emulate many aspects of ITER integrated control in
experimental use, including ITER-relevant profile control actuators and algorithms, actuator
sharing using priority assignment and real-time QP optimization, and exception handling for key
responses including loss of VVS3 availability and proxy disruption prediction time intervals leading
to rapid shutdown requests. Demonstration of the full ITER model-design-simulate-validate-apply
design approach will be a key deliverable in this effort (Fig. 2-34).
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Fig. 2-35. Active regulation of impurity or fueling gas puffing at the divertor strike point
has been demonstrated to maintain a stable detached plasma using an ITER-relevant
control algorithm in DIII-D. Although nitrogen and deuterium have been demonstrated in
the current DIII-D research period, the next period of research will include ITER-
relevant Ne injection, along with emulation of ITER-scaled dynamics.

Challenge #2: Develop understanding, methods, and solutions to prevent disruptions in
ITER and AT reactors

Current Progress. Both ITER and future advanced tokamak reactors are characterized by a
high level of active control to sustain a desired plasma configuration and stabilize certain
instabilities in order to meet performance targets (e.g., fusion power and gain). Achieving the
required level of control at Q=10 in ITER places significant demands on control capability in an
environment with limited measurement and actuator access. Although ITER is designed to tolerate
~10% disruptivity in principle, the operational intent is to target a disruption rate that is as low as
reasonably achievable without adversely impacting the experimental physics mission. The DIII-D
control program strives to provide understanding and solutions toward this goal. Significant
progress has been made in disruption prevention research in the 2014-2018 five-year period,
including demonstration of the Catch and Subdue continuous tearing mode control scenario and
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associated algorithms [Welander 2013] (Fig. 2-36), and development of the DIII-D Off-Normal
and Fault Response (ONFR) framework and related algorithms [Eidietis 2017]. Advances have
also been made in rapid shutdown scenarios and algorithm development [Barr 2018]. The ongoing
research to address these challenges will require many of the approaches and solutions developed
in other areas, coupled with a unique focus on quantifiably disruption-free operation, high
efficiency in use of limited sensors and heating/current-drive systems, and consistency of control
resources with long-pulse operation (e.g., use of non-magnetic boundary control).
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Fig. 2-36. The ITER-relevant Catch and Subdue scheme for repeated suppression
of tearing modes has been demonstrated to enable rapid detection and alignment
(“Catch”) of ECCD with a growing island, followed by suppression of the island
(“Subdue”), using an ITER-relevant control algorithm in DIII-D. Additional
gyrotrons will enable full suppression of a 2/1 island (the most important mode
requiring suppression in ITER as part of an effective disruption prevention
system).

Goal 1: Develop and quantify robust disruption-prevention control. Research toward this
goal will focus on approaches and solutions to enable quantifiably robust control capable of
preventing disruptions in ITER and steady-state burning plasma devices. This research will focus
on developing methods for quantifying and guaranteeing high-performance control to a specified
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level of reliability (ultimately that required by power reactors) using new DIII-D heating and
current systems, including additional gyrotrons and high-power helicon for enhanced current
profile control. Disruption prevention control approaches to be studied include integrated
boundary and profile control based on online model calculation for sustainment of ITER and
steady-state targets maintaining distance from tearing and vertical stability controllability
boundaries, and mathematical metrics for profile parameters and relative MHD stability to enable
active regulation of controllability itself. Application of new Super-SPA power supplies will
enable expansion of the robust operating space and study of disruption prevention through
algorithmic management of approaching operational limits.

Goal 2: Develop and assess off-normal/fault response (ONFR) finite state machine
algorithms for preventing disruption in ITER. In addition to developing quantified high
reliability control under nominal plasma scenario operating conditions, a disruption-free tokamak
must have effective control responses that will prevent disruptions even under off-normal and fault
conditions. Research toward this goal will develop off-normal and fault response algorithms for
asynchronous response to predicted tearing and other key MHD mode onset, as well as to
operational variances resulting from system faults and failures. Several mathematical approaches
to real-time assessment of disruptivity risk and determination of control action will be studied
including machine-learning derivations and first principles synthesis of controllers for
asynchronous response. Machine-learning research will focus primarily on producing continuous
assessments and demonstrably effective signals, rather than simple unqualified “alarm” signals.
ONFR solutions are key to enabling avoidance of disruptions that would occur under fault
conditions without proper control action.

Challenge #3: Identify high-performance model-based control approaches to enable
effective control without empirical tuning in operating and future tokamaks

Current Progress. Limitations on DIII-D experimental time available for control tuning,
coupled with the increasing need of high-performance control to elucidate detailed physics have
driven increased demand for model-based control. Controllers designed from sufficiently accurate
models can provide high confidence in quantified performance with minimal need for design
iteration or tuning. ITER and other next-generation reactors will have even more limited discharge
time available for control optimization, and higher demand for quantified control performance and
robustness. Prior to operational application of a given algorithm, only control designs based on
quantifiably validated models can provide such high confidence performance. ITER — and an
eventual commercial reactor — will not be licensable without sufficient qualification of both the
fundamental design approach, and specific model-based designs. Because this research area
underpins tokamak control for all devices including DIII-D and ITER, significant effort has been
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applied to the field and significant advances have been made. These include strides in physics
model-based current and g-profile control [Schuster 2016] and model-based advanced divertor
configuration control [Kolemen 2015]. Research and development in this field, with corresponding
advances in both control physics and control mathematics, constitute the third key focus of the
Control research program. In the 2019-2024 period, this area of research will include development
and validation of models appropriate to each type of control, quantification of performance
tradeoffs in different design approaches, and demonstration of high-performance control without
empirical tuning.

Goal 1: Develop and assess real-time linear MHD stability models and profile response
models for control design. Research toward this goal seeks to advance understanding and
solutions in the field of model-based control design, applied to the key challenges in tokamak
plasma control. A key goal of this understanding is to identify effective methods of real-time model
generation capable of supporting regulation of proximity to controllability boundaries, and
enabling various real-time algorithm adaptation. Relevant research toward this goal will also
include implementation of real-time plasma evolution models such as RAPTOR, the TokSys
gsevolve model, and the Lehigh COTSIM model, along with advancement of real-time DCON for
linear MHD assessment and machine learning-based models of tokamak stability space.

Goal 2: Quantify and compare performance of model-based control approaches.
Research in this area will focus on developing controllers, and quantifying and comparing
performance of key model-based design approaches, including online model and controller
calculation for multivariable model-based shape control (based on fully-populated state space gain
matrices for isoflux measurements mapped to coil commands), advancement of model-based
profile control, including online Model Predictive Control (MPC; see Fig. 2-37), online
implementation of Faster than Real-Time Simulation for plasma state prediction, and development
of methods for performance quantification from model-based approaches used in plasma scenario
and stability control. These advances are expected to play key roles in developing AT scenarios,
maintaining stability through current profile evolution, and reaching desired target profiles.
Performance quantification includes quantified robustness to specified noise and disturbance
levels, as well as to uncertainty and errors in modeled plasma responses. Quantification of
performance in such metrics is required for licensing of ITER and fusion reactors.
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Fig. 2-37. Comparison of (a) g-profile resulting from feedforward alone, (b) g-profile resulting from
feedforward + feedback using MPC controller. MPC control feedback produces good agreement between
target and actual g-profile.

Challenge #4: Determine advanced control solutions to best enable, support, and accelerate
the DIII-D program

Background and Current Progress. Increasing complexity of DIII-D physics experiments
and increasing premium on machine time have demanded steadily more advanced approaches to
control through the years, now routinely requiring highly integrated, multivariable, high-
performance controllers with minimal need for operational tuning. For example, Small Angle Slot
divertor studies are enabled by millimeter-scale strikepoint control made possible by DIII-D’s high
order multivariable isoflux boundary control, high-accuracy real-time equilibrium reconstruction,
and gain optimization through simulation iteration. Model-based profile control research has
enabled unprecedented reproducibility in g-profile trajectory and target for steady-state scenarios,
divertor detachment control has enabled groundbreaking elucidation of the Te “cliff” phenomenon
[Eldon 2017], and negative triangularity plasma transport studies were proposed and made possible
within one campaign by advanced control design and optimization (Fig. 2-38). These ongoing
research challenges for DIII-D experiments will be met with a robust program in control physics
and mathematics, developing appropriate control-level models guided by physics phenomena
requiring understanding, and applying appropriate mathematical design and analysis theorems to
achieve the needed level of regulation. Tokamak experimental physics productivity is maximized
by investing sufficient effort in both control understanding and algorithms that enable the level of
resolution needed to regulate and observe the phenomena of interest.
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Goal 1: Design and apply advanced control
algorithms for DI11-D based on physics models derived
from scenario, core stability, and boundary research.
Research in this area will include use of Super-SPA power
supplies to expand the shape operating space of DIII-D and
enable independent regulation of all F-coils, emulation of
shape control in superconducting devices, model-based
profile control to access and sustain current profiles in
desired plasma regimes, and deployment of tearing mode
stabilization algorithms as a general tool for experiments in
which growth of such modes is undesirable.

Goal 2: Optimize control designs for experimental
needs and elucidation of physics in DIII-D. Research
toward this goal will include development and application of
control solutions and tools for optimizing control
effectiveness in experimental application. Advances in
profile control developed through research for ITER and
disruption-free reactor operation will be adapted and
optimized for DIII-D experiments. New plasma equilibrium
and divertor configuration algorithms will continue to be
advanced and studied. The simserver capability of
connecting simulations to the DI11-D Plasma Control System
for testing of new algorithms and discharge scenarios will be

185779, run = EFITRT1, time = 1005.25

Fig. 2-38. Development of a
negative triangularity plasma
target through modeling,
simulation, and design, opened up
a completely new research path for
turbulent transport understanding
in DIII-D. Empirical development
of the required plasma target
without advanced design methods
would have consumed a
prohibitive amount of machine
time.

developed from limited use by experts to routine use by physics operators. Deliverables in this
area will continue to be determined by the needs of evolving experimental campaigns.

2.2.3.3 Improvements in Capabilities

Table 2-18.

Hardware Improvements for Control Studies

Hardware Advancements New Capabilities

Plasma Control System advancement
Hardware: added cpus/gpus
Software: algorithm development

SSPAs

Faster execution of algorithms
Increasingly complex algorithms including FRTS
Ability to operate DIII-D without VVFI constraint

Ability to emulate superconducting, independent PF coils

Expanded/integrated 3D diagnostics

RT stability calculations, regulation of proximity to boundaries
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Table 2-19.
Diagnostic Improvements for Control Studies
Scientific Objective Physics Measurement Diagnostic Techniques
RT stability calculations, Expanded and data-fused 3D Magnetics, ECE, TS, CER
regulation of proximity to diagnostics
boundaries
RT calculation of models and Expanded availability of profile ECE, TS, CER, SXR
control algorithms measurements in real-time PCS
Table 2-20.
Simulation Codes Used for Control Studies
Code Purpose
GA TokSys Control-level modeling and simulation, design of algorithms,
engineering analysis
GA Simserver Hardware/software-in-loop simulation of real-time control,

shot validation

2.3 BURNING PLASMA PHYSICS

An essential feature of fusion power production is the establishment of a “burning plasma” in
which sufficient alpha particle heating is generated to sustain the fusion process with minimal
external heating. The burning plasma regime will involve highly non-linear processes that suggest
a sophisticated predictive understanding is needed to project designs, parameters, and performance
in future devices, as well as to raise performance and improve fusion prospects by manipulation
of the configuration or choice of parameters and techniques. Consequently, Burning Plasma
Physics research in DIII-D has two primary goals: 1) to advance the predictive capability for
critical physics phenomena through understanding the underlying physical mechanisms that
produce the observed phenomena; and 2) to explore complex behavior in the highly nonlinear
burning plasma environment. The high-level challenges, principle approaches, and key capability
improvements are set out in Table 2-21. Addressing these challenges will provide new insights
into complicated processes of matter in the high-temperature state, and contribute to the design
and successful operation of future fusion devices. DIII-D is well positioned to contribute to this
physics knowledge with a flexible set of control tools, an extensive operating space, and a
comprehensive diagnostic set capable of providing both spatial and temporal information during
plasma experiments. DII1-D’s strong connections to the theoretical and experimental communities
both in the U.S. and internationally will enable the program to adapt quickly to the latest
developments in fusion research worldwide and investigate pertinent issues for ITER.
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Table 2-21.
High-Level Challenges for the Achievement of Burning Plasma Regimes for Fusion Energy

Challenge Approach Key Capability Improvements |

Hardware upgrades:

e High power ECH

o Fully articulated beamline;
variable perveance beams

e Upgraded 3D coil set

o SAS divertor (open/closed)

(Section 2.3.1)  Helicon antenna, klystron

Validate turbulent transport mode| Test state-of-the-art transport model;
on multi-scales, multi- using simultaneous measurements
levels and with multi-channels of turbulent fluctuations and

to project and optimize future heat/particle fluxes at both long
reactors and short wavelengths

¢ High field side LHCD

Predict the rotation profile in Characterize main ion and impurity

ITER, especially the role of rotation profiles, vary NTV using | Diagnostic Upgrades:

intrinsic rotation and the upgraded 3D coil set, and use o Laser blow-off system

application of 3D fields to perturbative methods to measure o Full radius BES

improve flow shear momentum sources and transport | e High-k backscattering/PCl
. * XICS

(Section 2.3.2) « 214 DRS/CPS

Validate an integrated suite of | Compare phase-space resolved e Int.-k CECE

models to predict and control measurements of fast-ion transport | ® UF-CHERS

fast-ion transport by instabilities | to simulations; explore real-time ° Tanger_1tia| TS
detection and control of EP mode | ® FIDA imaging

ion 2.3. .
(Section 2.3.3) oroperties * Reverse B FILD
Establish new methods for Install new current-drive Code development:
efficient, off-axis current drive | technologies and use multi-channel | e TGLF/GYRO/CGYRO
that are reactor relevant MSE to measure current-drive e GPEC into TRANSP
profiles for top-launch ECCD, o 3D gyrokinetic codes

(Section 2.3.4) helicon waves at high electron beta, | ® Reduced and first-principles EP model

and HFS-launch LHCD; compare | ® Physical optics codes for RF
with ray tracing models

A new frontier in fusion science is emerging that is exemplified by the use of detailed
experimental measurements in the validation of predictions from simulation codes. These codes
employ state-of-the-art theoretical descriptions of fundamental plasma behavior. Particular
emphasis will be placed on important research topics for which DIII-D has unique capabilities.
Once validated, these simulation codes will serve as a key resource in utilizing the knowledge
gained from the physics research program to design future burning plasma experiments and
operational scenarios. The research themes in Table 2-21will adapt to the new experimental
discoveries and theoretical developments that are advanced as the full research program unfolds.

Burning plasma research topics are closely connected to each other and also to other DIII-D
research areas. Micro-turbulence in plasmas not only can lead to anomalous cross-field diffusion
of particles, energy and momentum, but it can also trigger the L-H transition and affect RF ray
trajectories through refraction in the plasma edge. Alfvén eigenmodes not only can result in fast-
ion transport but also electron thermal transport. Transport issues are also important to develop
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high-confinement inductive (Section 2.1.1) and non-inductive (Section 2.1.2) scenarios, and edge
transport appears to contribute to the physics of edge localized mode (ELM)-suppressed regimes
(Section 4.1.1.). Transport issues also permeate the core-pedestal-boundary integration research
activities described in Section 4. Additionally, the physics of heating and current drive, and the
confinement of energetic particles, are important to the creation and optimization of fully non-
inductive regimes (Section 2.1.2) and stability (Section 2.2.2).

The ability to control and diagnose plasma properties with high spatial and temporal resolution
is a key enabling feature of DIII-D research in these areas. This benefits from key developments
on the facility:

The electron cyclotron heating (ECH) power upgrade is an essential component of the
Burning Plasma Physics plan, as it allows greater control of plasma instabilities [both
turbulent and magnetohydrodynamic (MHD)], better matching of reactor-relevant
conditions, and enables transient transport measurements. For example, the absorbed
ECH power needs to be increased to ~6.5 MW to obtain equal electron and ion heat
fluxes in high-performance plasmas using 8 beam sources. For transport stiffness
experiments, ECH power needs to exceed the NBI power by ~50% [DeBoo 2012],
requiring around ~7.5 MW of ECH in the ITER baseline scenario, which typically uses 5
MW of NBI.

The upgraded 3D coil set and changes to the neutral beam injection (NBI) system will
allow DIII-D to enhance its program to control instabilities and transport (both thermal
and fast ion). In particular, the fully articulated beamline and variable perveance beams
will give DIII-D great flexibility in varying the injected torque at full heating power, and
can substantially alter the drive for energetic particle instabilities.

Diagnostic innovation (Section 6) will continue to be a high priority for the DIII-D
program as new measurements naturally lead to new physics ideas, some of which will
become transformational breakthroughs. State-of-the-art measurements of plasma
profiles, turbulence, and imaging are needed and planned to advance fundamental science
understanding, mainly by testing the best-available theoretical model.

The plasma control system (PCS) on DIII-D is able to dynamically control global
parameters such as the plasma shape, density, and 3, as well as dynamically control local
values of the current density, toroidal rotation, and temperatures. Additional power
supplies will enable fully independent poloidal field coil control for the first time on
DIII-D. These control capabilities allow scientists to isolate plasma parameters, thereby
enabling the elucidation of the important physical processes.
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With these hardware developments (and, not least, the improvements installed at the end of the
presently operating plan) and diagnostic systems, DI11-D will be equipped to investigate the critical
questions and simulation basis to enable interpretation and optimization in ITER, and to project
configurations for future fusion reactors.

2.3.1 Turbulence and Transport

Physics Leads: C. Petty (GA), G. McKee (UWM), T. Rhodes (UCLA), M. Austin (UTA), K. Burrell (GA),
D. Ernst (MIT), C. Holland (UCSD), N. Howard (MIT), A. Marinoni (MIT), O. Meneghini (GA), S. Mordijck
(CWM), C. Rost (MIT), S. Smith (GA), Z. Yan (UWM).

A comprehensive and detailed understanding of the underlying dynamics of turbulence and the
resulting cross-field turbulent transport remains a key challenge to plasma physics and to the
development of fusion energy. Radial transport of particles, energy, and momentum determines
the global energy confinement time of magnetically confined fusion plasmas, and thus the size,
and ultimately cost, of fusion energy systems. It also plays a critical role in determining a self-
consistent equilibria and profiles for advanced tokamak plasmas, where steady-state kinetic
profiles are determined by a balance of heat and particle sources, transport properties and sinks,
which in turn impact MHD stability, self-driven currents and fusion performance. To address the
complex relation between turbulence, transport, and profiles, research in this area has a strong
emphasis on developing and testing state-of-the-art nonlinear simulations of turbulent transport.
The understanding gained will allow the optimization of transport (or at least mitigate the
deleterious consequences of turbulence) in different operational scenarios, particularly those
approaching burning plasma conditions (low rotation, low collisionality, strong electron heating)
and steady-state conditions (high beta, broad current and pressure profiles), to improve global
performance, reliability and robustness.

During the past five years, the DIII-D team has made strong progress in understanding the
behavior and dynamics of turbulence and transport properties in fusion-grade tokamak plasmas.
The DIII-D program has invested significantly to build arguably the most sophisticated and
comprehensive sets of turbulence diagnostics at any fusion research facility in the world,
measuring multiple fluctuating fields across a range of spatial locations and wavenumbers, along
with one of the most complete, reliable, accurate, and well-maintained sets of kinetic profiles and
equilibrium diagnostics. A great example of recent progress made is the explanation of local
density flattening during strong ECH in QH-mode plasmas [Ernst 2016]. Here, trapped electron
modes (TEMSs) are directly observed by Doppler backscattering (DBS) as a band of discrete mode
numbers, whilst GYRO simulation results simultaneously match flux and density fluctuation
spectra, both with and without ECH. The results indicate that density-gradient-driven TEM
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turbulence increases particle transport as Te/Ti increases. Another recent key result from DIlI-D
fluctuation diagnostics is the first observation of localized modulation of density turbulence by
neoclassical tearing modes (NTM), showing that magnetic islands exhibit a reduction in turbulence
that leads to faster NTM growth [Bardoczi 2016, Bardoczi 2017]. Close interaction between the
DII-D community and domestic and international transport programs,

GYRO dT./Tep ,!1-‘
as well as between theorists, experimentalists, and computationalists has
provided a source of innovative and novel ideas for new experiments, _electron scale™™
measurements, analysis, and simulation. Overall, this program has 4
validated, and in some areas led to revision of, linear and nonlinear l
l ion scale

models of turbulent transport, explaining key trends in behavior with
flow, Te/Ti, current profile and other parameters. However, experiments

have also revealed a complex multi-scale and coupled multi-species tiin%b i;:;?ﬁrlilectron
nature to turbulence in which behavior in one species is found to flyctuations from a
influence transport in another [Howard 2016, Fig. 2-39]. This is a central Multi-scale simulation.
focus of the forward research program.

2.3.1.1 Challenges and Impact

The goal of this research is to develop a confident understanding of turbulent transport so that
models can be used to optimize the path to fusion energy. This can be addressed by asking whether
the models agree, using appropriate metrics [Holland 2016], with measurements from fundamental
to global parameters (i.e., turbulence spectra, correlation lengths, gradients, fluxes, profiles),
across multiple scales (i.e., ion gyroradius, electron gyroradius) and multiple transport channels
(i.e., particle, energy, momentum). This key question is reflected in the first challenge of Table
2-22, which will enable a reliable prediction of burning plasma performance and determine how
ITER can use its tools to optimize performance. This research needs to anticipate the multi-
scale/field/species behavior at burning plasma relevant parameters, such as Te/Ti~1, low torque
and low collisionality. The second challenge of Table 2-22 addresses the goal of high confinement
in steady-state conditions, which requires high beta operation with self-consistent pressure and
current profiles. There are a number of key issues to address: (1) what is the impact of high beta
and electromagnetic effects on turbulence, (2) what is the role of g-profile and magnetic shear on
turbulence drive and suppression, (3) can particle, high-Z impurity, thermal and momentum
transport be differentially controlled, and (4) do EP-driven modes impact plasma power balance
significantly beyond just redistributing beam ions? This research will have a high impact if it leads
to situations in AT regimes where local transport changes modify the plasma profiles such that the
result is improved global confinement.
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Since a fundamental understanding of plasma turbulence underpins the above transport work,
Table 2-22 includes a third challenge that focuses on the exploration of turbulence across multiple
spatial scales and multiple fluctuation fields. A distinguishing difference between this challenge
and the two prior ones is that here the regime is chosen to optimize the testing of critical turbulent
characteristics, as opposed to optimizing reactor-relevance. Detailed questions about turbulence
can be asked here, such as how do gradient-driven linear instabilities drive turbulence, how does
turbulence saturate via zonal flows or other mechanisms, and how do 3D radial fields impact
turbulence and transport properties? Finally, the fourth challenge of Table 2-22 seeks to develop a
well-established and widely-employed modeling capability for designing and optimizing plasma
experiments. The key issue is whether a widely used and accepted transport modeling capability,
based upon first-principles simulations and backed by substantial experimental testing, can be used
to design and optimize fusion plasma experiments. If successful, this will allow scientists to model
discharges prior to running them, either on current devices or ITER, allowing scenarios to be
developed more quickly and reducing major disruptive events.

Table 2-22.
Turbulence and Transport Approaches and Upgrades

Challenge Goals/Deliverables Upgrades

1. To predict burning e Assess multi-channel (heat, particle, momentum) | Hardware upgrades:
plasma regime — transport in both ion and electron scales, test
performance, profiles transport stiffness properties

and behavior o Test and validate transport models and optimize
transport for conditions of low torque, strong

electron heating, low v*
® Resolve  discrepancies  in

e Higher power ECH
o Fully articulated beamline
e Upgraded 3D coil set

Diagnostic Upgrades:

traditionally | e Laser blow off system

problematic regimes .

2. Project advanced H-
mode scenarios to
regimes with high
pressure and modified
shear

Understand transport at high beta to assess
electromagnetic effects, including from EP
instabilities, on turbulence

Assess the role of safety factor and magnetic
shear in altering turbulence drive and
suppression

3. Expand fundamental
knowledge of nonlinear
interactions, self-driven
flows and saturation
mechanisms of
turbulence

Identify correct and incorrect saturation
processes in simulations, poloidal transport
asymmetries, differences between positive and
negative triangularity.

4. Develop a well-
established and widely
employed modeling
capability for designing
and optimizing plasma
experiments

Broadly use integrated reduced models (based
on “predict first” framework) to plan
experiments and interpret experimental results
Streamline ability to run integrated models

Full radius BES with improved

sensitivity

¢ High-k backscattering and
upgraded PCI for fi(ko)

e Tangential Thomson scattering

e 2D and 3D turbulence
diagnostics via
toroidally/poloidally spaced
DBS/CPS
CECE upgrade for int.-k T~

e UF-CHERS for Ty

e ECEI/MIR upgrades

Code development:

GYRO
TGYRO
CGYRO
TGLF
BOUT++
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Research Plan

The central objectives of turbulence and transport research during the 2019-2024 five-year
plan will be to achieve a predictive knowledge of the turbulent instabilities and processes at play
in burning plasma scenarios, identifying missing physics in transport simulations, developing new
measurement capabilities and performing focused experiments that increase understanding and
optimize performance. The program for turbulence and transport research is organized according
to the challenges and goals in Table 2-22. The timeline for each challenge and research milestones
is shown in Fig. 2-40. Key enablers of this research are improvements in ECH power and

diagnostics.
Challenge FY19-20 FY21 FY22 FY23 FY24
Burning Test and validate models in ITER-baseline regimes
Plasma Resolve L-mode Shortfall Understand transport in pedestal and no-man’s land
Regimes Isotope scaling experiments
Impurity transport
Advanced . .
H-mod Testing methods to control and improve transport
-modes Negative triangularity in new operational regimes

Fundamen-
tals of Measure and quantify turbulent transport
Turbulence Identify saturation mechanisms/characterize zonal flows
Predict-
First Test and improve TGLF reduced transport model across multiple operational regimes
Modeling (hybrid ITER baseline steady-state advanced scenario)

e Expanded/upgraded BES
Hardware |, ond pgg system (240°)
and e Tangential TS upgrade
Diagnostic o XICS/x-ray spectroscopy
I e Upgraded CECE
mprove- o ECEI/MIR upgrades
ments e 2" ECE radiometer

o High-k scattering (R-2)
o 2" off-axis beamline, NBI perveance
e 5MWECH
¢ Advanced 3D coils
e 7-9 MW ECH
o 2" co-ctr beamline

Fig. 2-40. Timeline of Research Challenges in Turbulence and Transport Area, as well as Improvements
in Hardware and Diagnostics
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Challenge 1: Predict burning plasma regime — performance, profiles, and behavior

Current Progress. One of the great
advances in recent years has been the

1.0x107 F 4 3

: ---- GYRO E
E SN — Synthetic BES|
08f \--— |— BES E

E i El
E / \ E|
E / N =0.65 E
F |/ . r=0. 3

I AN

i N

/ Ny

0.6

development of first-principles nonlinear
gyrokinetic simulation codes and reduced
models that predict turbulence and transport for
given Kkinetic profiles, gradients therein, and

(A%n?IkHz)

0ab Y

Density Fluctuation Spectra

0.2F

F 155583, 3300-5000ms, Ch 61,53,45,37

magnetic geometry. As an example of
reasonably good agreement, Fig. 2-41 shows a o et T e
quantitative comparison of the normalized (fi/n) Frequency (kHz)
long-wavelength density fluctuation spectrum,  Fig. 2-41. Quantitative comparison of measured

d with . density fluctuation spectrum from hybrid H-mode
measured with Beam Emission Spectroscopy plasma with GYRO simulation with synthetic
[McKee 2010], to that calculated froma GYRO  diagnostic applied.
simulation [Candy 2003] for a high-performance hybrid plasma on DIlI-D. The GYRO calculation
used experimental profiles and equilibrium and was run nonlinearly with flux-tube geometry,
including electromagnetic effects and low-wavenumber (ion scale) modes, but not high-k modes.
For the calculated frequency spectrum from GYRO (light blue dashed line in Fig. 2-41), synthetic
diagnostic predictions for BES signals (solid blue), are made to compare with the measured BES
spectrum (red). It should be emphasized that the spectra are absolute values, not arbitrary units;
indicating that both the normalized density fluctuation amplitudes and frequencies agree well. The
calculated thermal heat fluxes from GYRO are also compared to the experimentally interpreted
values from ONETWO transport analysis in
Table 2-23; this comparison demonstrates Table 2-23.
reasonably good agreement for the ion heat Comparison of experimental and calculated

. . . (GYRO) ion and electron heat flux and

fluxes and density fluctuation amplitudes, but

density fluctuations.
poorer agreement between the simulated and o 3
experimental electron heat fluxes, possibly due (W/clmz) (W/cem2) A/n(%)
to the c_ontrlbutlo_n fr(.)m _hlgher_-k modes that Exp 48 76 033
are not included in this simulation to electron GYRO 5o 55 0.37

transport. Thus further work is needed to
develop required predictive capabilities.

Goal 1: Access multi-channel transport in both ion and electron scales, test transport
stiffness properties. Since the simulation in Table 2-23 was performed for low-k modes only, the
under prediction of the electron heat flux by GYRO indirectly suggests that higher-k modes may
be active and contributing significantly to the experimental heat flux. This potential contribution
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of higher-k modes points to a new proposed direction in transport physics research, which is
understanding the role of both low- and high-k modes, and, importantly, their interactions.

The nature of the multi-scale interactions will be investigated experimentally by (1) using the
upgraded external systems (NBI, ECH, 3D fields) to generate ion and electron heat fluxes in
burning plasma-relevant regimes, and (2) employing a range of fluctuation diagnostics (DBS
[Hillesheim 2009], PCI [Dorris 2009], BES [McKee 2010]) to monitor the resulting turbulence
over a range of low-to-high wavenumbers simultaneously. Development of short wavelength
fluctuation diagnostics will be a major focus. The “predict first” modeling discussed in Challenge
4 is important for this work in order to identify the most relevant conditions for observing the
mixture of high- and low-k modes. For example, parameter scans that are expected to affect the
mixture of high- and low-k modes are (1) the Te/Ti ratio and (2) the ExB shear (which affects low-
k modes more than high-k modes).

Transport stiffness studies will, for the first time, be extended to test behavior in high-
performance H-mode plasmas, including IBS and advanced hybrid scenarios. These studies utilize
modulated ECH [DeBoo 2010], requiring considerable power to assess reactor-relevant
dominantly electron-heated regimes; enabled by the increased heating power planned (~6 MW).
Measurements of localized electron temperature in response to ECH pulses will allow for
identification of the convective and diffusive components of thermal heat flux; corresponding
measurements of fluctuations will provide more direct and quantitative comparisons and
correlations of electron temperature gradient variation with turbulence parameters. This research
will be conducted in concert with requests from ITER, as well as the goals and objectives of the
broader fusion energy sciences program, including collaborating national laboratory and university
research programs. This is an opportunity for U.S. scientific leadership in ITER.

Goal 2: Test and validate transport models and optimize transport for conditions of low
torque, strong electron heating, low v*. Burning plasma conditions of equilibrated temperatures
and low injected torque present several challenges to the current understanding. The Te/Ti ratio has
been shown experimentally to strongly impact turbulence and transport. Sound scientific practice
motivates us to make experiment/theory comparisons across the “primacy hierarchy” [Terry 2008]
by including basic turbulence quantities (spectra, correlation lengths, decorrelation times, phase
relationships in multiple fields), profiles and profile gradients, and global parameters [Holland
2009]. The metrics by which this validation procedure is assessed have been identified [Holland
2016].

A major goal of the proposed transport research program is to expand the operational regimes
and parameter space over which transport models have been qualified. Crucial to this effort will
be availability of increased ECH power and larger balanced NBI to equilibrate temperatures in
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low-torque H-mode plasmas. Increasing the ECH power to >5 MW will allow DIII-D to achieve
or exceed Te/Ti=1 in moderate beta (Bn~2), low ges ITER-similar plasmas. The increased transport
with increased ECH may result not only from increased fluctuation amplitude, but also from
changes in the phases between fluctuating quantities. To ascertain this, plasmas will be designed
that can achieve good access and measurement capability for temperature fluctuation
measurements, including as CECE (T,) and UF-CHERS (T;), along with the suite of density
fluctuation diagnostics. By combining DBS and CECE diagnostics and, separately, the BES and
UF-CHERS diagnostics, it should be possible to measure and relate any changes in the (7i T') cross-
phase relationship to related turbulent transport changes and compare with transport models
[White 2010]. Besides equilibrated temperatures and low rotation/shear, another dimensionless
parameter that is associated with burning plasma conditions is low collisionality. Collisionality
strongly impacts which instabilities are most strongly driven. While DIII-D has previously
investigated the v* dependence of transport in L-mode and H-mode plasmas [Petty 1999], new
collisionality experiments will study the complex interdependence between particle and thermal
transport on operational regime, T, /T;, and g-profile, as well as the peaking of the electron density
profile and high-Z impurity accumulation.

Goal 3: Identify mechanisms behind isotope effect. The isotope mass and/or isotopic
mixture of the working (fuel) ions strongly and beneficially impacts transport and global energy
confinement. The dependence of 7 on isotope mass has been extensively documented on multiple
experiments, and yet the basic turbulence mechanisms behind this have yet to be identified,
validated and quantified. Furthermore, the experimental evidence from TFTR, JET, DIII-D and
JT-60U has been somewhat inconsistent.

We therefore propose to perform a set of experiments in different plasma scenarios that vary
the content of hydrogen and deuterium, obtain comprehensive measurements of kinetic profiles
and fluctuations, and perform nonlinear simulations with GYRO or other codes. Linear gyrokinetic
theory would suggest that transport should increase with ion mass (from increased gyroradius),
but this is not observed. Recent nonlinear simulations have suggested that electromagnetic effects,
zonal flow damping and other nonlinear processes may contribute to and cause the typically
observed isotope effect [Garcia 2017]. Measuring the effect in multiple plasma regimes (L-mode,
H-mode, ELM-suppressed H-mode, QH-mode, hybrid or advanced inductive) will allow for a
more complete understanding of core and pedestal transport dependencies on isotope mass. This
set of experiments would also address key aspects of Challenge #3 that seeks to understand
fundamental physics of turbulent transport and turbulence saturation.

Goal 4: Resolve discrepancies in traditionally problematic regimes. Certain plasma
regimes and conditions have continued to pose challenges to accurate transport simulation,
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especially near the plasma edge. The region between core and pedestal (0.75<p<0.9) is of
particular interest. In H-mode this region is impacted by ELMs and is identified as “No Man’s
Land” since most research has focused on the mid-radius transport zones (p<0.75) or the pedestal
region (p>0.9). Another problem area is the outer region, sometimes extending between p=0.5 and
p=1.0, of L-mode plasmas. Here, high transport levels are observed but transport models like
GYRO and TGLF often predict low transport levels. This is referred to as the “edge transport
shortfall”.

Future work to resolve these discrepancies will look at two aspects of the problem. First, it will
be examined whether the transport models are partially or fully to blame by comparing transport
codes of differing provenance. For example, there is evidence that the GENE code has less of an
edge transport shortfall problem than does GYRO. The important differences in the codes will be
compared to see if there is a relationship between a superior physics model and better
experiment/theory agreement. Second, experiments will be designed to fully diagnose and probe
the “No Man’s Land” and “edge transport shortfall” regions with the suite of available fluctuation
diagnostics and tools, including modulated-ECH, gas puffing and perturbative neutral beam torque
modulation at constant power. The dependences (e.g., safety factor) of the discrepancies will also
be investigated. This will provide the database necessary to identify just where the transport

models go wrong. e B e
Fos 0 wfo ECH E o wf/o ECHY
6 ’.:‘% * w/ECH 6 'Dfl:l e w/ ECH [
Challenge 2: Project advanced H-mode scenarios to d b 1% 35‘}: ;
regimes with high pressure and modified shear . '“ E F PR
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turbulence with T, /T; is reduced in negative central shear. This suggests that the deleterious effects
of increasing T, /T; on transport are at least partially mitigated with NCS. These results are also
consistent with observations on JT-60U.

Goal 1: Understand transport at high beta to assess EM effects, including from EP
instabilities, on turbulence. Advanced H-mode scenarios seek to achieve a high bootstrap current
fraction without sacrificing fusion power density or fusion gain. Models of drift-wave turbulence
generally predict a strong increase in transport from EM effects when beta exceeds some fraction
(typically 50%) of the ideal ballooning stability limit. Additionally, there has been considerable
recent interest in the possibility that EP instabilities can drive electron thermal transport.

A focus of transport experiments in DIII-D will be determining if EM effects, such as from
magnetic flutter transport or micro-tearing modes, are limiting the confinement in high-beta
regimes. This will exploit the considerable expansion in performance and 3 of advanced tokamak
regimes in this five-year plan. A key advance will be the fluctuation diagnostics on DIII-D (i.e.,
CPS and RIP) that are capable of measuring magnetic turbulence. If it is determined that EM
modes limit confinement in advanced H-mode scenarios, then the predicted dependences of these
modes can be used to reduce their strength and improve confinement. For example, the safety
factor and plasma shape can be optimized to increase the ideal ballooning stability limit, and the
collisionality and density gradient can be reduced to weaken micro-tearing modes. This work will
be performed jointly with the steady-state scenario group.

Goal 2: Assess the role of safety factor and magnetic shear in altering turbulence drive
and suppression. New actuators, including increased ECH/ECCD power and off-axis neutral
beam injection, will allow increased control and tailoring of the g-profile in future experiments. It
is proposed to explore how the safety factor and magnetic shear interact with rotation and ExB
shear to affect transport over the expanded region of operational space enabled by new gyrotrons
and OANB capability. Emphasis will be placed on modeling this behavior using TGLF and
GYRO, since some analyses indicate that NCS reduces growth rates. This process will ultimately
allow for increased confidence in determination of global energy confinement times, fusion output
and energy gain, Q=Prus/PinpuT, In advanced tokamak H-mode scenarios, and inform overall
configuration performance optimization.

Challenge 3: Expand fundamental knowledge of nonlinear interactions, self-driven flows
and saturation mechanisms of turbulence

Current Progress. Plasma turbulence is a multiscale, multi-field phenomenon with
fluctuations in density, temperature, flows, as well as electrostatic and magnetic fields, and
extending from low wavenumber ion gyroscale modes (such as ITG, KBM, or even lower-k
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trapped-ion modes) up to electron gyroscale modes. Over the past five years, experiments on
DIlI-D have made substantial progress in characterizing the wavenumber spectrum for different
fluctuation quantities, which has important implications for revealing the nature of the driving
instabilities and understanding the energy cascade process that saturates turbulent transport. New
turbulence diagnostics on DIII-D have measured fluctuations in the magnetic fields (CPS, RIP),
the carbon ion temperature and carbon toroidal rotation (UF-CHERS), and imaging density
fluctuations (MIR). Fig. 2-44 shows a measurement of magnetic fluctuations between ELM
crashes using the Cross Polarization Scattering (CPS) diagnostic, which can be compared to
predictions from ELM models.
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Fig. 2-44. Frequency spectrum of magnetic fluctuations between ELM crashes as measured by the Cross
Polarization Scattering (CPS) diagnostic at p=0.96.

An interesting example of a basic turbulence dependence on plasma
shape comes from recent experiments in DIII-D that studied changes in
transport between positive and negative triangularity. Negative
triangularity is an extreme example of shape variation, and ECH L-mode
experiments on TCV [Camenen 2007, Marinoni 2009] discovered that
negative triangularity plasmas have improved transport relative to similar
positive triangularity plasmas, with the difference increasing at lower

=
-

collisionality, but the underlying mechanisms were not identified. Fig. e
2-43 shows a set of positive and negative triangularity equilibria from S _
studies at DII1-D that found reduced transport with negative triangularity, mm

achieving H-mode like performance with an L-mode edge plasma
condition [Austin 2017]. Measurements with PCI and BES suggest that ™~ T

. . . . . . Fig. 2-43. Equilibria in
fluctuations are lower at negative triangularity, consistent with reduced positive (red) and negative

thermal transport. (blue) triangularity plasmas
produced on DIII-D.
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Goal 1: Identify correct and incorrect saturation processes in simulations and poloidal
transport asymmetries. While linear transport codes are fast and convenient, turbulent transport
is inherently a nonlinear phenomenon. Toward the goal of validating nonlinear modeling, new
experiments in DIII-D will investigate how the growth of turbulence amplitudes saturate via zonal
flows or other mechanisms. The strength of zonal flows can be altered by varying the damping
mechanisms (collisions, 3D fields) and fluctuation diagnostics like BES and DBS can quantify the
flows. New insights into the nonlinear nature of plasma turbulence will also be gained by
measuring the poloidal asymmetries of fluctuations using two diagnostics that view different
vertical locations in the plasma. One proposal to do this is via toroidally/poloidally spaced DBS
and CPS. Key aspects of these studies are expanding the range of parameters and scenarios for
which nonlinear simulations are qualified, improving model accuracy, and identifying missing
physics elements.

Identifying the role and contribution of low- and high-k modes, and, importantly, their
interactions to electron and ion transport, is key to understanding the nonlinear and multiscale
nature of transport. Nonlinear simulation results have demonstrated that not only are higher-k
modes relevant to electron heat transport, but that they can interact strongly with lower-k modes
and the nonlinearly driven zonal flows and thus impact ion transport as well. We propose to
investigate the nature of the multiscale interactions experimentally by employing a range of
fluctuation diagnostics (DBS [Hillesheim 2009], PCI [Dorris 2009], BES [McKee 2010]) that
observe a range of wave numbers simultaneously. Predictions for DIII-D indicate that the mixture
of high and low-k modes is subject to the electron to ion temperature ratio and ExB shear, and will
thus change significantly as burning plasma conditions of equilibrated temperatures and low
rotation/shear are approached.

Transport is inherently a multifield process, and turbulence is manifest as fluctuations in
multiple parameters: density, electron and ion temperature, rotation, electrostatic potential, and
magnetic field. DIII-D has now implemented diagnostics to measure fluctuations in nearly all of
these fields and is poised to fully characterize turbulence and to directly measure turbulent
transport in the core and edge regions of various scenarios. This will require increased coordination
and spatiotemporal synchronization of diagnostic measurements and development of new analysis
techniques to directly calculate turbulent fluxes of particles, heat and momentum that result from
correlated fluctuations in these fields. This approach will enable far more fundamental and
quantitative measurements of turbulent transport and saturation processes and provide more direct
comparisons with simulation for validation studies.
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Challenge 4: Develop a well-established and widely employed modeling capability for
designing and optimizing plasma experiments

Current Progress. Significant progress has been made in developing accurate predictions of
the plasma profiles without using experimental boundary conditions by taking into account the
strong interplay between core transport, pedestal structure, current profile and plasma equilibrium.
An integrated model capable of calculating the steady-state self-consistent solution to this strongly
coupled problem has been created that leverages state-of-the-art components for collisional and
turbulent core transport, equilibrium, and pedestal stability [Meneghini 2016].

CORE R
" Electron temperature '

PED

As shown in Fig. 2-45, testing against a DIII-D
discharge shows that the model is capable of robustly 4
predicting the kinetic profiles (electron and ion
temperature and electron density) from the axis to the 7
separatrix in good agreement with the experiments.
This self-consistent model has been used to show that 4|
the fusion power in ITER will be a strong function of
the pedestal electron density and pedestal impurity
content, both of which will likely need to be actively
controlled during ITER operations to optimize the
fusion performance and satisfy the requirements

lon temperature

o|x10"
I II

Electron density

Experimental data

imposed by the density limit.

Goal 1: Broadly use integrated reduced models
to plan experiments and interpret experimental
results. The goal is to develop a widely used and
accepted reduced-transport modeling capability based
upon first principles simulations and backed by
substantial experimental testing. The plan is to use the
developed “predict first” capability to better design
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Fig. 2-45. Simulated kinetic profiles for a
DIII-D discharge and comparison with the
experimental measurements. The squares in
these curves indicate the radii at which
TGYRO performed the flux-matching
calculations.

future experiments on DIII-D, both for determining if a certain experiment is feasible (e.g., is there
enough current drive, momentum injection, heating power, etc.) and identifying the most
promising type of scan (e.g., does varying the density or collisionality yield a more definitive test
of the hypothesis). The predict-first capability is also useful for interpreting the physics results
since it can be used to compare a synthetic “idealized” experiment to the actual experiment. For
example, in an investigation of ion transport stiffness, the predict-first simulation can take into
account the (expected) change in the pedestal height as the ion heat flux is scanned, a constraint
that is difficult to achieve in an actual experiment.
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Goal 2: Streamline ability to run integrated models. The need to allow integrated models
to be accessible to a large number of DIII-D scientists and fast enough to handle a large number
of cases means that workflow management needs to be streamlined. DII1-D scientists are engaged
in a long-term process to develop an iterative workflow that connects various physics modules
together in a self-consistent manner via coupling of the One Modeling Framework for Integrated
Tasks (OMFIT) and Integrated Plasma Simulator (IPS) frameworks [Meneghini 2016]. Currently
the user controls the integrated simulation with OMFIT (i.e., TGYRO, ONETWO, EFIT, etc.)
while relying on the IPS to provide the High-Performance Computing (HPC) enabled IPS-EPED1
workflow. Future plans to improve the physics in these routines and include new physics
models/modules, may result in an increased computational complexity of the modules and more
difficult management of the information passed between modules. One area of investigation will
be the use of machine learning to accelerate the computations, especially in cases where
calculations from certain physics modules have become too lengthy to be used in an iterative
procedure.

An example of this is given in Fig. 2-46, which
shows the design of a neural network regression of
EPED1 simulations that calculate the pedestal height and
width. Such a neural network is fast enough to enable
“whole device” modeling and plasma control
applications. These tools will act as a key element in

. . ) Fig. 2-46. Design of neural network to
developing robust and advanced whole-device modeling  predict the pedestal height and width

and advancing sophistication and validation of models using the same input parameters as the

for fusion energy. EPED1 model.
2.3.1.2 Capability Enhancements

Advancing the scientific knowledge base for transport physics will rely on implementing
several new technologies, actuators, and diagnostics. The motivation, rationale, and importance of
these systems are briefly outlined. Anticipated new hardware capabilities are summarized in Table
2-24, new diagnostics in Table 2-25 and new or updated modeling and simulation capabilities in
Table 2-26. These capability enhancements will expand and advance DIII-D’s world-leading
turbulent transport research program, taking it forward to address the critical questions for future
fusion devices, while maintaining and strengthening this field as an area of U.S. leadership.
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Table 2-24

Hardware Improvements for Transport Studies

Hardware Capability

New Physics

Increased electron heating
capability with additional
gyrotrons

Flexible Neutral Beam
Injection (co/counter, off-axis,
variable perveance)

Helicon wave system

LFS launch LHCD

3D radial magnetic field coils

Understanding transport for T./Ti>1, control of T scale length, heating
without particle or torque injection, control of g profile using current drive,
providing modulated localized heat deposition to determine transport
response. Modeling shows ~5 MW is needed in IBS for T/Ti=1. Twice
this ECH power is needed to do modulation studies of the T, gradient

response.

Transport with negative magnetic shear, interaction with current density
profile, stability; dependence on more controllable deposition and source

profiles

Central electron heating at high density

Optimize turbulent transport and plasma stability by control of q profile
Turbulence and transport variation with non-axisymmetric magnetic fields;
density pump-out, NTV torque, changes in edge shear, ELM suppression

Table 2-25

Diagnostic Improvements for Transport Studies

Scientific Objective

Physics Measurement

Diagnostic Technique

Understanding role of electron
thermal turbulence in transport

Medium to High-Z impurity
particle transport

Multiscale interactions of
turbulence with MHD, Alfvénic
instabilities, 3D perturbations

Multifield interactions and
measured turbulent transport

Non-axisymmetric perturbations
Role of intermediate wavenumber
instabilities.

Understand role of ELM crash
structure in transport

Core electron thermal transport

Electron temperature fluctuations
Controlled impurity injection
quantity and timing

Wide-field high-frequency density
fluctuation measurements

lon temperature, toroidal rotation,
density and magnetic fluctuations
Zonal Flow, n-number

2D High resolution pedestal and
core density fluctuations

Electron temperature and density
perturbations

Core electron temperature and
density for all Bt values

ECE-I/MIR upgrades, int-k CECE,
high-k scattering
Laser Blow Off

Full-radius BES, expanded DBS

CECE, UF-CHERS, XICS, RIP
Toroidally displaced DBS/CPS,
CECE

BES-HD

ECE-I/MIR upgrades

Tangential TS upgrade
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Table 2-26
Simulation Codes Used
Code Purpose
GYRO Linear and nonlinear simulations, electrostatic, electromagnetic,
ion to electron modes
CGYRO Modified GYRO with pseudospectral algorithm for collision
operator to handle higher collisionality regimes, multi-impurity
species
TGYRO Transport solver; flux matching implementation for GYRO
TGLF Reduced model calibrated again set of GYRO simulations,

applicable to wider operational regimes, very fast computation
[Staebler-PoP-2007]

BOUT++ Boundary turbulence from outer core to SOL, full 2D geometry,
modified fluid equations, modular design [Dudson-CPC-2009]
FDTD2D Full-wave simulations of X-Mode and O-Mode based microwave

diagnostics including DBS, CECE, CPS for synthetic diagnostics
applied to gyrokinetic simulations

EC2D Reconstruct ELM image with synthetic imaging code
FWR2D/3D Understanding pedestal pressure 2D structure with synthetic
imaging

2.3.2 Rotation Generation and Momentum Transport

Physics Leads: J. deGrassie (GA), C. Chrystal (GA), B. Grierson (PPPL), J. Boedo (UCSD), N. Logan
(PPPL), G. McKee (UWM), C. Holland (UCSD), C. Petty (GA), W. Solomon (GA).

Large, high-temperature tokamaks have for the most part benefitted from high levels of
toroidal rotation driven by the significant neutral beam injection needed to attain reactor-relevant
levels of B. Toroidal rotation can be beneficial for plasma MHD stability and for energy
confinement [deGrassie 2009], and it also affects the L-H transition power threshold [Gohil 2008].
However, ITER and future burning plasma devices are projected to have insufficient NBI torque
to achieve rotation levels necessary to obtain benefits that are routine on current high temperature
tokamaks. The decrease in the relative amount of NBI torque in ITER and future burning plasma
devices is caused by the moment of inertia scaling as R® and the requirement for an order of
magnitude higher neutral beam energy (necessary for penetrating a larger, denser plasma), which
leads to less torque per MW.

Fortunately, experiments have shown that tokamaks manifest a toroidal torque apart from NBI
[Solomon 2007], which appears in the plasma edge region [Solomon 2010] and drives rotation and
rotation shear in the co-Ip direction across the plasma [deGrassie 2016, Chrystal 2017]. Rotation
shear throughout the core of the plasma is also manifest even in the absence of a core source of
momentum. It is important to understand and predict the level of this “intrinsic” rotation (all
rotation not driven by NBI torque) in ITER and other burning plasma devices in order to determine
the associated benefits to stability and confinement. Furthermore, it is envisioned that this
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understanding will lead to actuators that can be used to further enhance the rotation profile in
regard to stability and confinement. While theory and modeling are sufficiently mature to predict
temperature and density profiles in ITER with some confidence, this is not yet the case for a
detailed rotation profile.

Essential to this area of research is the ability to decouple the power and torque input to the
plasma. The ability to study plasmas with low amounts of auxiliary momentum input is one theme
that permeates this five-year plan. Ten years ago, the NBI system in DI11-D was modified to allow
some torque balance of NBI, giving DIII-D the ability to study more burning plasma-relevant
heating conditions. Enhancing this capability is an important part of the 2019-2024 five-year plan.
Two key actuators; 3D fields that impart torque without power, and ECH that provides power
without torque are both directly beneficial for this purpose. Also, the addition of neutral density
measurements in the edge and pedestal is a diagnostic improvement that is key to understanding
the edge intrinsic rotation.

2.3.2.1 Challenges and Impact

The DIII-D research activities in plasma rotation for the 2019-2024 five-year period, identified
in Table 2-27, have the common goal of understanding the sources and transport of momentum to
allow an accurate prediction of toroidal rotation and core velocity shear (CVS) in a tokamak
reactor.

The first challenge emerges from the need to determine the source of intrinsic torque and test
models of turbulence-induced momentum flux in the plasma core. A key issue is whether non-NBI
heating can create an intrinsic rotation profile that provides enough ExB shear to improve energy
confinement. Theoretically, several turbulence-driven mechanisms have been identified as
possible causes of intrinsic rotation [Dominguez 1993, Waltz 2007, Peeters 2007, Camenen 20009,
Waltz 2011]. The details of tokamak turbulence, e.g., dominant modes, intensity, intensity profiles,
spectrum and so on, depend upon the density and temperature profiles and the rotation profile.
Experiments will be designed to discover ways to modify the nature of the turbulence
advantageously for rotation, and hence for plasma performance. The impact of this work will be
to determine if the intrinsic torque is sufficient to obtain the desired stability and confinement in
ITER (and to what extent external momentum sources are needed), to identify the best actuator to
drive core velocity shear in burning plasma devices, and to better design future 3D coil systems to
minimize unwanted effects (like locked modes) and tailor the desirable effects (like edge torque)
to improve quantities like the L-H threshold power.

The second challenge focuses on the predictive understanding of mechanisms that control the
intrinsic rotation near the H-mode pedestal. The pedestal region affects the entire rotation profile
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because the momentum “source” must pass through the edge, as can be shown by general
theoretical arguments [Pustovitov 2011]. Furthermore, edge rotation control can make the L-H
transition easier and optimize the height and width of the pedestal. This challenge seeks to identify
dominant turbulence mechanisms or actuators that can bring in co-Ip momentum or expel counter-
Ip momentum, which can be important for RMP ELM suppression (see Section 4.1.2).

The third challenge is to tackle the effects of the 3D fields on the resultant rotation profile,
because many sources of 3D fields will exist in ITER, such as the toroidal field ripple, the ferritic
Test Blanket Modules, magnetic islands and RMPs. The plan is to achieve quantitative validation
of models of the torques and drags produced by 3D fields in order to increase confidence in the

projection of ITER’s toroidal rotation and structure of ExB flow, which is critical for tearing
stability and RMP ELM suppression. If ITER appears to be in locked mode danger, then the goal
becomes to increase the core toroidal rotation by manipulating the 3D magnetic spectrum.

Table 2-27.

High-Level Challenges for the Achievement of Burning Plasma Rotation Physics

momentum flux
and potential for
improving core

Ip intrinsic torques for a range of collisionality
and electron-to-ion heat flux

o Excite particular turbulent modes that achieve
maximum ExB shear by using core ECH/ECCD

understanding
of the
mechanisms that
control the
intrinsic rotation
near the H-mode

ptlaﬁg]r?nance that produce direct (Te, Ti) and indirect (g-shear)
P effects

Acquire o Produce detailed characterization of the main-
predictive ion and impurity rotation profiles and

dependence on magnetic geometry and plasma
boundary (SOL) conditions

e Use perturbations and ultra-fast CER
measurements to assess the role of neoclassical
and turbulent momentum transport mechanisms
in the pedestal

effect intrinsic
and applied 3D
fields have on
the magnitude
and structure of
the rotation

pedestal

Develop « Validate multimodal NTV models combining
predictive non-resonant and resonant nonambipolar
capability to transport to optimize the torque for rotation
optimize the shear control in low torque plasmas

o Assess the role of 3D field induced torque and
transport in establishing and/or expanding the
operational regimes of low NBI torque scenarios

o Determine the MHD-induced drag due to tearing
instabilities, including the impact of their

Challenge Goals/Deliverables Capability Enhancements
Testmodels of | o Characterize turbulent fluctuations at low and Hardware upgrades:

turbulence- high wavenumber associated with co-lIp and ctr- | ® Development of variable perveance
induced neutral beams with energy range 45-

80 kV

o Fully articulated co/ctr NBI injection
including steerable 30 deg beamline

o Increased RF power for torque-free
heating and current profile tailoring

e ‘3D’ power supply and coil upgrades

Diagnostic Upgrades:

o Neutral density diagnostic for
measuring poloidal distribution of
neutrals causing momentum transport
near the plasma boundary

Code development:

e Incorporate 3D field induced
momentum sources from NTV theory
and ripple losses from GPEC in
transport code TRANSP

o Improve the use of general geometry
including up/down asymmetries in
quasi-linear turbulent transport model
TGLF

o Develop numerical methods for
robustly solving the coupled
energy/particle/momentum equations
in TGYRO for strongly nonlinear

profile nonresonant components, for inclusion in regime
momentum transport modeling e Incorporate reduced models of edge
rotation for integrated simulations
2-94  General Atomics Report GA-A28765




2.3.2.2 Research Plan

The DIII-D National Fusion Program Five-Year Plan 2019-2024

The plasma rotation research plan is organized according to the challenges and goals in Table
2-27. The timelines for each challenge, research milestone, as well as the capability
improvements necessary to achieve them, are shown in Fig. 2-47.

Challenge

FY19-20 | FY21 | FY22 | FY23 | FY24

Test models of
turbulence-induced
momentum flux and
potential for
improving core
plasma performance

Acquire predictive
understanding of the
mechanisms that
control the intrinsic
rotation near the H-
mode pedestal

Develop predictive
capability to optimize
the effect intrinsic
and applied 3D fields
have on the
magnitude and
structure of the

W Establish an actuator for Core Velocity Shear

B Demonstrate ITER baseline parameters with 5 MW EC (minimal NBI)
W Shear (CVS) control
M Validate reduced gyro-
kinetic models for depen-
dence of core energy
confinement on CVS

W Establish how edge rotation affects L to H power threshold
B Demonstrate ExB shear pedestal modification
W Untangle cause and effect in the
L to H transition by making ultra-fast main-
ion and carbon 2D velocity measurements

W LM limits on ITER’s 3D fields for intrinsic rotation only

W Quantify NTV torque as a function of magnetic spectrum
W Mitigate LM boundaries with 3D coils

W Understand the effect of core

NTMs on CVS, and the effect

with ECCD NTM suppression

rotation profile B Fully integrated NBI dynamic voltage and perveance control
W Co-Counter OANB 210 beamline
W 5 MW EC power beamline

m XICS B Advanced 3D coils

W 2d Super-SPA power supply

W Co-Counter 30

New capabilities

Fig. 2-47. Research plan timeline for burning plasma rotation physics

Challenge 1: Test Models of Turbulence-Induced Momentum Flux and Potential for
Improving Core Plasma Performance

Current Progress. Over the past five years, research emphasis on intrinsic rotation has moved
from the examination of scalar quantities to investigations of profile effects. One important study
in ECH-only plasmas (i.e., no external torque) found that the rotation profile can be peaked or
hollow, even reversed and passing through zero with added electron heating, as shown in Fig. 2-48
[Grierson 2017]. Nonlinear gyrokinetic simulations showed that the residual stress associated with
electrostatic ion temperature gradient turbulence possesses the correct radial location and stress
structure to cause the observed hollow rotation profile.
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Previous studies on DIII-D have also sought
to understand the poloidal rotation, which is an
important topic because at low toroidal rotation 1.7 IVIW_:
the poloidal rotation contribution to the radial [ 0-5M\ ]

$

10 .
Qp (kRad/s)

w
electric field and its shear is significant. Studies [ 1 ]
) 19 . 0 bt
found that the deuterium poloidal rotation found

by invoking the radial force balance relation

exceeds the neoclassical prediction, being more

159396.01280 1
159396.02225 4

ion diamagnetic, in low collisionality (v« < 0.1) 1o 128937 01280 |

plasmas [Grierson 2013], similar to earlier O.b 0.2 0.4 0.6 0.8 1.0

studies in carbon [Solomon PoP 2006]. 0

Fig. 2-48. Measured toroidal rotation profile on
) _ _ _ ) DI1I-D for an ECH power scan at fixed deposition
poloidal rotation from high-field-side and low- ocation [Grierson 2017].

field-side CER data found poloidal rotation spin up during ITB formation that made a large
contribution to the ExB shearing rate [Chrystal 2014]. While the present five-year plan has
established some key principles and validations of the underlying physics, development of a fully
predictive physics model requires tests across a wider range of regimes.

Additionally, novel measurements of the

Goal 1: Characterize turbulent fluctuations at low and high wavenumber associated with
co-Ip and ctr-Ip intrinsic torques for a range of collisionality and electron-to-ion heat flux.
This goal emerges from the need to determine the source of intrinsic torque and test models of
turbulence-induced momentum flux in the plasma core. Experiments will be designed to improve
and validate reduced gyrokinetic models, e.g., TGLF, for core turbulent energy and momentum
transport. Dimensionless parameter (e.g., v*, Te/Ti, etc.) scans will be an important part of these
studies as this is the most natural way to extrapolate to future devices. Additionally, it is important
to discern the toroidal rotation profile driven by intrinsic torque alone in an IBS discharge, free
from any significant external torque. Such work needs, in particular, to make the connection
between empirical trends and underlying turbulent transport mechanisms. This will serve as the
baseline for transport model validation and for the 3D field studies in challenge 3 below. This work
will be carried out in close collaboration with ITER scenario development discussed in Sec. 2.1.1.

These low-torque experiments will require auxiliary heating upgrades as planned, namely,
additional ECH power, an additional reversible off axis NBI source and full implementation of
dynamic control of NBI source voltage and perveance. This latter capability will potentially allow
detailed nulling of the injected net torque density profile for toroidally opposing NBI sources.
Further capability enhancements of note include an option for a form of x-ray spectroscopy, such
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as XICS, to measure the rotation rate of impurity ions, and an expansion of the suite of fluctuation
diagnostics to allow greater spatial coverage at both high and low wavenumbers.

Goal 2: Excite particular turbulent modes that achieve maximum EXxB shear by using
core ECH/ECCD that produce direct (Te, Ti) and indirect (g-shear) effects. A key issue is
whether non-NBI heating can create an intrinsic rotation profile that provides enough ExB shear
to improve energy confinement. Theoretically, several turbulence-driven mechanisms have been
identified as possible causes of intrinsic rotation [Dominguez 1993, Waltz 2007, Peeters 2007,
Camenen 2009, Waltz 2011]. The details of tokamak turbulence (i.e., dominant modes, mode
intensity, mode spectrum, etc.) depend upon the density, temperature, and equilibrium profiles, as
well as the magnetic shear and rotation profile. Experiments using directed heating and current
drive will be used to investigate ways to modify the nature of the turbulence advantageously for
rotation and, hence, plasma performance. This can be viewed as developing an actuator to affect
the core intrinsic rotation profile to give maximum core velocity shear (CVS).

The judicious application of ECH and/or ECCD, possibly with shaping as another knob, is
anticipated to provide some control over CVS. Other RF waves, such as lower hybrid or helicon,
might be needed to gain maximum CVS, but the goal is to understand what is needed. This goal
will also verify the predicted effect of enhanced CVS increasing the core plasma pressure.

Challenge 2: Acquire Predictive Understanding of the Mechanisms That Control the
Intrinsic Rotation Near the H-mode
pedestal 201

ITER Prediction |

—_
(9]

Current Progress. The pedestal region
affects the entire rotation profile as the
momentum “source” must pass through the
edge. Recent experiments have measured the

w (krad/s)
o

19,
L

p* scaling of the edge intrinsic torque, resulting
in a predicted rotation profile for ITER with a
strong experimental basis, as seen in Fig. 2-49 0: , , , -
[Chrystal 2017]. While there is a small level of 0.0 0.2 0.4 0.6 0.8 1.0

p
NBI torque in ITER that n ken in . - . . :
torque | that needs to be taken into Fig. 2-49. Prediction of the toroidal rotation profile

account [Chrystal 2017], this figure shows that in ITER, where the boundary condition is

the intrinsic rotation near the H-mode pedestal determined from o scaling of DI11-D values, and
the core profile is determined from TGLF/TGYRO
modeling of momentum transport from the NBI
rotation rate. torque [Chrystal 2017].

Intrinsic
Torque

is the dominant factor in determining ITER’s

Another recent advance in momentum transport studies has been the separate measurement of
the main-ion and impurity-ion rotation profiles. DIII-D has recently made significant
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enhancements to the Charge Exchange Spectroscopy (CER) measurement and analysis systems
that allows the measurement of the main-ion (D+) temperature and velocity [Grierson 2012], no
longer limited to the trace impurity measurements of fully ionized carbon. Notably, it has been
found that the velocity of D* and C®* differ greatly in the important pedestal region, whereas in
the interior (the inside 80% in minor radius), they are very similar. Present indications are that the
edge difference can be understood by neoclassical theory. It is crucial to make measurements of
the main ion in order to be able to untangle the physics of the pedestal.

Goal 1: Produce detailed characterization of the main-ion and impurity rotation profiles
and dependence on magnetic geometry and plasma boundary (SOL) conditions.
Measurements of main-ion rotation through the pedestal region and up to the last closed flux
surface have recently been made available with main-ion CER. These measurements will become
increasingly routine throughout the 2019-2024 five-year period. This capability allows important
questions about the intrinsic momentum and intrinsic momentum transport to be assessed. As with
the particle and energy channels, there are many

Deuterium Helium
factors that affect the momentum channel near the * NBI (2-2.5x10'% m-3) 'E@L(i—;lng‘: 31;3) 9
A + X m-
edge of the plasma, but of particular concern are ,ﬂ%’—mwm_a) aNBI (3x10 m-3); L-mode
: " : 10 {+ NBI (3x1019 m-3)
the magnetic geometry and SOL conditions, which  NBI (31018 m-2); L:mode
can affect preferential loss of momentum. Thisis | % |

the typical explanation for the near-SOL intrinsic
rotation being in the same direction as the plasma s
current, but precise model validation is not £ i

complete. This is a key issue because this rotation a 4r 3 - P i
serves as a boundary condition for the rest of the ol e @fu g‘ |

intrinsic  rotation profile. In addition, past el
experiments in DIII-D have established that NBI 0 . . 0. 3 1'0"‘!‘”" Z'OTS
torque affects the L-H confinement transition Inj. Torque (Nm)

thres_hold, P, as shown in F_lg'_ 2-50, but the Fig. 2-50. The net power required to access the
physics parameter that matters is likely related to H-mode as a function of the injected torque for
toroidal rotation near the SOL. In this way, the various target densities and heating methods for

. . N . hydrogen, deuterium and helium. The open
efforts in this goal couple to L-H transition physics - sympols denote discharges that failed to

(Section 4.1.3). transition to H-mode at the applied power.

Experiments will measure the intrinsic rotation profiles for both the main-ion and impurity
species as the plasma shape, SOL temperatures, and densities are varied. A key diagnostic
improvement that will aid these investigations is a neutral density measurement, which is
necessary for characterizing particle transport (which affects momentum transport through
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convection) as well as potential direct effects of the neutrals on the intrinsic momentum generation
mechanism. Multiple models that attempt to predict the main-ion intrinsic flow near the last closed
flux surface (using calculations of asymmetries in orbit loss, turbulent transport, etc.) will be tested
against this data to determine which underlying mechanisms are most important. These results will
be used to create a composite model that can capture the dynamics of the intrinsic rotation in this
region as accurately as possible. This model will be used to predict effects on the L-H power
threshold in ITER as well as the potential for access to regimes that depend on particular profiles
of Er in the pedestal, e.g., RMP ELM suppression and QH-mode.

Goal 2: Use perturbations and ultra-fast CER measurements to assess the role of
neoclassical and turbulent momentum transport mechanisms in the pedestal. The toroidal
and poloidal plasma flow velocities in the pedestal region are self-consistently related to the
electric field. Predicting the electric field requires accurate modeling of momentum transport in
the pedestal with both the toroidal momentum transport and poloidal momentum damping and
drive being key results of the underlying turbulence and neoclassical effects. Both impurity and
main-ion CER measurements are important for this work as the impurity measurements are needed
to determine E; and are also used to infer the main-ion poloidal rotation. Neoclassical theory is
typically used to determine poloidal rotation despite known discrepancies with measurements.
While neoclassical theory of poloidal rotation itself may be incomplete, a more likely issue is a
breaking down of the low inverse gradient scale length ordering in the theory and the absence of
residual stress and orbit loss effects. Main-ion toroidal rotation is most important for total
momentum accounting, and key for determining the radial flux of toroidal momentum that, in
contrast to poloidal momentum, is not strongly damped.

To increase our understanding and ability to model momentum transport in the pedestal,
experiments will focus on measuring Er and inferring main-ion poloidal rotation so that
comparisons can be made to neoclassical theory. Changes in the gradient scale length will be used
to determine if this is a key factor in the accuracy of neoclassical models. These results could lead
to focused efforts on improving neoclassical calculations for the difficult to model pedestal region.
In addition, turbulence measurements will allow relative changes in residual stress drive to be
estimated to determine if this is a possible cause of measured discrepancies, and fast measurements
of the poloidal rotation will be used in an effort to measure poloidal rotation damping due to brief
application of a 3D field or the prompt torque from NBI. Similar perturbations to the toroidal
rotation will also be measured with high time resolution in order to determine how this momentum
propagates in the pedestal. This investigation is key to verifying how the momentum generated
near the boundary with the SOL is transported into the core of the plasma. These results will be
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combined with models for stationary intrinsic toroidal rotation (Goal 1) to determine how changes
to the pedestal structure will affect momentum transport and the intrinsic rotation pedestal.

Crucial to these experiments is the high time resolution of the CER system (< 0.5 ms
integration time) and the turbulence diagnostic suite on DIII-D. Several planned upgrades to the
DIlI-D fluctuation diagnostics will enhance the investigation of the rapid connections between
turbulence, profiles, and the radial electron field in the pedestal region. The “high definition” BES
and expansions of DBS and MIR will allow wide-field, high-frequency measurements of density
fluctuations. Fluctuations and perturbations in the carbon rotation profile will be measured by UF-
CHERS.

Challenge 3: Assess the role of intrinsic and applied 3D fields in determining the rotation
profile

Current Progress. Investigations over the past five years have improved understanding of the
torques generated by resonant and nonresonant 3D perturbations in the magnetic fields through the
mechanism of neoclassical toroidal viscosity (NTV). DIII-D has led the validation of many key
NTYV theory components such as the offset rotation and collisionality regimes. However, work has
hitherto concentrated on comparisons of the scalar, integral torque. The 2019-2024 five-year plan
expends the measurement, model validation, and utilization of NTV across the full profile. This
necessarily encompasses multiple regimes, resonant as well as nonresonant fields, and a more
detailed integration of the 3D effects in the equilibrium force balance as well as the momentum
evolution equations. Motivation for this work is shown in Fig. 2-51, which presents an initial
comparison between predicted and measured NTV torque profiles for resonant and nonresonant
fields. The nonresonant prediction shows quantitative agreement between the prediction and
experiment, but the resonant fields that lead to density pump out have a much broader effective
impact on the rotation profile than predicted by the GPEC model without any ambipolar transport
[Park 2017]. This motivates the integration of NTV nonambipolar transport models, such as GPEC
with standard particle and momentum transport models, such as TRANSP.

Goal 1: Validate multimodal NTV models, combining non-resonant and resonant
nonambipolar transport to optimize the torque for rotation shear control for low torque
plasmas. The physics of 3D field rotation generation and drag resulting from NTV will be
investigated to understand and optimize its uses in ITER. As mentioned above, DIII-D has begun
pushing NTV models towards validated torque profiles. This necessarily involves fast, detailed
CER measurements of the rotation evolution across the profile, and especially in the edge where
kinetic resonances are expected to concentrate much of the NTV torque (in synergy with Challenge
2). This is a much more difficult challenge to the NTV theory community, and careful validation
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is required. The models must accurately include both resonant and nonresonant applied fields, as
well as the multi-modal plasma response to these spectra. New capabilities of the advanced 3D
coils and power supplies to access a wider variety of, and more finely tuned, poloidal spectra will
enable tests for these components of the NTV and their nonlinear combinations. The additional
extension to toroidal modes n=3 and n=4 will further test the critical n dependencies that are used
to link the more easily measured RMP physics to toroidal field ripple effects (and tolerances for
future devices).
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Fig. 2-51. The integral NTV torque predicted by GPEC prior to experiment (left) for nonresonant fields
for broad braking and edge resonant fields for localized braking contrasted with the experimental torque
profiles (right) calculated using the initial time rate of change of the momentum.

As the currently validated NTV theory is being more rigorously applied to detailed profiles,
the theory itself will continue to be improved to extend its validity to new important regimes. The
role of finite orbit width effects as well as the possibility of NTV torque due to interaction of the
applied field and energetic particles will be investigated for model validation in new regimes that
have larger variation in orbit width and energetic particle distribution functions. The resulting
model insight and/or improvements may be critical in explaining the sharp kinetic resonances seen
in NTV modeling (see the orange profile in Fig 2-51) but yet to be shown in experiment near the
edge of DIII-D.

In addition, a key open question in this area is how the NTV and resonant particle transport
interact nonlinearly with the changes they create in the kinetic profiles in order to determine the
final stationary state. Momentum sources and transport will be measured during repeated 3D field
perturbations as well as during long duration pulses to determine the net effect on absolute rotation
levels and rotation shear. This is critical for assessing the capabilities of NTV torque as a rotation
profile control actuator. Modeling efforts here will concentrate on integrating the nonambipolar
transport NTV models such as GPEC with particle and momentum transport models included, for
example, in TRANSP. The goal will be to develop a predictive model of the rotation profile
resulting from a change in the applied 3D field spectrum (for RMP ELM suppression, for
example).
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Finally, these techniques will be applied to key regimes that can benefit from improved
performance arising from NTV induced rotation shear, such as QH-mode. Discovered abilities to
change rotation and rotation shear in the core and edge will also be explored as possible candidates
for reducing the L-H power threshold and increasing performance in other scenarios.

Goal 2: Assess the role of 3D field induced torque and transport in establishing and/or
expanding the operational regimes of low NBI torque scenarios. While intrinsic rotation arises
in axisymmetric conditions, the ultimate rotation profile will also be affected by the toroidal
asymmetries of the magnetic field. The known 3D fields in ITER will come from the ripple
generated by the toroidal field coils, the ferritic blanket modules, and the resonant magnetic
perturbation (RMP) coils added for ELM suppression [see Section 4.1.1]. A broad investigation in
this area is possible through the 3D coil upgrades and new coil power supplies. These tools will
provide a basis to develop reactor relevant demonstration scenarios incorporating 3D fields, as
well as extensive perturbative capabilities to explore the underlying interaction between scenario
specific intrinsic rotation and the 3D fields. For a given 3D field and scenario, the absolute rotation
level as well as the rotation shear that is needed to avoid the onset of a locked mode (LM) is an
open question. Important aspects of this question are the torque from seed islands as well as the
effect of islands on momentum, particle, and energetic particle transport.

After finding a reliable ITER target scenario with low torque injection using ECH that
establishes a baseline condition, the next step will be to experimentally determine the minimum
rotation/torque needed in ITER to avoid locked modes given the expected ITER 3D fields. These
fields will be duplicated in DIII-D using a similar spectrum from our advanced 3D coil set.
Measurements of torque and momentum transport due to 3D fields and any stable islands will be
used to create a scaled scenario of ITER operation that determines the available operating space
that is expected to be free of LMs. The important dependences of this LM-free space, e.g.,
collisionality and ion temperature (which affects non-ambipolar transport), will be determined.
This work will be conducted in close collaboration with the stability program discussed in 2.2.2.

If the ITER operating window is determined to be too narrow, then it is a necessity to learn
how to mitigate the undesirable 3D field effect, using other applied 3D fields, in order to expand
the operating window. A goal is to develop a complete model that will compute the 3D torque drag
given a particular 3D field spectrum and the specific plasma equilibrium, including nonlinear
interactions between the rotation and the 3D field effect. This will provide a general understanding
of how to make 3D field “corrections” so that unforeseen 3D effects in ITER can be operationally
addressed when necessary.

Goal 3: Determine the MHD-induced drag due to tearing instabilities, including the
impact of their nonresonant components, for inclusion in momentum transport modeling.
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With the validated ITER target scenario, DIII-D has the capabilities experimentally to look at the
effect of NTMs on the core velocity shear, especially for cases where the rotation profile is
primarily generated by intrinsic torque. This also encompasses the benefits to plasma rotation that
comes from ECCD suppression of NTMs, as planned for ITER. With an understanding of core
CVS control (challenge 1), an optimum scenario will be sought that quenches NTMs, while
maintaining a confinement-enhancing CVS.

In addition to investigating the quenching of NTMs as part of rotation limited scenarios, the
drag of islands will be found by varying the amount of suppression supplied (and hence the size
of the NTM) and measuring the rotation response. This will be most clearly shown with control of
suppression that varies between primarily heating to primarily current drive at a similar location
in the plasma. The observed changes in the rotation profile will inform models of momentum
transport due to NTMs, while observed changes in contained angular momentum will inform
models of the NTM drag. Although reduced models exist for the torque between the resonant NTM
and 3D field sources external to the plasma (eddy currents, error fields, etc.), the full drag profile
is of interest in the low torque DIII-D scenarios. New measurements of this torque will again
benefit from improved CER. Additional physics, including more realistic geometries, will be
added to existing models and those will be integrated with momentum transport equations. The
NTM itself is also more than just a single resonant harmonic perturbation. It induces nonresonant
perturbations throughout the plasma profile and, thus, is theorized to affect the rotation profile
through NTV torque. Investigation of the NTV in and around islands will be initiated to more
accurately predict the rotation evolution and final rotation profile in the presence of NTMs.
Improved understanding of these drags and their impacts on the total profile will provide insight
into how best to mitigate their deleterious effects when they arise in low torque scenarios.

2.3.2.3 Capability Enhancements

Advances in understanding of plasma rotation, especially under low torque conditions, will
require several new technologies, actuators, and diagnostics. The motivation, rationale, and
importance of these systems are briefly outlined. Planned new hardware capabilities are
summarized in Table 2-28, new diagnostics in Table 2-29 and new or updated modeling and
simulation capabilities in Table 2-30. The plasma rotation program that results from these
enhancements will be physics rich, utilizing perturbative tools and DIII-D’s leading diagnostic set
to resolve physics models of underlying behavior, as well as a practical understanding of how to
project and optimize performance. This will provide a definitive basis to project rotation and its
control in ITER and future fusion reactors.
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Table 2-28.
Hardware Improvements for Rotation Studies
Hardware Capability New Physics
Complete development of Variable Modify torque-to-power ratio continuously without the
Perveance NBI at 45-80 kV need for pulsing beams.
Fully articulated beamline, starting Flexible balanced or unbalanced torque in both directions.

with 30 degree line

Increased RF power for torque- Critical need to project to ITER scenarios with same

free heating. heating, low torque, mix.

New M coils and 3D power supplies Understand generation and optimization of NTV effects

Table 2-29.
Diagnostic Improvements for Rotation Studies

Scientific Objective Physics Measurement Diagnostic Technique
Measure ion poloidal/toroidal lon velocity, density and Ti Rearrange CER channels among 30
rotation and radial electric field for and 330 beamlines to accommodate
high-power/low-torque conditions co/counter switchable 30 beamline
Measure intrinsic rotation profile in  Impurity ion velocity XICS/X-ray spectroscopy

RF-heated discharges (no beams)

Multi-field turbulence interactions lon temperature, toroidal rotation UF-CHERS
Role of intermediate wavenumber 2D high-resolution pedestal and BES-HD, MIR upgrades
instabilities core density fluctuations
Multi-scale interactions of Wide-field high-frequency density  Full-radius BES, expanded DBS
turbulence with MHD, 3D fields fluctuation measurements
Table 2-30.
Simulation Codes Used

Code Purpose

OMFIT, TRANSP Integrated modeling

TGLF, GYRO, NEO Neoclassical and gyrokinetic modeling of turbulence-

driven momentum transport, intrinsic rotation profile
EPED, ELITE, M3D-C1  Pedestal modeling
GPEC, MARS Modeling of non-axisymmetric fields and NTV torque
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2.3.3 Energetic Particles

Physics Leads: W. Heidbrink (UCI), M. Van Zeeland (GA), C. Collins (GA), G. Kramer (PPPL), D. Pace
(GA), M. Podesta (PPPL), D. Spong (ORNL).

Future burning plasma experiments like ITER will have a variety of fast-ion populations,
including 3.5 MeV alphas, 1 MeV beam ions, and tail ions generated by ion cyclotron heating.
These energetic particles (EPs) play critical roles in heating, current drive, momentum input, and
sometimes plasma stability, making their successful confinement essential in a fusion reactor.
Achieving adequate confinement, however, requires facing several issues. These particles can
excite a variety of Alfvén eigenmodes (AE) and other instabilities, which in turn can lead to a
range of transport mechanisms and other effects. The resultant fast-ion transport and loss can
reduce fusion performance, redistribute currents or cause localized heating, and damage of first-
wall components. Consequently, developing validated models that describe these interactions,
along with control techniques to suppress or exploit these effects, is critical for extrapolating to
ITER and beyond.

The DIII-D team has made strong progress in addressing these issues in recent years, in
collaboration with the international community. Key instabilities have been identified and their
linear thresholds assessed. EP transport mechanisms and thresholds have been identified. The
effect of externally applied 3D fields on EP confinement is consistent with measurements. The key
element in moving to a predictive and useful capability for future reactor optimization is to develop
a non-linear understanding of EP behavior, its coupling to AEs and other modes, and how this
leads to fast-ion transport. This is the central thrust of this proposal.

2.3.3.1 Challenges and Impact

The goal of the DIII-D EP research program is to provide the scientific basis for projecting
configurations and techniques that avoid adverse effects of EP losses or other deleterious impacts
on plasma behavior in future burning plasma devices. To accomplish this, the EP program is
focused on three key challenges (Table 2-31). First, it must gain the capability to reliably predict
fast-ion transport by instabilities. To this end, the team is using DIII-D’s ability to inject and
control various sources of fast ions in reactor-relevant plasma operating regimes, and is employing
its extensive diagnostics to observe modes and fast-ion populations, transport, and losses. These
observations will be used to test and refine a range of models for EP transport. Second, the program
needs to mitigate and control EP-driven instabilities through the use of actuators which manipulate
properties such as electron heating, EP energy distribution, and 3-D fields. Third, the program
needs to achieve good fast-ion confinement in DIII-D AT demonstration discharges by using its
flexible heating and current-drive systems, combined with mitigation methods, to find plasma
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configurations that adequately confine EPs and help chart the path to high performance in future
reactors.

The tools developed through these experiments and validation efforts will thus help develop
scenarios for DIII-D, ITER, and future burning plasma experiments that minimize the negative
consequences of EP transport, maximize performance, and avoid potential scenarios that can
damage device integrity through mechanisms triggered by excessive loss of fast particles.

2.3.3.2 Research Plan

The EP program research plan is organized according to the challenges and goals in Table 2-
31. Fig. 2-52 gives the timeline for each challenge, research milestones, and the capability
improvements necessary to achieve them.

Table 2-31.
EP Challenges, Goals, and Upgrades
Challenge Goals/Deliverables Upgrades
e  Use phase-space-resolved measurements of
fast-ion transport to test details of wave- Hardware
particle interaction e  Variable beam perveance
e  Compare first-principles EP models to data e More off-axis NBI (210
Predict fast-ion transport over the entire primacy hierarchy: Mode beam modification)
by instabilities properties, linear stability, nonlinear
dynamics, and transport Diagnostic
e Test and refine critical gradient and kick e  Fast-ion phase space
models that allow rapid prediction of EP diagnostics: Imaging NPA,
transport FIDA imaging, reversed Bt
e Develop real-time sensors that detect mode fast-ion loss detector

activity as well as regimes with unfavorable | e High-n AE mode numbers
fast-ion transport
e Control AEs by feedback on actuators (beam | Analysis Capabilities

Mitigate and control EP-
driven instabilities

voltage, ECH, 3D fields) e Orbit-based inference of the
) _ e Use validated fast-ion transport models to distribution function
Achieve good fast-ion predict AT regimes with improved EP »  TRANSP “kick” model

confinement in DIII-D

AT demonstration confinement .
discharges e Demonstrate acceptable EP confinement,

using control tools as necessary

e Reduced and first-principles
models developed by EP
SciDAC
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2019 2020 2021 2022 2023 2024
Predict Fast-Ion Transport )
By Instabilities Test reduced models Stress-test models, Understand ion
, of AE transport esp. ability to cyclotron emission
Understand BAE/BAAE mprt"dl““tﬁﬁ;e“ of from fast ions
stability and transport contro actuators
Scientific demonstration Test ability of variable
R that 3D fields resonate with perveance, 3D fields and ECH
2 desired part of phase space to improve AT discharges
s Develop real-time sensors that Develop feedback algorithms using avail-
s detect “bad” regimes able sensors and actuators
Achieve Good Fast-Ion
(.ongrllﬂell;l‘en}tlln. DIII-D Study dependence of fast-ion Predict “good” Control fast ions in
Ischarges transport on g-profile and EP AT regimes attractive AT regimes
Near Classical Fast profile
Tons @ p~4 & [ ~1
New Capabilities INPA FIDA Camera
Second
Qi Core AE mode numbers Rev Bt Fast Ton Co-Cntr. beam
Second off-axis beam loss detector
NBI perveance Advanced 3D coils
= 5 MW ECH 7-9 MW ECH

Fig. 2-52. EP Plan Timeline
Challenge 1: Predict Fast-Ion Transport by Instabilities

Current Progress. The 2014-2018 five-year period saw rapid progress in understanding of
AEs and their consequences as well as the ability of simulations to accurately resolve many key
features of fast-ion transport phenomena. Experimentally, new techniques to probe transport in
selected regions of phase space were developed. One technique, dubbed the “light-ion beam probe”
[Chen 2014], measures the displacement caused by AEs, 3D fields, or other modes in a single
transit through the wave fields. Another technique uses the combination of beam modulation of a
selected source and diagnostics with different phase-space sensitivities to probe fast-ion transport
in different parts of phase space [Heidbrink 2016]. These phase-space sensitivities are known as
the “weight function.” DIII-D has six different angles of beam injection available, each of which
populates different portions of phase space. When the weight function, modulated source, and
wave-particle resonances all overlap in the same part of phase space, the measured signals deviate
from classical predictions. Fig. 2-53 shows an example of deviations in an NPA signal produced
by toroidal and reversed-shear AEs (TAEs and RSAES). Theoretical modeling has also progressed
rapidly. As shown in Fig. 2-53, with the mode amplitudes provided by experiment, the phase-space
“kick” model implemented in TRANSP successfully reproduces features of the experimental
signals [Podesta 2013, Heidbrink 2017].
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Fig. 2-53. Conditionally-averaged NPA signal (green) during beam showing
distortion from classical predictions (blue) due to AE induced fast-ion transport /
flows. TRANSP Kick model prediction which includes AEs (red). From
[Heidbrink 2017].

Progress has also been made toward self-consistent predictions of the modes and the
consequent transport. The most impressive results to date are from the MEGA code [Todo 2016],
which treats the fast ions kinetically and models the background plasma with resistive MHD. As
Fig. 2-54 shows, this code successfully reproduces the DIII-D experimentally observed trend that
at low levels of AE activity the fast-ion orbits remain regular in phase space, but at high levels of
AE activity the orbits become chaotic and the transport becomes large. Observed mode structures
at experimental amplitudes are also predicted [Todo 2014].
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Fig. 2-54. EP phase space trajectories phase space with (left) few unstable AEs and (right) many unstable
AEs. MEGA modeling for a DIII-D plasma with multiple AEs [Todo 2016].

Goal 1: Use Phase-Space Resolved Measurements of Fast-lon Transport to Test Details
of Wave Particle Interaction. Work in the next five years will emphasize detailed measurements
of phase-space flows, which will yield direct evidence as to whether the picture of fast-ion
transport from interactions with single and/or multiple instabilities is correct or not.

The new imaging NPA diagnostic will vastly improve the spatial and energy resolution of
DIII-D NPA measurements from essentially three single points in fast-ion phase space to 10*
points, giving energy-resolved radial profiles of the confined fast-ion distribution function across
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the entire midplane. This, combined with the addition of a FIDA imaging camera for a similar
increase in FIDA spatial resolution (from individual channels to imaging), will allow
unprecedented resolution of the fast-ion distribution function and its evolution in the presence of
instabilities. Local phase space flows of confined fast ions in the presence of AEs, fishbones, and
other instabilities will be directly measured for the first time and compared to first principles
simulations like the MEGA code. By measuring EP flows for a range of injected beam geometry
and powers the phase space dependent point at which EP transport due to AES becomes stochastic,
as opposed to relatively benign, will be directly measured and compared to modeling. Exactly what
modes cause EP transport in high-gmin Steady-state plasmas and what part of phase space interacts
most intensely will be measured and used to predict a path to “Challenge 3: Achieve good fast-ion
confinement in DIII-D AT discharges.”

While much of 4D fast-ion phase space (R, z, E, pitch) will now be covered by new diagnostics,
the practical impact on beam torque or NBCD by instability induced fast-ion transport can depend
on unmeasured portions of the distribution function and/or portions which are sampled with a
complicated diagnostic weight function. Inversion techniques to infer the velocity-space
distribution function from a set of EP measurements [Salewski 2012, Stagner 2017], will be
extended from 2D to allow reconstructions of the full fast-ion phase space. Powerful orbit-based
tomographic approaches, like those which will be implemented, leverage measurements in one
location to actually probe the details of transport in a separate location.

Goal 2: Compare First-Principles Models to Data over the Entire Primacy Hierarchy.
Research in the next five years will feature a concentrated effort to validate first principles
predictions across the “primacy hierarchy,” beginning with basic mode properties (polarization
and frequency), linear stability, nonlinear dynamics, and finally the actual fast-ion transport. Work
will continue on RSAE and TAEs, however, focus will shift to lower frequency modes such as the
beta-induced AE (BAE) [Heidbrink 1995] and beta-induced Alfvén-acoustic eigenmode (BAAE)
[Gorelenkov 2009], which often cause substantial fast-ion transport, yet are not well understood,
even to the basic level of mode frequency. This validation effort will enable accurate predictions
of fast-ion transport from multiple RSAEs, TAEs, BAEs, and BAAEs to be routinely performed
without first needing information about the modes from experiment.

Goal 3: Test and Refine Critical Gradient (CG) and Kick Models That Allow Rapid
Prediction of EP Transport.

Work in this area will take both “critical gradient” and “kick” models for EP transport from
one-off type analysis to streamlined and validated for the prediction and interpretation of EP
transport in DIII-D and other devices. Initial work will focus on improving the process by which
these models are run through either the OMFIT workflow and/or TRANSP, then validating key
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assumptions of each model. Experimentally, it has been found that the self-organized criticality
paradigm and CG models can describe the measured interaction of fast ions with many small-
amplitude AEs [Collins 2016, Heidbrink 2017, Collins 2017, Waltz 2014, Ghantous 2012].
Through phase space resolved measurements of EP transport and careful documentation of phase
space gradients as well as fluctuations (both coherent and incoherent) in a range of conditions, this
work will determine what sets the most important parameter for CG models — the threshold for
rapid transport. Assumptions from various CG models will be compared to measurement,
including: when AEs are linearly unstable, when AE growth rates are above turbulent growth rates,
and when resonance overlap occurs. The same datasets will be used to validate TRANSP kick
modeling of AE transport through comparison of phase space dependent quantities (that will not
likely be captured by CG models) such as NBCD and NBI torque in the presence of AEs. As the
TRANSP kick model is improved from interpretative (requiring experimentally measured modes)
to predictive, with some estimate for the unstable mode spectrum, details of the unstable modes
such as frequency, toroidal mode number, and structure will be compared directly to
measurements.

Progress on this goal will enable rapid, inexpensive analysis of fast-ion transport in existing
discharges as well as believable, predictive parameter scans for the development of scenarios with
improved EP confinement.

Challenge 2: Mitigate and Control EP-Driven Instabilities

Current Progress. The purpose of this research is to gain the capability to control and
potentially exploit fast-ion instabilities and EP transport on DIII-D. EP control research will use
the physics understanding gained in the instability validation studies to form the basis for EP
control tools.

DII1-D has made significant progress in developing EP actuators and techniques. One of the
most significant is the ability to control the NBI voltage, power, and current during the discharge
through variation in the neutral-beam perveance. Fig. 2-55 shows how this new capability can alter
the virulence of AE activity and the consequent degradation in fast-ion confinement in L-mode
discharges. Subsequent experiments during the 2017 campaign have begun to extend these studies
to high-performance plasmas. Another related area of progress has been the understanding of ECH
as an actuator to control AEs. DIII-D was the first device to show that ECH can alter RSAE
stability [Van Zeeland, 2008], spurring a strong international effort to understand the phenomenon.
Additional experiments and analysis have shown that the RSAE suppression is associated with the
pressure and pressure gradient produced by the ECH [Van Zeeland 2016]. In addition to ECH,
progress has also been made in exploring the effect of applied 3D fields on fast-ion confinement.
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The modeled fast-ion losses and density of confined fast ions during application of I-coil fields are
consistent with experimental data [Van Zeeland 2014, Van Zeeland 2015] when plasma response
is included.

Going beyond physics tests of various actuators, actual EP instability control will require the
development and integration of real-time sensors, actuators, and a control algorithm in the DIII-D
plasma control system (PCS). Recently, the PCS algorithm that uses ECE data to monitor NTMs
was successfully modified to provide a real-time sensor of AE amplitude, and this signal enabled
the first attempt to actively control AE levels in a DIII-D discharge. The goals below describe the
basic elements planned to expand on this work.
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Fig. 2-55. Comparison of shots using time-variable beam energy to AEs. Early, higher injection energy
drives stronger TAEs resulting in enhanced fast-ion transport and lower neutron rates (c). From [Pace
2016]

Goal 1: Develop Real-Time Sensors That Detect Mode Activity as Well as Regimes with
Unfavorable Fast-lon Transport. Moving forward, the EP program will develop the ratio of the
measured neutron rate to the classically-predicted rate as a real-time sensor. This ratio is an
excellent measure of instability induced fast-ion transport. An important aspect of this work will
be the development of tools for the real-time predictions of classical EP confinement. For
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additional instability information, the ECE mode monitor will be upgraded to provide mode
localization and the CO2 interferometer system will provide additional real-time AE amplitude
information. Ultimately, this work will enable control algorithms that combine measurements of
the AE amplitude with measurements of fast-ion degradation which is expected to be the most
effective approach for real-time AE control with the goal of improved performance.

Goal 2: Control AEs by Feedback on Actuators. Research in this area will include two
aspects, the development and testing of actuators to control AEs and the testing of algorithms
which translate real-time sensors of the mode activity or impact (discussed above) into a response.
Previously mentioned ECH results, as well as the variable beam perveance results shown in Fig.
2-55, will be extended to high-performance AT regimes and ECCD will be tested as an AE
actuator. So far, little work has focused on the impact of ECCD on AEs and other EP driven
instabilities. Theoretically, however, ECCD can cause local changes to the magnetic shear which
could actually have a dramatic impact on mode stability by changing the continuum interaction or
by moving the mode location to a region with reduced EP gradient drive. Additionally, the
modeling that successfully reproduced measurements during previous 3D field experiments
indicates that it is possible to use 3D fields to selectively alter the fast-ion transport in localized
regions of phase space. After a scientific demonstration of this capability, its effect on mode
stability under a variety of conditions will be investigated. Working with the control group,
measurements of the impact of these actuators will be used to develop and tune algorithms to
respond to AEs in the target high gmin AT conditions with the goal of improved EP confinement
and, consequently, performance.

Challenge 3: Achieve Good Fast-Ion Confinement in DIII-D AT Demonstration Discharges

Current Progress. Due to AE activity, many DIII-D AT discharges with gmin~2 suffer
unacceptably large fast-ion transport [Heidbrink 2014, Holcomb 2015]. In contrast, some high g,
discharges have fast-ion profiles that are close to classical predictions [Heidbrink 2014, Holcomb
2015]. Analysis of these cases suggests ways to improve the gmin~2 scenario [Kramer 2017] that
the EP program has begun to explore experimentally. For example, if the negative magnetic shear
region can be expanded so that the qmin radius is moved outwards where there are fewer fast ions,
then the drive of RSAEs (and perhaps other EP modes) should be greatly reduced. A proof-of-
principle demonstration of this behavior is shown in Fig. 2-56, which compares spectrograms of
density fluctuations for two L-mode discharges with varying current ramp rates and gmin radii. AEs
were successfully suppressed in the fast Ip ramp discharge with the larger value of pgmin. The
increase in off-axis NBCD and ECCD power displayed in Goal 2: Demonstrate Acceptable EP
Confinement, Using Control Tools as Necessary. This goal represents the culmination of work
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performed in all other sections. Wherever possible, modeling will guide scenario development
leading to the experimental demonstration of AT scenarios with improved EP confinement.
Experimentally, increased ECH and off-axis NBI will be leveraged to create discharges with
reduced drive for AEs through overall reduced EP gradients and larger pqmin. Capabilities will
progressively increase as more ECH power becomes available, and with the possible use of helicon
and high-field-side launch lower hybrid current drive, which offer the prospect of even broader
current profiles. The addition of a new fast-ion loss detector for reversed B discharges, typical of
AT scenarios, will allow direct measurement of fast-ion losses and scenario optimization to reduce
those losses.

The program will also utilize active control of AEs and other EP instabilities developed in
pursuit of challenge 2. An attractive steady-state plasma may require continuous application of
control actuators, or it may be that the actuators are required to navigate the transient formation
period. Application of variable NBI perveance, ECH, and 3D fields are all possibilities, but
substantial exploration will be required. The data from these experiments will provide additional
“stress testing” and refinement of the theoretical models developed by the EP SciDAC center.

Ultimately, AT scenarios are extremely promising yet often the most susceptible to EP-driven
instabilities. The prediction of AT operating regimes with minimal fast-ion transport and the
experimental demonstration of these regimes would be a success similar to that of the Super H-
mode prediction with the EPED and its experimental demonstration discussed in Section 1.

2.3.3.3 Capability Enhancements

A new second off-axis neutral beam will provide broad current profiles with high power, beta,
and EP content. This is augmented with progressive rises in electron-cyclotron heating and current
drive, which also provides the opportunity to reduce EP fractions. The recent development of
variable voltage neutral beams can isolate EP resonances and help develop control. Later advances
in power supplies and perturbative 3D coils will help understand the interaction with 3D non-
axisymmetric fields and avoid losses when such fields are used for other control purposes. Central
to understanding these physics are advances in diagnostics (Table 2-33). A new imaging NPA will
provide an enormous increase in EP phase space coverage to isolate interactions (three NPA
channels become essentially 10%). A new loss detector will measure fast-ion losses in the highest
performance AT plasmas. In combination with existing ECE and BES diagnostics, detection of
the toroidal mode numbers of core modes will thoroughly diagnose unstable AEs. Table 2-34 lists
the primary codes to be utilized in this effort.

Table 2-32 will enable AT discharges with larger values of pgqmin t0 be created and maintained.
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Work in this area in the next five years will heavily leverage progress in the two other research
strands as well as facility upgrades.
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Fig. 2-56. Fluctuation spectra for two different plasma current ramp rates: (a) dl/dt=0.6MA/s,
pamin=0.35, TAESs and RSAEs are observed; (b) dl/dt= 6.7 MA/s, pmin=0.45 and NO AEs are observed.

Goal 1: Use Validated Fast-lon Transport Models to Predict AT Regimes with Improved
EP Confinement. Development of reduced models that accurately describe EP transport in a range
of DIII-D conditions is a major goal of the validation efforts in Challenge 1. Once developed, these
codes will be used to predict fast-ion behavior in AT regimes incorporating the expanded
parameter space made available through upgrades. Experiments will follow and the results will
guide improvements to modelling as well as assess whether or not full first principles simulations
are required to reproduce the measured fast-ion transport or reduced models are suitable.

Goal 2: Demonstrate Acceptable EP Confinement, Using Control Tools as Necessary.
This goal represents the culmination of work performed in all other sections. Wherever possible,
modeling will guide scenario development leading to the experimental demonstration of AT
scenarios with improved EP confinement. Experimentally, increased ECH and off-axis NBI will
be leveraged to create discharges with reduced drive for AEs through overall reduced EP gradients
and larger pgmin. Capabilities will progressively increase as more ECH power becomes available,
and with the possible use of helicon and high-field-side launch lower hybrid current drive, which
offer the prospect of even broader current profiles. The addition of a new fast-ion loss detector for
reversed Bt discharges, typical of AT scenarios, will allow direct measurement of fast-ion losses
and scenario optimization to reduce those losses.

The program will also utilize active control of AEs and other EP instabilities developed in
pursuit of challenge 2. An attractive steady-state plasma may require continuous application of
control actuators, or it may be that the actuators are required to navigate the transient formation
period. Application of variable NBI perveance, ECH, and 3D fields are all possibilities, but
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substantial exploration will be required. The data from these experiments will provide additional
“stress testing”” and refinement of the theoretical models developed by the EP SciDAC center.

Ultimately, AT scenarios are extremely promising yet often the most susceptible to EP-driven
instabilities. The prediction of AT operating regimes with minimal fast-ion transport and the
experimental demonstration of these regimes would be a success similar to that of the Super H-
mode prediction with the EPED and its experimental demonstration discussed in Section 1.

2.3.3.4 Capability Enhancements

A new second off-axis neutral beam will provide broad current profiles with high power, beta,
and EP content. This is augmented with progressive rises in electron-cyclotron heating and current
drive, which also provides the opportunity to reduce EP fractions. The recent development of
variable voltage neutral beams can isolate EP resonances and help develop control. Later advances
in power supplies and perturbative 3D coils will help understand the interaction with 3D non-
axisymmetric fields and avoid losses when such fields are used for other control purposes. Central
to understanding these physics are advances in diagnostics (Table 2-33). A new imaging NPA will
provide an enormous increase in EP phase space coverage to isolate interactions (three NPA
channels become essentially 10%). A new loss detector will measure fast-ion losses in the highest
performance AT plasmas. In combination with existing ECE and BES diagnostics, detection of
the toroidal mode numbers of core modes will thoroughly diagnose unstable AEs. Table 2-34 lists
the primary codes to be utilized in this effort.

Table 2-32.
Control Tools for EP Studies on DIIIl-D
Control Tool Parameter Being Controlled Purpose

Neutral beam perveance In-shot variation of NBI voltage Alter AE drive

and current
Advanced 3D-Coils Helical magnetic field Induce orbit stochasticity for EPs, rotate

perturbations perturbations with toroidal mode

numbers up to n=4

2 off-axis neutral beam, Fast-ion density profile Alter AE drive
higher injection energy
ECH Pressure profile Alter AE stability
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Table 2-33.
Physics Enabled by New Diagnostics for EP Research
Desired Measurement New Physics Enabled Proposed Diagnostic
Capability
AE toroidal mode number Better mode identification in model Toroidally displaced CO2 chord
validation
Internal magnetic Distinguish electrostatic instabilities B fluctuations from polarimetry
fluctuations from electromagnetic modes
Structure of density Better mode identification, search for =~ More BES channels for routine
fluctuations wave-wave interactions, zonal flows radial array
associated with wave couplings
Fast-ion radial profile, ion Improved radial resolution of confined Imaging NPA and FIDA
distribution function ion redistribution, wave-particle
couplings, phase space engineering
Fast-ion losses with reversed ~ Diagnose losses in highest Third fast-ion loss detector
toroidal field performance AT plasmas
Table 2-34.
Codes Used for EP Research
Code EP Related Purpose
GTC, GYRO, GEM, LIGKA Gyrokinetic - EP instability drive/damping/structure,
thermal and EP fluxes, interaction with turbulence
TAEFL Gyrofluid - AE instabilities
MEGA, M3D-K, XHMGC Kinetic/MHD hybrid — EP studies including AEs,
Fishbones, EGAM
M3D-C1 Two fluid MHD - 3D fields
GA and PPPL Critical Gradient models Reduced model predictions of fast-ion profiles
NOVA/NOVA-K, AE3D Ideal MHD + kinetic extension — AE instabilities
SPIRAL, ORBIT Full orbit or guiding center following in axisymmetric and
non-axisymmetric fields
TRANSP Calculations of the fast-ion distribution function that

include Coulomb collisions, atomic physics, and (when
using the kick model) transport by instabilities

FIDASIM FIDA and NPA synthetic diagnostic

Orbit-based distribution function inversion Tool to invert fast-ion measurements to obtain confined
distribution function
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2.3.4 Heating and Current-Drive Physics

Physics Leads: R.l. Pinsker (GA), X. Chen (GA), J.S. deGrassie (GA), J.M. Lohr (GA), A. Nagy (PPPL),
C.C. Petty (GA), M. Porkolab (MIT), R. Perkins (PPPL), J.T. Scoville (GA), S.J. Wukitch (MIT)

The development of powerful plasma heating systems to supplement Ohmic heating in the
1970s and 1980s was the most important driver of the rapid advances in tokamak performance
from the T-3 tokamak via the intermediate-sized devices PLT, PDX/PBX, ASDEX, and Doublet
[1I/DI-D to TFTR, JET, and JT-60. Current drive with these techniques was demonstrated in the
1980-2000 period and, along with the experimental validation of the long-predicted neoclassical
bootstrap current, this led to a new vision for a steady-state Advanced Tokamak (AT) in the 1990s,
in which most of the plasma current arises from the bootstrap effect and the remainder is provided
by various forms of non-inductive current drive.

DI11-D has demonstrated many of the key principles of the AT concept, as discussed in Section
2.1.2, with fully non-inductive scenarios routinely explored and underlying transport and stability
physics established. This work has validated predictive models that show that the path to efficient
reactor scenarios requires high Bn with more off-axis current drive [Park 2017]. To achieve this, a
major upgrade is planned in 2018 to reconfigure half the neutral beams for off-axis current drive,
together with increases in electron cyclotron current-drive power. However, future reactors require
more efficient current-drive technologies than these that are compatible with reactor conditions.
DII1-D also needs further current-drive flexibility to extend its AT studies to reactor-relevant low
rotation levels (achieved by balancing neutral beam torques, which also eliminates beam-driven
current) and high density for core-edge integration studies (where electron cyclotron current drive
becomes cut off). Therefore, the DIII-D program has been developing new current-drive concepts
to meet these needs, as set out below. This has included successful low-power testing of one
technique (“helicon” [Pinsker 2016]), installation in 2018 for high-power tests for this and a second
technique, and design and tests for a third. The principal requirements for the 2019-2024 period
are to carry these forward to provide:

e Substantial and flexible current-drive methods to allow the exploration and optimization
of AT scenarios with different safety factor profiles over a range of parameters;

e Development of efficient current-drive techniques that are relevant for future fusion
reactors, to reduce recycled power, required device scale, and the cost of electricity.

2.3.41 Challenges and Impact

The 2019-2024 five-year plan foresees a major initiative to explore improved current-drive
actuators for future fusion reactors. This work could be transformational for fusion energy
prospects, by enabling more cost-effective fusion reactors, as discussed above. The approach is
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focused on development of comprehensive predictive models for neutral-beam heating and current
drive, for electron-cyclotron heating and current drive and for other forms of heating and current
drive such as 'helicon’ waves (fast waves in the LHRF) and LHCD (which uses slow waves in the
LHRF). In particular, Challenge 1 in Table 2-1 sets out three key approaches to high current drive
efficiency with high power (MW level) tests of helicon ultra-high harmonic fast wave, top-launch
ECCD and high-field-side LHCD. Further work will test and improve techniques for X-mode ECH
for high-density access (Challenge 2) and explore RF-SOL interactions (Challenge 3). The
challenges, proposed goals/deliverables which will address those challenges and related

enhancements to the DIII-D facility are summarized in Table 2-35.

Table 2-35.

Heating and Current Drive, Challenges, Goals and Upgrades

Challenge

Goals/Deliverables

Upgrades

1. Establish new methods
of efficient, off-axis
current drive that are
reactor relevant

o Measure efficiency of high-power helicon
(fast wave) current drive and evaluate
limiting effects

o Explore HFS-launch lower hybrid (slow
wave) current drive and assess advantages
over conventional outside-launch LHCD

e Test top-launch ECCD to demonstrate the
large predicted increase in efficiency

o Evaluate impact of instabilities on NBCD
with increased off-axis beam power

Comb-line antenna, SLAC klystron
and power supply

Transfer 2 MW system from MIT,
develop new launcher for
centerpost

New launcher; for initial test use
existing gyrotrons with waveguide
switch

2 off-axis beamlines, one co-
counter steerable beamline

2. Centrally heat electrons
at high density, above
existing limit for 110 GHz
EC system (~5x10%° m™)

e Develop and validate model beyond ray-
tracing to characterize X-mode EC wave,
especially near cutoff

EC diagnostics, such as sniffers
and transmission measurements
Physical optics code development

3. Actively control SOL to
optimize RF coupling

e Introduce controllable, localized sources
of neutrals in the far SOL and localized
power to ionize those neutrals

Gas injectors

lonization sources (low frequency
EC system of ~10-100 kW, etc.)
SOL diagnostics near midplane, i.e.
low-frequency reflect., probes, etc.

This work will make critical impacts to the path to fusion energy, primarily through the

development of a more efficient means of off-axis current drive. As control of the safety factor
profile is one key to optimizing the AT regime, this could be transformational to enabling an
efficient and more modest-scale fusion reactor by reducing the amount of electricity needed to be
generated to power auxiliary systems. Critical elements of this research will resolve:

e Evaluation and possible demonstration of helicon ultrahigh harmonic fast wave as well as
high-field-side lower hybrid slow waves as highly efficient current-drive techniques;

e Access to high-density AT research lines at high Bn in DIII-D;

e Extension of DIII-D fully non-inductive plasmas to higher Bn at low rotation;

2-118  General Atomics Report GA-A28765



The DIII-D National Fusion Program Five-Year Plan 2019-2024

e Development of top-launch ECCD as more efficient method for EC current drive;

e Assessment and possible demonstration of high-density EC heating techniques;

e Understanding of the interaction between RF techniques and scrape-off layer properties,
and development of techniques to optimize coupling.

Taken together, this represents a comprehensive and world-leading program to develop the
current-drive physics basis for future reactors. This is apt, given DII1-D’s unique flexibility to also
access and study the advanced tokamak regimes to which these techniques must couple. This work
will therefore enable validation of integrated solutions for future steady-state facilities with
required performance scenarios and compatible actuators.

Challenge FY19-20 | FY21 | FY22 | FY23 | FY24
Establish new 1 MW helicon experiments Test HFS
methods of Coupling at high power launch LH
efficient, off-axis Validate current drive at 1 MW
current drive that Apply helicon CD in AT coupled
are reactor 1 MW top-launch (2 MW source)
relevant ECCD experiments

Test ability of additional off-
axis NBI to improve AT disch.

Centrally heat Develop more complete Validate model, establish
electrons at high model of EC at high density realistic limits on EC
density, above operation at high density
existing limit for
110 GHz EC
Actively Control Apply active control Use active
SOL to Optimize of SOL for optimization control of
RF Coupling of helicon coupling SOL for LH
Colctr NB at 210 Deg. 2nd co/ctr NB
at 30 deg
Helicon
Enhancements antenna
Required Top-launch EC Increase EC power
antenna Diagnostics for EC, rf in edge HFS-LHCD

Active control of far SOL parameters

Fig. 2-57. Heating and current-drive research in FY19-24

2.3.4.2 Research Plan for Heating and Current Drive

The heating and current-drive program research plan is organized according to the challenges
and goals in Table 2-35. Fig. 2-57 gives the timeline for each challenge, research milestones, and
the capability improvements necessary to achieve them. Heating and current-drive research in the
period 2019-2024 benefits from a considerable range of facility developments, as set out in Table
2-36. At the start, work will begin to test the newly installed 1-MW helicon comb-line antenna,
with a progressive program to assess its physics. In parallel top launch ECCD will be assessed,
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and further developed if proof-of-principle tests prove fruitful. Later, high-field-side (HFS) LHCD
will be similarly assessed.

Challenge 1: Establish New Methods of Efficient, Off-axis Current Drive that are Reactor
Relevant

Current Progress: An essential feature of the advanced tokamak approach to fusion energy
is that most of the toroidal plasma current in steady state must be self-driven from the bootstrap
effect. Other non-inductive current sources will also be required, primarily off-axis for reasons of
stability and performance; however, all methods investigated thus far are characterized by an
efficiency for reactor-scale plasmas that is too low for an economically attractive steady-state fully
driven fusion reactor. Fortunately, several techniques investigated in the past five years, through
initial scoping studies and small scale tests, show promise for higher efficiency off-axis current
drive solutions. These solutions include helicon current drive, HFS-launch lower hybrid current
drive and top-launch electron-cyclotron current drive.

Recent studies suggested that helicon waves with high first-pass absorption and potential for
current drive could be launched in high-beta DIII-D plasmas [Vdovin 2013]. Through additional
calculations, it was later verified that in a suitable high-performance discharge, approximately 60
kA/MW of current could be driven at p~0.55 at a high density (see Fig. 2-58) [Prater 2014]. It is
noted that this level of predicted current-drive efficiency is a factor of 2-4 times larger than present
DIlI-D off-axis non-inductive current sources. As a first step to test this prediction, a 12-module
low power prototype comb-line antenna operated at 476 MHz (shown in Fig. 2-59) was constructed
and antenna-plasma coupling measurements were made. The results [Pinsker 2016] were
encouraging and consistent with being able to couple > 75% of the applied power to the plasma
for a projected 30-element high-power antenna (to be experimentally demonstrated as part of this
plan).
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Fig. 2-58. Projected helicon ray paths and current Fig. 2-59. The low-power prototype comb-
drive efficiency calculated with GENRAY ray tracing line traveling wave antenna as installed in
code, using equilibrium and profiles from DIII-D DII1-D during the 2016 campaign.

discharge 122976.
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In FY2016, initial studies of lower hybrid current drive (LHCD) for application on DIII-D also
began. LHCD is among the most promising techniques for high efficiency off-axis current drive
and is included in many future reactor designs. The harsh reactor environment, however, poses
challenges for LHCD launching structures, which must be placed near the plasma. Additionally,
the strong electron damping characteristic of the slow wave makes penetration to mid-radius
difficult at fusion-relevant densities and temperatures.

A promising solution to this complex problem has recently been suggested: launch the LH
waves from the high-field-side (HFS) instead of the low-field-side (LFS) [Wallace 2015].
Relocating the LHCD launcher to the HFS of the tokamak is predicted to dramatically improve
wave penetration (see Fig. 2-60), CD efficiency, reduce PMI issues, and increase launcher
robustness in a reactor environment. On the HFS, the toroidal field is higher and allows launch of
lower n; waves that penetrate farther into the plasma core before damping. Furthermore, the lower
n; waves are absorbed at higher Te, yielding a higher current-drive efficiency that scales as ~1/n?
[Fisch 1978]. The reduction in the PMI issues is due to several effects which, among other things,
act to reduce the overall heat and particle fluxes (thermals, impurities, fast ions, runaway electrons,
and neutrons) significantly [Petrie 2003, Smick 2013, Boswell 2004, Labombard 2017, Wukitch
2004].
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Fig. 2-60. HFS LHCD penetrates into plasma core  Fig. 2-61. (a) LH waves launched from HFS near

and damps in single pass, whereas, LFS LHCD mid plane penetrate and single pass damp near

remains in the plasma periphery until wave upshifts  p~0.6 for 1.66 T, high gmin discharge (147634). (b)

and damps. Driven current profile — with~ 0.4 MA/m? for 1 MW
coupled.

HFS LHCD simulations indicate existing and target AT discharges are characterized by single-
pass absorption, efficient off-axis current drive for Br>1.6 T, ne<9x10°m- and deposition peaked
between p=0.6-0.8. In Fig. 2-61 (a), the rays from a coupler positioned at poloidal positions 3-24
cm below the mid plane with a launch spectrum peaked at nj=2.7+/-0.2 are shown. The rays
penetrate, damp on a single pass and drive ~150 kKA/MW peaked near p~0.7 with a corresponding
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efficiency 0.12x10%° A/W/m?. As shown in Fig. 2-61 (b), the simulation suggests 1 MW of coupled
power can drive the required off-axis current in the range of p~0.6-0.8 with current density
approaching 0.4 MA/m? for AT discharges.

Relative to the other wave-based current-drive approaches listed above, Electron Cyclotron
Current Drive (ECCD) has a number of important advantages, including vacuum propagation,
localized absorption at cyclotron harmonics, small diameter evacuated waveguides, and small
required penetrations in the vacuum vessel. The most significant weakness of EC schemes for
current drive, however, is a relatively low efficiency. Recently, it has been proposed [Poli 2013]
that the ECCD efficiency can be improved by moving the launch point to the top (or bottom) of
the torus, at a slightly larger major radius than that of the cyclotron harmonic resonance layer, with
a large toroidal steering angle. For DIII-D, as well as for some reactor studies, an increase in the
current-drive efficiency of 35-100% by comparison to “conventional” ECCD (outside launch) has
been predicted. An example calculation for DIII-D is shown in Fig. 2-62 where the path of the EC
beam in the poloidal plane and the kind of current drive efficiency enhancement that can be
achieved relative to LFS launch in DIII-D are shown.
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Fig. 2-62. (left) The top-launch EC beam propagates between the 2nd and 3rd harmonic layers. (right) In
some cases top launch EC can result in a factor of two higher CD efficiency than LFS launch.

Work covered in the 2019-2024 period will experimentally test many of the predictions
mentioned above and evaluate the viability of helicon CD, HFS LHCD, top launch ECCD, and,
through work carried out in the energetic particle group (see Section 2.3.3), will also investigate
important limiting factors of the more established neutral beam current drive.

Goal 1: Measure efficiency of high-power helicon (fast wave) current drive and evaluate
limiting effects. The helicon wave research plan takes advantage of a new 1.2 MW 476 MHz
Klystron that will be installed in FY18-19 (described in Section 5.3.9) and focuses on measuring
the current-drive profile and assessing possible differences between low power (linear regime) and
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high power (non-linear regime) antenna coupling. The same motional-Stark effect (MSE)-based
techniques employed in the past to measure ECCD and beam-driven current profiles to a resolution
of ~10-15 kA out of 1 MA total current will be used for these studies [Petty 2003]. Additionally,
when available, the new 2D imaging MSE system will further improve the obtainable resolution.

The main physics result of these current-drive studies will be a comparison between the
theoretically predicted current-drive profile for helicon waves and experiment. In particular, the
following attributes will be verified:

e Dependence of the deposition location on the electron beta. For moderate values, the
helicon waves should be absorbed near the plasma center, but at high values the
absorption should move off axis.

e A well-defined, relatively narrow current-drive profile for off-axis absorption. This will
indicate that the helicon waves have a well-defined njvalue and are not being scattered
during their propagation through the plasma.

e High current-drive efficiency.

Besides the current-drive measurements, these high-power helicon studies will examine non-
linear wave phenomena which can lead to:

e A reduction of the antenna loading beyond that obtained in the linear regime during low
power tests;

e Parametric decay instability (PDI), which can reduce the power available to drive current
in the plasma core and lead to edge power deposition. The measured level of current
drive and the known efficiency (Amperes per core-absorbed Watt) will be used to
determine the fraction of power lost via these nonlinear processes.

If successful, a higher power helicon system will be considered to provide additional current-
drive capabilities for the AT program.

Goal 2: Explore HFS-launch lower hybrid (slow wave) current drive and assess
advantages over conventional outside-launch LHCD. The HFS-launch LHCD research plan
will use a new centerpost-mounted launcher (described in 5.3.10) and will focus on measuring the
driven current profile dependence on plasma parameters and launch spectrum. Simulations predict
the technique will be very sensitive to toroidal field, density, and temperature. For example, by
increasing the toroidal field from 1.6 T for the case shown in Fig. 2-61, the driven current is
predicted to increase from 150 KA/MW to 190 kA/MW. Testing these dependencies by measuring
the driven current for a range of conditions and scenarios will allow validation of the RF
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simulations and the technique to build confidence in predictions for future experiments and
reactors.

In addition to the dependences discussed above, characterizing the HFS SOL and coupling
characteristics, demonstrating density control via magnetic equilibrium, impurity screening
effectiveness, impact of edge fast electron accelerated by RF near fields, and assessment of plasma
material interaction are key physics/technological issues that will be investigated. If successful,
HFS LHCD experiments could demonstrate that challenges for LHCD (coupling and launcher
survivability) are largely mitigated by locating the LHCD coupler on the HFS.

Goal 3: Test top-launch ECCD to demonstrate the large predicted increase in efficiency.
Testing the predicted increase in ECCD efficiency for top launch relative to typical outside launch
will be accomplished by taking advantage of existing gyrotron systems and transmission lines with
only a simple new top launcher and a waveguide switch being required. Initially, fixed launcher
angles will be used so this will be a proof-of-principle test, as high ECCD efficiency can be
obtained only over a limited range of toroidal fields. Initial tests with one or two gyrotrons at a
coupled power of ~1 MW will be carried out early in the 2019-2024 five-year plan. If the driven
currents are consistent with expectations, a more flexible 2nd generation top launcher will be
designed and installed later in the five-year period. The methodology for measuring the top launch
ECCD profile is the same as described previously for helicon studies, where the fiducial case can
be established using outside-launch ECH with radial injection. Given the very strong arguments
for EC as a highly reactor-relevant heating and current-drive technology, it is imperative that any
potentially significant enhancement of the current-drive efficiency be explored and proven out
experimentally.

Challenge 2: Centrally Heat Electrons at High Density, Above Existing Limit for 110 GHz
EC System (~5x10'° m3)

Current Progress. High-performance operating scenarios often push toward increasing
density targets, however, the EC system on DIII-D, based on 2nd harmonic X-mode absorption,
has an upper density limit due to the X-mode cutoff. Above an electron density in the neighborhood
of 5x10° m (for 110 GHz), the exact value depending on details of the equilibrium, the shape of
the density profile, and other factors, the rf beam is strongly refracted away from the high-density
region and is not absorbed in the plasma. In the most extreme cases, the beam can propagate back
out of the plasma and interact with an area of the outer wall or with plasma-facing hardware and
cause damage. To prevent this scenario, EC operations is presently restricted at high density by a
combination of PCS-based and administrative controls developed over the past five years. The
real-time protection level setting the maximum allowed density is determined using ray-tracing
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analysis of previous discharges. This procedure has some limitations: the subsequent discharge
may end up evolving differently than the one on which the density limit was set, and more
fundamentally, the ray-tracing approximation, embodied in the TORAY code, in principle breaks
down exactly under the circumstances of interest, i.e., when refraction becomes strong in the
neighborhood of the cut-off.

Given the growing interest in operation with EC at densities challenging the density limit,
essentially as a result of divertor studies and also for discharge regimes with improved stability
with heavy gas puffing, improvement of the tools for electron heating at high density has become
an important issue and will be focused on during the 2019-2024 period

Goal 1: Develop and validate model beyond ray-tracing to characterize X-mode EC wave,
especially near cutoff. Investigation of new diagnostics to observe unabsorbed power, such as rf
'sniffers' (receivers sensitive to EC radiation) and transmission measurements, along with
validation and benchmarking of more realistic computational approaches than ray-tracing, will
lead to improvement in this area. Ray-tracing is the computationally least intensive (the DIII-D
PCS can run a ray-tracing model in real time to correct the EC aiming for refraction when ECCD
is used for NTM stabilization) and least realistic model, while a full-wave approach is the most
realistic and computationally least practical approach. It is possible that an intermediate approach,
such as beam tracing, can be employed and perhaps benchmarked with specific cases of full-wave
analysis (at significant computational cost). Dedicated experiments after installation of the new
diagnostics will test the more refined model results in DIII-D to enable safe operation of the EC
system up to the maximum density that refraction permits, possibly by incorporating some of the
diagnostics (sniffers) into the DIII-D real-time control system.

Challenge 3: Actively Control SOL to Optimize RF Coupling

Current Progress. Waves used for tokamak heating and current drive at frequencies below
the ECRF, such as the helicon and the lower hybrid slow wave, cannot propagate in vacuum and
must tunnel through an evanescent layer in front of the wave-launching structure up to the density
at which they begin to propagate. The wave parameters must be chosen so that the density at which
the waves begin to propagate is low enough that the evanescent layer is not too thick to achieve a
practical level of wave coupling. Hence, that value of the density must appear in the scrape-off
layer (SOL). Since the coupling is exponentially sensitive to the thickness of that evanescent zone,
and the SOL density is not usually a parameter that is feedback controlled, the rf coupling can vary
over a wide range. Conversely, application of high-power rf in these frequency ranges always
causes a significant effect on the SOL, in some cases limiting the range of plasmas in which the rf
can be utilized, or leading to an operational requirement involving wall conditioning (boronization,
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lithiumization, etc.) Were it to prove possible to actively control the SOL density other than by
controlling the separatrix/wall gap distance, the range of application of rf heating and current drive
techniques could significantly increase.

A possible scheme for such a control involves local gas puffing coupled with a local power
source to ionize the gas in the far SOL. JET showed in the 1990s that a small fraction of the power
applied to a LHCD wave launcher (grill) provided the necessary ionization power to make this
scheme successful in that case [Pericoli 2004]; however, similar experiments in the ICRF on
DIII-D and elsewhere [Pinsker 2010, Jacquet 2016] have generally indicated that the ICRF power
itself does not provide much local ionization. Instead, in cases where local gas puffing was
successful in increasing the ICRF antenna coupling, it seemed that the power exhaust from the
plasma caused ionization of the gas in the entire SOL, rather than being a localized effect. Detailed
edge modeling in a few cases has shown that 3D details of the hardware determine the effectiveness
of these techniques in the ICRF [Zhang 2017].

Experiments will focus on improving the controllability of the SOL density and obtaining a
quantitative understanding of the underlying effects.

Goal 1: Introduce controllable, localized sources of neutrals in the far SOL and localized
power to ionize those neutrals.

Experiments will compare ‘local’ to ‘global’ sources of neutrals by installing new gas injectors
near the helicon and LHCD antennas. The gas injectors should have the ability to feedback control
the flow rate depending upon the antenna loading, which means that the feed tubes should not be
too long or narrow. It is likely that the helicon and LHCD antennas will not fully ionize the gas
around them since they are not optimized for that purpose; therefore, the plan includes a provision
for ionization sources, likely a low-frequency EC system with power between 10-100 kW, to
ensure that the gas puffed locally near the antenna is ionized into plasma. The improvement in
coupling would be applied to helicon antennas in DIII-D at first, and could be used for the HFS-
launch lower-hybrid system when that wave launcher is installed. Efficient coupling is obviously
a critical element of any wave-based current drive scheme and progress in this area via improved
controllability of the SOL density will directly impact the viability of these approaches for future
devices. To obtain a quantitative understanding of the underlying effects, new SOL diagnostics
near midplane, such as a low-frequency density reflectometer and Langmuir probes, are planned.

2.3.4.3 Capability Development
The tables in this section provide an overview of planned hardware and diagnostic
developments, and use of simulation codes.
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Table 2-36.

Hardware Improvements for Heating and Current-Drive Studies

Hardware Capability

New Physics

Complete development of Variable
Perveance NBI at 45-80 kv

1 MW helicon system

2 MW HFS-launch lower hybrid
current-drive system

Top-launch ECCD system (first tests
require only a new launcher and a
waveguide switch and will use existing
gyrotrons and transmission lines)

Additional gas puffing capabilities and
localized plasma sources in far SOL

Modify torque-to-power ratio continuously without the need for
pulsing beams.

Enable study of helicon current drive at level at which driven
current can be measured, and in regime where non-linear effects
on the wave coupling are expected (parametric decay instabilities,
ponderomotive effects, etc.)

Evaluate reactor-relevance of high-field-side-launch lower hybrid
current drive; application of off-axis current drive to AT studies

Demonstrate projected factor of two improvement in ECCD
efficiency in some parameter ranges

Enable study of control of far SOL to facilitate wave coupling and
possibly reduce deleterious effects of rf on SOL in lower-hybrid

range of frequencies (lower hybrid waves, helicon waves)

Table 2-37.

Diagnostic Improvements for Heating and Current-Drive Studies

Scientific Objective

Physics Measurement

Diagnostic Techniques

Accurate measurement of the
current-drive profile

Compare antenna coupling with
modeling for wave launchers in the
lower-hybrid range of frequencies

Compare characteristics of waves in
the lower-hybrid range of
frequencies within the plasma with
expectations from modeling

Compare EC waves in the SOL
with modeling in ranges near cut-
off

Characterize effects of high-power
rfin LHRF on SOL

Spatiotemporal evolution of the
poloidal magnetic flux

Measure far-SOL density profiles
on both high- and low-field sides

Measure wavelengths and
amplitudes of rf waves in the
plasma

Measure EC wave amplitudes in
SOL

Study power deposition at divertor,
rf-specific impurity influx, electron
temp. and floating potential

changes in SOL with high-power rf

MSE upgrades, including IMSE

Swing and fixed Langmuir probes
on HFS and LFS

Profile reflectometer for SOL

Extend phase-contrast imaging to rf
frequency for density fluct. (MIT)

Extend bandwidth of microwave
reflect. to rf freq.(UCLA, UCD)

RF Stark-effect diagnostic (ORNL)

Miniature rf probe arrays to charac.
ny spectrum in the SOL (MIT)

RF Sniffer probes

EC transmission measurements
(detectors at high-field side)

Infrared cameras

Langmuir probes, gridded energy
analyzers

Spatially localized spectroscopy
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Table 2-38.
Development and Validation of Simulation/Analysis Codes
Code Simulation/Analysis Purpose/Key Facets
COMSOL (Commercial) EM modeling of wave launchers, possibly with plasma model
QuickWave (Commercial) EM modeling of wave launchers, no plasma model

VSIMEM/VSIimPD  (Tech-X: Commercial) EM modeling of wave launchers, detailed plasma model

GENRAY Ray-tracing of waves in LHRF with absorption model
TORAY Ray-tracing of waves in ECRF (O-mode, X-mode) with absorption model
TORBEAM Paraxial approximation to do beam tracing for ECRF with diffraction
CQL3D Fokker-Planck solver, typically coupled with ray-tracing model
AORSA Full-wave solver for LHRF or lower, detailed ion absorption model
TORIC-LH Full-wave solver for LHRF
MFEM-TORIC (MIT) integrated coupler-SOL-core solver for LHRF
MPPDI Model for parametric decay instabilities
NVLOOP Current drive analysis tool based on time-dependent equilibrium series
DAMSED Direct Analysis of MSE Data for current drive analysis
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3. SCIENTIFIC BASIS FOR A FUSION BOUNDARY SOLUTION

A major challenge facing the design and operation of future high-power steady-state fusion
devices is developing boundary solutions for expected order-of-magnitude increases in power
handling capability relative to present experiments, while having acceptable PFC surface erosion
to ensure adequate reactor lifetime. Specifically, these solutions require: 1) divertor target surface
heat load: g: < 10 MW/m?; and 2) divertor target plasma electron temperature: T;< 5 eV across the
entire target, to suppress erosion [e.g., Stangeby 2011], and 3) compatibility with high-
performance core plasmas. The ITER divertor is expected to meet the surface heat load
requirement, with divertor plasma Te < 5 eV near the strike point, though Te will remain high
elsewhere on the target. These requirements may pose additional challenges for long-pulse AT
scenarios, e.g., for the FNSF [Garofalo 2014] and CFETR [Chan 2015], which also seek efficient
current drive, pushing to normalized Greenwald density fraction ne/new ~ 0.5, in contrast to ne/new
~1 for ITER.

In response to this challenge, DIII-D has placed increased emphasis on the plasma-material
interface, or plasma-material interactions, also known as PMI, to evaluate boundary/PMI solutions
applicable to next step fusion experiments beyond ITER.

Develop Key Divertor Design Concepts and Validate Models

The goal of advanced divertor development is to maximize the volume available inside the TF
coils to produce fusion power while minimizing the volume and complexity of the systems needed
to handle the power and particle exhaust. Radiative dissipation maximally spreads the heat load,
while detached divertor operation minimizes surface erosion by elimination of the plasma sheath
at material surfaces. The configurational flexibility of DIII-D, coupled with a comprehensive set
of divertor diagnostics, provides a unique opportunity to identify key physics and design
parameters that maximize radiative dissipation and detachment, while testing simulation codes.
During the next five years, the DI1I-D Boundary Program plans to carry out

e Staged modifications to the divertor structure to optimize closure for the control of neutrals,

e Systematic variation of the divertor magnetic configuration to control the detachment front,

e Diagnostic enhancements to better resolve the physical processes governing detachment,
impact on material erosion, and the mediating role of the SOL and edge pedestal, and

e Rigorous application of numerical simulation for designing experiments, diagnostic
interpretation, and data analysis.
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DI11-D will first leverage the present SAS prototype divertor experiments to inform the design
and operation of a new upper divertor (SAS-2U) for power and particle control (pumping) in high-
performance core/pedestal plasma scenarios. Then the advanced divertor concepts will be
integrated with advanced tokamak operation by upgrading the lower divertor (SAS-2L) toward the
end of the 2019-2024 five-year period. In addition, DII1-D will further explore advanced magnetic
configurations, including the Snowflake divertor (SFD) and X-Divertor (XD), with enhanced
capability to independently control two X-points in the divertor region, as well as the coupling
between divertor closure and advanced magnetic configurations. These approaches are necessarily
coupled to some degree, but the proposed staged approach and use of two separate divertors in a
single tokamak will provide a clean and well-diagnosed comparison with simulation unobtainable
by other means. The proposed research will also couple advanced divertor development with
reactor-relevant plasma-facing material (PFM), in particular, to address power exhaust in a W slot
divertor while minimizing impact on core. Coupling of SAS with W target will enable DIII-D to
make unique contributions toward core-edge integration in a reactor-relevant divertor
environment.

Evaluate Reactor-Relevant PMI Solutions

PMI remains a major challenge for successful operation of fusion reactors. Reliable, long-lived
PFCs must be developed for next step devices and are a universal challenge to fusion energy,
regardless of confinement concept. DIII-D plans to study the impact of the tokamak boundary
plasma on advanced materials and to evaluate the impact of materials on the confined plasma.
Close collaboration with linear materials testing facilities provides integrated systems testing of
candidate materials and components from inception to utilization, including exposure to off-
normal plasma events and a broad spectrum of plasma energy and particle-fluxes.

DIII-D is preparing to address the PMI challenge by providing a flexible, well-diagnosed
environment for materials evaluation and integrated testing. DIII-D has been focusing on local
PMI studies on erosion, redeposition and plasma-surface evolution of different PFMs, including
both Mo and W, using the unique experimental capability of DIMES and MIiMES in DIII-D. This
is greatly facilitated by DIII-D’s carbon PFCs since high-Z materials are truly trace elements. In
the 2019-2024 five-year period, DIII-D is proposing increased emphasis on the following:

e Understanding the mitigation of high-Z PFMs and their impacts on high performance
tokamak operation,

e Understanding surface evolution under plasma loading, focusing on PFM erosion,
redeposition and surface morphology evolution,
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e Evaluating reactor-relevant PFMs by characterizing their intrinsic properties such as
conductivity, erosion/redeposition, and fuel retention/permeation in realistic fusion
environments.

DI11-D will continue local PMI studies to understand surface evolution and evaluate new PFMs
leveraging the unique DIMES facility in the divertor, and a new WITS in the main chamber,
complementing DIMES in the divertor. In addition, DIII-D will evaluate the impact of high-Z
target PFMs in advanced divertors by incorporating two or more W rings inside SAS 1 and SAS
2U divertors to determine W sourcing and leakage from different divertor locations, and assess
compatibility with high performance AT operational regimes. Finally, converting SAS 2U into a
full, heated W divertor toward the end of the five-year plan period would provide an opportunity
to develop integrated divertor/PMI solutions for advanced tokamaks in a W-equivalent divertor
environment.

Advance Scientific Understanding and Predictive Capability

Achieving this goal requires a coordinated effort between experiment and modeling to validate
predictive physics models and design codes, since the complexity and reach of integrating design
choices into a capable divertor and PFCs for fusion lies well beyond the capability of simplified
models or empirical scaling relationships. Progress requires efficient platforms for conducting
simulation, and state-of-the-art tools for comparing data and simulation. D111-D provides a capable
platform for conducting research, because of its comprehensive diagnostic set, flexible divertor
geometry, and wide range of boundary plasma parameter space [Buttery 2015]. Advancing
scientific understanding and validating complex simulation codes for use in divertor and PFC
design activities requires a systematic approach encompassing both targeted diagnostic
development and plasma parameter scans, as well as systematic tokamak modifications. The latter
is essential in the design of clean experiments to calibrate simulations and quantify the key physical
processes governing radiative dissipation and plasma detachment (e.qg., differentiate the effect of
neutral reflection/trapping from magnetic flux expansion).

The boundary model validation program emphasizes the following three critical facets:

e Dissipation of energy and parallel momentum (pressure) from the mid-plane to the divertor
target, through atomic, molecular and neutral-ion physics,

e Particle transport through parallel flow and cross field drifts in the divertor/SOL, and radial
transport of energy and particles throughout the boundary plasm,

e PMI setting boundary conditions for the SOL and divertor plasma.
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DIII-D plans to advance scientific understanding and validate complex simulation codes for
use in divertor and PFC design activities by taking a systematic approach encompassing both
targeted diagnostic development and plasma parameter scans, as well as systematic tokamak
modifications in the next five years, as described above. The latter is essential in the design of
clean experiments to calibrate simulations and quantify the key physical processes governing
radiative dissipation and plasma detachment (e.g., differentiate the effect of neutral
reflection/trapping from magnetic flux expansion). Experiments in DIII-D utilize two divertors
and a flexible control system allowing independent operation of each, consistent with different
divertor configurations. This provides direct divertor comparisons in a single device, in a
configuration compatible with AT operation. DIII-D expects that these efforts will lead to
experimental and model evaluation of advanced divertor/PMI solutions for developing a scientific
basis for next-step steady-state fusion devices.

In concert with research on existing tokamaks and proposed linear facilities, the activities
described in Sections 3 and 4 can form the basis for a national Boundary Science Research
Program for the US that can address the key challenges for tokamak power and particle control in
a timely and very cost effective manner. The operational and configurational flexibility, highly
capable operations staff, highly collaborative research environment, comprehensive data analysis
infrastructure, and relatively easy diagnostic access available to US scientists make this an
attractive option for the US Fusion Program. Existing tokamaks, enhanced by proposed capability
improvements, can access the relevant geometry, parameters, and physics governing the tokamak
edge, scrape-off layer (near and far), and divertor regions needed for model development and
validation. The report from the 2015 Fusion Energy Sciences Workshop on Plasma Materials
Interactions Report identified four high-level scientific questions which can be addressed in
existing facilities:

1. What are the physics mechanisms of divertor dissipation, detachment, stability and control?

2. What are the effects of divertor magnetic topology, geometry and materials, including solid
and liquid?

3. What are the physics mechanisms underlying Near SOL heat flux width and its scaling?
4. How can we extrapolate to reactor regimes?

Towards these ends, the report advocated a strong US program developing fully predictive models
for near-SOL physics and divertor dissipation/detachment. Developing and testing these models
must address topics common to all divertor concepts, such as near/far SOL transport (neutrals,
impurities, and fuel ions), collisional-radiative processes, sheath physics, neutral recycling, and
surface sputtering, which can be accomplished most rapidly by fully exploiting and upgrading
existing divertor experiments and leveraging participation in overseas experiments. In this way, a
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strong national Boundary Science Research Program within the US would be ready to take full
advantage of the large extension in divertor operating space provided by ITER or possible future
divertor test tokamaks.

3.1 DIVERTOR DEVELOPMENT AND INTEGRATION

Development of a viable divertor solution for the control of the heat loading and erosion of the
plasma-facing components is presently recognized as a major open issue for the development of
fusion reactors. The need for advanced divertor solutions to efficiently dissipate heat from fusion
reactors is critical because the maximum steady-state power load for PFCs is limited to g < 10
MW/m? on PFC surfaces, while the undissipated power loads will be an order of magnitude higher.
This will pose a challenge for long-pulse AT scenarios, such as an FNSF, which will have lower
plasma density than ITER with a normalized Greenwald density fraction ne/new ~ 0.5, in contrast
to ne/new =1 for ITER.

The configuration flexibility of DIII-D, coupled with a comprehensive set of divertor
diagnostics, provides a unique opportunity to explore and quantify key divertor design parameters
controlling divertor detachment and energy dissipation in a single device, and to validate models
for extrapolation to reactor conditions. The research is divided into the following two thrusts:

Optimization of divertor closure. Development of advanced divertors requires effective use of
neutral and impurity dissipation processes. Divertor targets and baffling need to be designed to
promote reionization of recycled neutrals and sputtered impurities in the divertor, so the divertor
power dissipation is maximized for a given volume, and particle fueling of the core is controlled.
A new small-angle slot (SAS) divertor concept has been developed, using SOLPS 5.0/B2-EIRENE
edge code, and early results are promising. SAS leverages strong synergy between a gas tight slot
and a critical small angle target to enhance buildup of neutrals in the slot to achieve detachment at
low plasma density, as required for non-inductive current drive in future steady-state tokamaks.
The major focus in the 2019-2024 period is to test and further optimize the newly developed SAS
concept on DIII-D. Development of SAS is staged: the present SAS-1 divertor is a research
divertor to study the effectiveness of plasma “plugging” in the closed slot structure, while SAS-2
applies those concepts to power and particle control for high performance core/pedestal plasma
scenarios, including double null (DN) ATs with SAS-2U (upper) and SAS-2L (lower) divertors.
Specifically, the divertor closure research will address the following key issues:

e Optimize SAS to achieve detachment at low density: The proposed research will use
model-based divertor modifications to optimize the shape of the target and baffle of
SAS, and assess the interplay between divertor closure and magnetic configurations for
the control of neutrals to facilitate divertor detachment.
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e Improve particle control in SAS: Investigate the impact of in-slot pumping on divertor
detachment to further optimize SAS for simultaneous control of divertor heat and
particle fluxes. The research needs to optimize pumping efficiency in SAS and explore
particle control techniques, compatible with high core performance, including both
ITER-like single null (SN) and DN AT scenarios.

e Develop power and particle exhaust solutions for ATs with W divertor: The proposed
research aims to address power exhaust in a W slot divertor while minimizing impact
on core, which poses a serious issue with W operation facing in the modern fusion
devices. Coupling of SAS with W target will enable DIII-D to make unique
contributions toward core-edge integration in a reactor-relevant divertor environment.

Optimization of magnetic configuration. DIII-D features two divertors with a flexible poloidal
field control system, enabling the exploration of various magnetic configurations. While both the
single-null divertor shape and the double-null divertor shape have been proposed as candidates for
advanced tokamaks, our focus will be on the opportunities (and drawbacks) arising from the
double-null divertor (DND) approach. This proposal includes not only the possibilities offered by
conventional DN shapes, but also opportunities presented with non-conventional DN shapes,
particularly with regard to reducing divertor heat flux, controlling density, and maintaining high
performance plasma metrics, leveraging the new SAS concept. Efforts will also be made to further
examine non-conventional magnetic topologies, specifically the XD and SFD. The initial focus
will be on adapting the XD and SFD shapes to conform to the DIII-D pumping and divertor
baffling configuration, and then evaluating how well the plasmas perform under high performance
radiative and non-radiative regimes. This will be primarily carried out with the lower divertor,
while the SAS 2 in the upper divertor will play a major role in high performance DND plasma
operation. The main goals for the magnetic configuration research program are as follows:

e Determine how the interplay between divertor closure, magnetic balance, and particle drift
behavior affect high performance DN plasma metrics, particularly with respect to heat flux
reduction, particle control, impurity entrainment, and achieving and maintaining
acceptably high confinement.

e Assess the influence of each of the four divertor targets, including the SAS-2, and their
synergistic effects on overall divertor performance (e.g., deuterium and impurity control)
and, based on the findings, determine whether additional baffling at the three non-slot
divertor locations is beneficial.

e Assess the prospects for the SFD and XD configurations to successfully operate under high
power, fully-pumped radiating divertor conditions and determine their viability as
alternatives to the conventional DN divertor-based approach in future tokamak designs.
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3.1.1 Divertor Closure

Physics Leads: H. Guo (GA), B. Covele (GA), T. Petrie (GA), A. Moser (GA), M. Shafer (ORNL), H. Wang
(ORAU).

Addressing power exhaust in tokamaks is presently recognized as a major open issue for the
development of fusion reactors. The need for advanced divertor solutions to efficiently dissipate
heat from fusion reactors is critical because the maximum steady-state power load for plasma-
facing components (PFC) is limited to g: < 10 MW/m? on PFC surfaces, while the undissipated
power loads will be an order of magnitude higher. Such an advanced divertor design should feature
(1) highly dissipative operation to mitigate surface heat load and erosion; and (2) controlled
density, neutral fueling, and impurity influx compatible with high performance core plasma
operation. These requirements will pose a special challenge for long-pulse AT scenarios, such as
for an FNSF, which will have lower plasma density than ITER with a normalized Greenwald
density fraction ne/new ~ 0.5, in contrast to ne/new = 1 for ITER.

Development of advanced divertors requires effective use of neutral and impurity dissipation
processes. Increasing divertor closure tends to access detachment at reduced density. DIII-D has
demonstrated that the relatively more closed, upper divertor detaches at ~20% lower main plasma
density than the lower, open divertor in high confinement (H-mode) plasmas. Recently, a new
small-angle slot (SAS) divertor concept was developed, using the SOLPS 5.0/B2-EIRENE edge
code, predicted to achieve detachment at even lower plasma density, as required for non-inductive
current drive in future steady-state tokamaks. A prototype SAS divertor is now being evaluated in
DIlI-D, and initial results are promising. DI11-D plans to further optimize the SAS divertor concept
for the control of neutrals to achieve as efficient and complete energy dissipation as possible,
consistent with the requirements of efficient current drive and robust high performance operation.

3.1.1.1  Challenges and Impact

The goal of the DIII-D divertor closure research program is to provide experimental
evaluations of the SAS divertor concept as a potential power handling solution for steady-state
fusion reactors, as well as to provide data for validation of the models that are used to design the
divertor configurations. The research program is focused on the following key challenges, which
are further detailed in Table 3-1.

e Optimize SAS to achieve detachment at low density: The proposed research will use
model-based divertor modifications to optimize the shape of the target and baffle of the
SAS divertor, and assess the interplay between divertor closure and magnetic
configurations for the control of neutrals to facilitate divertor detachment.
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e Improve particle control in SAS: Investigate the impact of in-slot pumping on divertor
detachment to further optimize the SAS for simultaneous control of divertor heat and
particle fluxes. The research will aim to optimize pumping efficiency in the SAS and
explore particle control techniques, compatible with high core performance, including both
ITER-like single null and double null AT scenarios.

e Develop power and particle exhaust solutions for ATs with W divertor: The proposed
research aims to address power exhaust in a tungsten slot divertor, while minimizing
impact on the core. An option under consideration is the addition of heated tungsten targets
to remove carbon deposits to aid in investigating the impact of changes in atomic physics.

The proposed research will take a staged approach to improve divertor configurations and
validate codes in the next five years: (1) converting the upper main divertor into a pumped-SAS
in 2020, based on model optimization and SAS tests with pressure gauges in the slot; (2) upgrading
the lower divertor for core-edge integration studies with a double null SAS in 2022; (3) evaluating
the impact of a high-Z target in the SAS, with the option of a heated divertor under consideration
toward the end of the next five-year period. It is expected that these efforts will provide
experimental and model evaluation of the SAS divertor toward developing a scientific basis for
advanced divertor solutions in next-step devices.

Table 3-1.
Divertor Closure Research Challenges, Goals, and Upgrades
Challenge Goals/Deliverables Upgrades
Optimize SAS to e  Optimize divertor closure and target
achieve detachment at shape to control neutral dynamics in Hardware
low density SAS e SAS-1W rings
e  Assess interplay between divertor e  SAS-2 upper (U) target/baffling
closure and magnetic geometries e SAS-2U W rings
Improve particle e  Optimize pumping efficiency in SAS * SAS-2lower (L) target/bafflln_g
control in SAS e Achieve both heat and particle control | ° SAS-2U heated W target (Option)
for ATs . .
Diagnostic
Develop power and o Demonstrate adequate power handling | ® ASDEX (Hass) gauges
particle exhaust in a W divertor for high-performance | ®  Fast thermocouples
solutions for ATs with core scenarios e  Langmuir probes
W divertor e Assess the impact of change in atomic | e  Divertor bolometer chords
physics associated with W on e Filterscopes
detachment in SAS with heated W
targets (Option) Modeling
e  SOLPS-ITER with drifts
e OEDGE/DIVIMP
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3.1.1.2 Research Plan

The research plan for divertor closure is organized according to the challenges and goals in
Table 3-1. Fig. 3-1 provides a timeline for each challenge, research milestone, and hardware and
diagnostic enhancement, which are needed to achieve these research goals.

particle control
in SAS

Challenge 2019-20 2021 2022 2023 2024
Optimize SAS | Characterize SAS-1 detachment, power balance
to achieve Design and optimize SAS-2U target w/ SOLPS
detachment at Explore SAS-2U detachment and coupling with magnetic configuration
low density Design and optimize SAS-2L w/ SOLPS
Explore SAS-2L w/ DN
Improve Optimize SAS-2U pumping with SOLPS

Explore SAS-2U pumping w/ AT
Particle control w/ DN SAS

Develop power

Study W leakage in SAS-1 w/ W rings

and particle Develop radiative divertor w/ impurity seeding in SAS-2U
exhaust Mitigate W leakage in SAS-2U w/ W rings
solutions for Impact of W surface properties on detachment in SAS-2U w/ heated W target
ATswith W (Option)
divertor
Hardware SAS-1 w/ W rings
Improvements SAS-2U
SAS-2U w/ W rings
SAS-2L

SAS-2U w/ heated W target

(Option)
Diagnostic Enhanced bolometer for SAS-1 and SAS-1 W rings
Enhancements New diagnostics for SAS-2U: LPs, bolometer, filterscopes, ASDEX gauges

Extended diagnostics for SAS-2L
(same as in SAS-2U)

Fig. 3-1. Divertor closure research plan timeline.

Challenge 1: Optimize SAS to Achieve Detachment at Low Density

Current progress. The SAS divertor concept [Guo 2017a] has been developed using SOLPS
5.0/B2-EIRENE [Schneider 2006] to achieve detachment at relatively low plasma density with
cold plasma extended over the target surface (Fig. 3-2), as required for non-inductive current drive
in future steady-state tokamaks.

A prototype SAS divertor is now being evaluated in DIII-D. Previous DIII-D data show that
the relatively more closed, non-SAS upper divertor detaches at ~20% lower main plasma density
than the lower, open divertor target on the bottom shelf in high confinement (H-mode) plasmas
[Moser 2016]. Initial tests of the prototype SAS have achieved divertor detachment at nearly 40%
further density reduction compared to the non-SAS closed divertor, with cold plasma, Te <5 eV,
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extending over the entire target surface, as measured by the Langmuir probes under a high
confinement plasma condition (Fig. 3-3).
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Fig. 3-2. SAS combines the benefits Fig. 3-3. SAS achieves cold plasma with strong heat flux
of horizontal and vertical targets in reduction across the target surface. Profiles of Js (top) Te
a slot divertor configuration. Radial (middle) and q. (bottom) for the open divertor (left
profiles of T and q., the deposited column) and SAS (right column) at the same line average
power flux density across the density, Neave ~ 5x10'° m*, as a function of the normalized
divertor target surface at a given magnetic flux function, ys. Private flux region: ys < 1;
upstream i,gepatrgatrlx density, separatrix: yn = 1; SOL: yr > 1. The colors of the
Ne ~4x10™ m ">, for the different slot symbols indicate different probe locations as shown in
divertors, predicted by SOLPS. From [Guo 2017h].
[Guo 2017a]

Recent results from DIII-D have demonstrated reduced particle and heat fluxes to the target,
facilitating detachment onset at 10-20% lower upstream density than an open divertor [Covele
2017]. SOLPS modeling suggests that this effect arises from the poloidal field flaring near the
target, not merely due to the increase in total connection length. It was found that poloidal flaring
must work synergistically with divertor closure to most effectively reduce the detachment density
threshold. These promising results show that the coupling of the new SAS concept with advanced
magnetic geometry may provide an effective means to address the challenge of divertor heat
dispersal for steady-state fusion.

Goal 1: Optimize divertor closure and target shape to control neutral dynamics in SAS.
Research will focus on optimization of the target shape in a closed slot divertor structure to
improve neutral and impurity energy dissipation processes.
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Optimization of the SAS divertor will require understanding dynamics of recycling neutrals.
Modeling with SOLPS [Schneider 2006] will be the engine that drives this understanding,
followed by experiments for model validation. It is apparent that greater neutral particle trapping
near the divertor target due to closure can expand the operating window for detachment. The new
SAS concept [Guo 2017a], in which the target is designed to build recycled neutral densities
preferentially near the strike point, represents the beginning of such an effort. The prototypical
SAS-1, already installed on DIII-D, will provide important experimental feedback for the more
optimized, future SAS-2 divertor. The proposed research will optimize the following critical
divertor parameters and validate models:

e Small field line-to-target angle, directing recycling neutrals toward the separatrix,
enhancing plasma cooling near the strike point, as in the conventional vertical target
configuration, e,g., in ITER.

e Progressive target flaring outboard of the strike point, spreading neutrals into the far SOL,
extending plasma cooling across the divertor target plate, in contrast to the vertical target
where plasma remains hot in the far SOL, thus combining the benefits of both horizontal
and vertical target configurations.

e Closed slot structure, further enhancing neutral retention in the divertor. With the SAS
configuration, the slot width would only need to accommodate the flux surfaces outside
the separatrix within a few Aq to reduce the leakage of neutrals from both SOL and private
flux regions. Aq scales as ~1/I independent of machine size [Eich 2013], which is ~2 mm
(at the outside mid-plane ) for an H-mode plasma in DIII-D with I, ~ 1 MA.

Changes to target recycling conditions, impurity species, and drifts can be expected to affect
power dissipation, and will also be studied for target optimization.

Goal 2: Assess interplay between divertor closure and magnetic geometries. The purpose
of this work is to explore the coupling between a slot structure and variations in magnetic
geometry.

The proposed research will examine and optimize the coupling of SAS with different magnetic
geometries for high core performance scenarios. In addition, research will explore the interplay
between a closed slot structure and local magnetic flux expansion, in particular, near the divertor
target, as in an XD configuration [Kotschenreuther 2004]. Efforts will be made to reduce the
detachment density threshold with the addition of target flux expansion from an XD like
configuration and SAS-like closure. In addition, research will examine potentially improved
detachment stability with magnetic flaring near the target, and actively control the detachment
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front to achieve maximize power dissipation in the divertor without affecting the pedestal and core
performance.

Challenge 2: Improve Particle Control in SAS

Current progress. The purpose of this research is to gain the capability to optimize pumping
in SAS for simultaneous control of heat and particle exhaust in ATSs.

SOLPS models found that SAS can achieve high levels of divertor performance by building
up recycling neutrals, leading to unusually high neutral pressures in the slot, and revealed a
remarkably strong and simple correlation between the D> molecular deuterium density, npz, and
the reduction in plasma temperature, Te, at the target [Guo 2017a, Stangeby 2017]. This correlation
is an entirely new discovery and is clearly central to the efficacy of the SAS divertor concept.

However, as SAS-2U will need to accommodate high-power, steady-state (AT) scenarios,
suitable pumping capability will also be necessary for particle control, and this needs to be
achieved without compromising the benefit of SAS for detachment. Therefore, new modeling in
support of detachment facilitation will be accompanied by modeling in support of efficient neutral
pumping, while minimizing impact on detachment. The Eirene kinetic neutral code will be used
in combination with analytic calculations of conductance to design pumping concepts for SAS-2U
appropriate for AT operation.

Goal 1: Optimize pumping efficiency in SAS. The purpose of this work is to provide
adequate pumping for particle exhaust, while maintaining the benefit of SAS for detachment.

Localized neutral concentrations in the SAS slot may improve pumping efficiency, and thus
greater global particle control. In order to optimize the SAS target shaping specifically for
pumping, and identify the appropriate pumping location, kinetic modeling of the neutral dynamics
will be critical, for which SOLPS’s Eirene code [Reiter 2005] is suitable. Furthermore,
understanding how pumping efficiency in the SAS divertor scales with power will be necessary
for predictive modeling of particle control for high-power scenarios. The extent to which SAS
divertor optimization for detachment and optimization for particle control are coincident will be
ascertained; it is likely that many iterations of the SAS model and the divertor geometry will be
necessary to balance the needs of heat flux control and particle control.

Goal 2: Achieve both heat and particle control for ATs. The primary objective of DIII-D
divertor research is to develop a viable divertor solution for ATs, in particular for ATs with a
double-null (DN) magnetic configuration with two outer divertors.

Research will be focused on the effect of top/bottom power balance in closed divertor systems.
In addition, efforts will be made to explore the possibility of separately controlling power and
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particle exhaust with DN. The use of DN, in particular, an unbalanced DN magnetic configuration
may allow for strategically decoupling the particle and heat exhaust channels: an unbalanced DN
can be used where one of the outer divertors is designed to take more of the power load than the
other, while the gas pumping load and He ash removal would be divided oppositely. Thus, the
divertor that required the stronger SAS effect would not have to be pumped as strongly.

Modeling will primarily employ SOLPS to carry out the design and optimization of SAS-2L.
The present SAS design was done with SOLPS5.0, which employs a version of the EIRENE Monte
Carlo neutral code that does not include neutral-neutral (n-n) collisions. The n-n collisions exhibit
little influence on the divertor plasma conditions [Kotov 2008], although they can have a
significant impact on divertor pumping, i.e., in the regions outside the plasma [Kukushkin 2011].
Further code analysis will be performed with SOLPS-ITER, including full classical drifts, n-n
collisions, pumping, as well as extrinsic impurity seeding, to identify the sensitivity of the
dissipative/detached divertor conditions to various input parameters such as the degree of magnetic
balance for DN ATs.

Challenge 3: Develop Power and Particle Exhaust Solutions for ATs with W Divertor

Current progress. Development of heat flux ELMs
and particle control solutions in a W divertor
environment appropriate for a high performance
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of the colder deuterium molecule source in the
divertor is likely to inhibit heat dissipation. Furthermore, unlike graphite, high-Z tungsten’s eroded
impurities do not radiate strongly in the divertor, further reducing divertor heat dissipation via

radiation. Tungsten impurities which escape the divertor and enter the core, however, will radiate
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strongly, which can result in lower H-mode energy confinement above a certain concentration
[Romanelli 2013], thereby restricting access to high confinement scenarios.

DIII-D plans to develop integrated divertor/PMI solutions compatible with high performance
core plasma scenarios with an emphasis on divertor optimization to mitigate impact of high-Z
impurities. In particular, coupling of SAS with W target will enable DIII-D to make unique
contributions toward core-edge integration in a reactor-relevant divertor environment.

Goal 1: Demonstrate adequate power handling in a W slot divertor for high-performance
core scenarios. Research aims to address power exhaust issues with a W divertor for steady-state
AT operation.

The SAS divertor’s unique approach to closure can potentially address many of the challenges
of tungsten targets, while retaining the benefits, thus offering a solution to accommodate tungsten
plasma-facing materials compatible with core performance. In DIII-D to date, the intrinsic source
of low-Z impurity radiation in the divertor has been the graphite target. For divertor operation with
tungsten targets, (1) the divertor radiation fraction, i.e., because of a lack of a carbon radiator, must
be recovered by means of other extrinsic, low-Z impurities, and (2) high-Z intrinsic impurities
must be sufficiently screened from the core. As SAS is specifically designed to encourage
reionization and prompt redeposition of impurities, the SAS slot may also effectively provide the
desired screening of tungsten impurities. Hence, the SAS configuration may enable new divertor
operational scenarios in which tungsten becomes an attractive divertor material. Research will
assess the effectiveness of divertor closure to screen high-Z impurities in SAS-1 and further
optimize SAS-2U by incorporating toroidally continuous tungsten rings during the next five years,
and determine the degree of detachment (i.e., energy dissipation) needed to adequately reduce
tungsten influx into high performance plasmas. This will require a detailed study of divertor/SOL
screening for tungsten in highly dissipative divertor conditions with and without impurity seeding
with nitrogen, neon, or argon.

Goal 2: Assess the impact of changing atomic physics associated with tungsten on
detachment in the SAS divertor with a heated tungsten target (Option). The purpose of this
work is to understand and optimize energy dissipation for divertor detachment in a metal-
equivalent slot divertor. Research will emphasize understanding the impact of D/D; recycling on
the carbon-free tungsten target compared to graphite for a common SAS divertor configuration.
The full tungsten slot would uniquely enable study of the changes in the complex recycling
conditions in the tungsten-equivalent closed slot. Achieving this goal will require heating the
tungsten target in SAS-2U to remove carbon deposits from the main chamber walls, and preserve
the integrity of clean surface conditions.
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The results from the recent DIII-D metal rings campaign have demonstrated near-complete
coverage of tungsten rings by carbon deposition except in close vicinity to the strike point. Carbon
deposition on tungsten may be more severe in the high-ne/low-Te conditions typical within the SAS
slot. Therefore, it is critical to heat the tungsten target to remove carbon deposits and preserve the
high-Z surface characteristics. An ambitious divertor/materials collaboration with a SAS tungsten
target is proposed as an optional research line for 2024 and beyond. Toward this end, research
work will first quantify the temperature dependence of carbon coverage on a tungsten surface in
high performance plasmas using the heated DIMES system on DIII-D. Efforts will also be made
to assess the role of neutrals on detachment in the graphite SAS-1 and SAS-2U, and develop
detachment control techniques in the presence of tungsten targets with dedicated campaigns in the
next five years. This research work, coupled with modeling, would provide a physics basis for the
design and operation of a full, heated tungsten divertor toward the end of the 2019-2024 proposal
period.

3.1.1.3 Capability Enhancements

The DIII-D divertor closure research program requires staged divertor enhancements (Table
3-2). A new, optimized SAS in the upper divertor, SAS-2U, will have pumping capability to
provide both power and particle exhaust for use with ATs. Both SAS-1 and SAS-2U will be
integrated with toroidally continuous tungsten rings to evaluate tungsten sourcing and leakage with
a closed divertor, and for development of detachment control with the tungsten target. The lower
divertor will be upgraded, i.e.,, SAS-2L, to improve power and particle control in DN
configurations, which will play a major role in high performance AT operation. Finally, a full,
heated tungsten SAS-2U would enable DI1I-D to advance divertor physics study in a W-equivalent
wall environment and is an option under consideration. Diagnostics enhancements, as listed in
Table 3-3, will provide critical information to identify the underlying physics mechanisms of
divertor closure effects, and to validate models (Table 3-4) for extrapolation to fusion reactors.

Table 3-2.
Facility Enhancements for Divertor Closure Studies on DIll-D
Hardware Capability New Physics
SAS-1 w/ W rings Impurity sourcing and screening with divertor closure
SAS-2U SAS neutral trapping, divertor particle control with AT operations
SAS-2U w/ W rings Detachment and control with W target
SAS-2L Symmetric SAS neutral trapping/fueling, symmetric particle

control with AT DN operations

SAS-2U heated W target (Option) Molecular recycling and extrinsic impurity seeding on
detachment dynamics in a W-equivalent closed divertor
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Table 3-3.

Physics Enabled by New Diagnostics for Divertor Closure Research

Desired Measurement
Capability

New Physics Enabled

Proposed Diagnostic

Divertor total radiated power

lon saturation current, Te

Incident heat flux

Do, D, D, emissions, some
carbon lines

Neutral pressure distribution

Atomic/molecular spectra

2D ne, Te

Surface temperature

Determine radiation in the SAS slot during
detachment processes

Track plasma conditions at the SAS target
with degree of detachment

Quantify power exhaust capability

Understand role of neutrals and impurities on
detachment onset

Understand neutral dynamics during the
detachment process, determine optimal
pumping location for SAS-2

Create 2D maps of divertor radiating spectra,
identify dominant power dissipators

Create 2D maps of divertor plasma
background, i.e. electron density and
temperature

Build target heat flux profiles for detachment
assessment

Bolometer

Langmuir probe
Fast thermocouple

Filterscope

ASDEX gauge

2D imaging

Thomson scattering

IR camera

Table 3-4.
Codes Used for Divertor Optimization

Code

EP Related Purpose

EFIT/CORSICA

SOLPS
SOLPS-ITER
OEDGE/DIVIMP

Magnetic equilibrium generation/reconstruction for

SAS experiment and modeling

Divertor detachment and neutral dynamics

Effect of drifts on detachment and particle transport

W sourcing and transport

3.1.2 Magnetic Configuration

Physics Leads: T. Petrie (GA), B. Grierson (PPPL), B. Covele (GA), H. Guo (GA), T. Osborne (GA), C.

Petty (GA), F. Turco (Columbia U)

Successful power-producing tokamaks of the future must be able to (1) access and maintain
sufficiently high energy confinement, (2) have adequate fueling and impurity control, and (3) limit
power loading at their divertor targets to acceptable levels. Simultaneously satisfying all three
criteria for high power, high performance DN (and near-DN) plasmas in the present DI11-D vessel
configuration has proved elusive. Analysis of the data over several experimental campaigns has
indicated that the key impediments to achieving this “trifecta” are the relative openness of the

3-16

General Atomics Report GA—-A28765



The DIII-D National Fusion Program Five-Year Plan 2019-2024

present DIII-D divertors, the degree to which the plasma is magnetically balanced (particularly
near DN), and the problematic impact of particle drifts on particle control. Unless these
impediments can be successfully negotiated, confidence in the DN concept and other non-
conventional shaping concepts, such as the SFD [Ryutov 2007] and XD [Kotschenreuther 2007],
as a basis for a future power producing reactor is diminished. By re-configuring the divertor
baffling inside the DIII-D vessel for better particle control, by improving divertor and core
diagnostics, and by validating the modeling needed to further improve the understanding of the
key physical processes involved, DIII-D will explore the viability of these conventional and non-
conventional approaches to future power-producing tokamaks.

The DIII-D team in cooperation with international collaborators has previously evaluated the
contributions of particle drifts, plasma shaping, and divertor closure to energy confinement,
fueling, impurity control, and heat flux reduction in DN and near-DN geometries, although these
studies were done at lower power. At very high power input, the DIII-D team and collaborators
have recently uncovered operating regimes that are very favorable to improved energy and particle
confinement, although operating in these regimes can complicate successful heat flux reduction
via a radiating divertor [Petrie 2017]. Such results have highlighted the difficulty in attempting to
study plasma behaviors in the core, pedestal, and divertor in isolation and in the 2019-2024 five-
year plan, all three regions will be considered more holistically (see Section 4). The overall
objective of the plan is to extend present understanding to a level needed to successfully achieve
the “trifecta” for high power, high performance DN plasmas.

3.1.2.1 Challenges and Impact

The goal of the DIII-D Magnetic Configuration plan is to provide a solid foundation for
projecting promising plasma configurations and techniques to future high power, high
performance plasma devices. In order to do this, the program focuses on three principal challenges
(Table 3-5). First, it is essential to understand the complicated interplay of magnetic balance,
divertor closure, and particle drifts on core and divertor plasma performance in DN and near-DN
topologies. Second, as the program progresses, improved understanding of how fuel ions and
impurity ions can be more effectively controlled would allow the team to identify (and perhaps
install, if warranted) a more optimal reconfiguration of the in-vessel baffling. Third, it may be
prudent not to lock the fusion program into a DN-based configuration before fairly testing out
other promising alternatives that can also achieve high performance metrics.

The insight obtained from these studies, coupled with the confidence gained in validation of
the codes used in the analysis, will be a major step in which approaches are plausible and which

are likely dead-end for DIII-D and future high power plasma tokamaks.
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Table 3-5.

Magnetic Configuration Research Challenges, Goals, and Upgrades

Challenges

Goals/Deliverables

Key Capability Improvements

1. Assess the interplay of
magnetic balance,
divertor closure, and
particle drifts on core
and divertor plasma
performance in near-
DN topologies.

e Use DIII-D shaping and diagnostic
capabilities to quantitatively determine
how dRsep variation in upper-biased
(“closed”) cases and separately in lower-
biased (“open”) cases affects

(a) density and impurity control,
(b) heat flux reduction,

(c) sensitivity to detachment

(d) preserving a favorable pedestal

o Validate SOLPS divertor modeling with
data to establish/confirm the key physics
involved in each case
---extrapolate to power tokamaks

2. Explore the interplay
between Slot (SAS-2U)
target and non-slot
divertor targets on
overall divertor
performance and the
need for additional
divertor baffling

o Assess the relative importance of each
divertor target by controlling local plasma
and impurity behavior

¢ Determine the need for improved baffling
at the non-divertor slot targets

o Determine the impact of changing outer
divertor strike point location within the
slot on divertor effectiveness

3. Assess the potential of
the XD or SFD as an
alternative to the
conventional DN under
high performance
conditions

¢ Reconfigure the XD and SFD shaping for
optimum particle and heat flux control
using the available DIII-D divertor and
pumping configuration

e Make a systematic comparison of XD and
SFD plasma performance with
comparable DN plasma performance
under both attached and detached
conditions and evaluate the relative
advantages and disadvantages of each

Hardware Upgrades:

o Significantly upgraded gas
injection capability
- Various depths inside slot
- Fast time response
- Toroidal symmetry

e  Centerpost baffling for the
inner divertors, if needed

e  Additional baffling for the
outer divertors, if needed

Diagnostic Upgrades:

¢ IR camera monitoring inner and
outer targets of the upper
divertor

e  Fast thermocouples to record
power loading at each of the
four divertor targets

e Divertor bolometer arrays for
both divertors

e VUV SPRED for both divertors

e  Upper and lower divertor
Thomson scattering

e  Main ion temperature in the
pedestal, SOL, and divertor

e Penning gauges located in all
three pumping plenums

Code Development:

SOLPS with DN or near-DN grids
with drifts

No credible argument for a future power producing tokamak based on a DN configuration can
be made unless the effects of changing divertor closure, magnetic balance, and particle drift
behavior are taken into consideration and well understood. This is because reaching the “trifecta”
of optimal high performance operation depends on how the divertor, pedestal, and core plasma
behaviors respond to the changes in the three parameters. Thus, while the overall focus is primarily
on the performance of the SAS-2 slot divertor, plasma and neutrals behaviors at the three other
divertor targets in the DN will also be considered. The XD and SFD, both of which have previously
shown promise in safely dissipating high levels of divertor heat loads while maintaining good
plasma performance, are investigated from the standpoint of being credible alternatives to the DN.
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Overall, successful completion of the 2019-2024 five-year plan will provide data not only
useful in understanding the key divertor physics involved with high power AT-class plasmas on
DIII-D, but also will provide a firmer basis for projecting to future divertor designs based on the
DN concept, such as in a DEMO.

3.1.2.2 Research Plan

The proposed timeline is shown in Fig. 3-5.

Challenge

FY19-20 | FY21 | FYy22 | FY23 | FY24

1. Assess the physical
processes that lead to an
optimum combination of
magnetic balance and
divertor closure

2. Assess the coupling
between slot (SAS_2U)
and non-slot divertor
targets on overall
divertor performance
and the need for
additional baffling

3. Evaluate the prospects
for non-conventional
topologies to operate
successfully under
pumped radiating
divertor conditions

Hardware improvements

Diagnostic enhancements

Assess the combinations of magnetic
balance and closure that lead to
favorable density and heat flux control

Explore detached high
power DN H-modes

Application to high
performance plasmas

Evaluate density and
impurity behavior

at each divertor target
Determine an optimal
slot width

Explore high power AT with DN slot/non-slot divertors
SOLPS analysis
Design additional
baffling, incl oiwer
divertor
Install baffling=>
Assess AT DN
in new configuration
Investigate the limitations
of XD and SFD operation with
DIlI-D pumping/baffling
Design changes to baffling and
pumping in the lower divertor to
optimize XD and SFD performance
Install--->
Compare AT XD
and SFD w/AT DN

SAS_2U
Upgraded gas injection capability

High resolution divertor bolometry
Upgraded Spectroscopy
Increased IR camera
Fast thermocouple coverage
Upper and lower divertor Thomson scattering
Divertor ion temperature
Penning gauges

Fig. 3-5. Magnetic configuration research plan timeline
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Much of Challenge 1 dealing with tradeoffs between divertor closure, magnetic balance, and
ion B x VB direction is anticipated during the first two-three years. The results from this early
phase will influence any subsequent changes in DIII-D divertor design in later phases. For this
reason, experiments focusing on the effect of non-slot divertor targets on overall divertor
performance and on the need for additional divertor baffling, are front-loaded. Much of Challenge
1 and 2 can be done in parallel with each other. Evaluating the prospects for the XD and SFD
configurations as alternatives to the standard DN divertor shape has (relatively) less urgency, and
so Challenge 3 is more evenly distributed across the research time line.

An upgraded gas injection capability is needed for properly executing Challenges 1 and 2 and
thus is frontloaded in the program timeline. This is also the case for the other listed diagnostic
upgrades, which will be discussed in subsequent sections.

Challenge 1: Assess the Interplay of Magnetic Balance, Divertor Closure, Particle Drifts on
Core and Divertor Plasma Performance

Current progress. For the conventional DN and near-DN topologies, previous studies have
shown the degree to which divertor magnetic balance is a major consideration in determining how
heat flux is distributed to the four active divertor targets [Petrie 2001], how effectively the main
plasma is fueled [Petrie 2005], and how effectively an impurity species can be kept from
contaminating the main plasma [Petrie 2008, Petrie 2009]. Separately, other studies have addressed
the importance of divertor closure in moderating heat flux at and near the divertor targets,
particularly by detachment [Moser 2016, Sang 2017]. The focus for this part of the program is to
improving the team’s insight into how small changes in magnetic balance, divertor closure, and B
x VB direction can be leveraged into large changes in heat flux reduction and particle control and
how the particle and heat flux scrape-off widths in the SOL are increased and decreased,
respectively, as magnetic balance is approached. The desired outcome of Challenge 1 is an
improved understanding of how slot divertors can be optimized to serve important multiple tasks:
divertor heat flux reduction, particle inventory control, and impurity entrainment. Such
understanding would impact not only future divertor designs on DIII-D but also provide a solid
platform in the divertor design of future power-producing tokamaks, such as a DEMO.

The plasma shaping capability of DIII-D played an integral role in previous experiments that
demonstrated how small changes in magnetic balance could simultaneously affect plasma behavior
in the divertor, pedestal, and core regions in near-DND [Petrie 2003]. Fig. 3-6 (a), for example,
shows that changing the magnetic balance parameter dRsep from O (i.e., DND) to +1.5 cm (DND
biased slightly upward) had measureable effects on both pedestal density (electron pressure) and
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total stored energy, while Fig. 3-6 (b) also showed strong variation in Dq-recycling over the same
dRsep interval.

Thus, the present DIII-D plasma control system will be satisfactory in fine tuning the shaping
and magnetic balance that is needed to successfully execute this study. For comparing the open
versus closed aspects of this study, DIII-D employs the relative openness of the lower outer
divertor versus the closed nature of the upper outer (SAS 2U) divertor. Further modifications to
the divertor closure are anticipated to take place during the course of the five-year plan, which
would extend the closure study.
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Fig. 3-6. (a) Pedestal and global parameter sensitivity to changes in magnetic balance; and (b) the
recycling radiation (D,) at the divertor targets is shown as a function of dRsep

Goal 1: Determine how variation in divertor closure, magnetic balance and ion B x VB
direction affect divertor and core performance.

Preliminary experiments are proposed to document how changes in magnetic balance, divertor
closure, and particle drift behavior affect plasma density control, impurity control, and divertor
heat flux reduction, and secondarily how they affect particle and energy confinement in the core.
The approach will use the existing DIII-D capability to actively pump particles in both the open
and closed divertor configurations, as well as a significantly improved neutral gas injection
capability, which allows deuterium and impurity injection from several poloidal and toroidal
locations within the slot. The combination of having particle pumping at the divertor target and
deuterium gas injected upstream (but still within the slot) is expected to generate a strong local
plasma flow toward the divertor target, and would be beneficial to impeding impurity ions from
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escaping into the main chamber, e.g., in a “puff-and-pump” scenario [Wade 1998]. The program
will exploit the capabilities of new diagnostics, such as IR camera and fast thermocouples for
determining divertor heat flux, divertor bolometer arrays, Penning gauges, and VUV SPRED for
determining radiated power and impurity behavior inside the slot, along with divertor Thomson
scattering and Langmuir probes for electron density and temperature inside the slot. Localized
deuterium injection from within the slot is expected to not only lead to more effective entrainment
of injected impurities but also better density control of the main plasma, as opposed to deuterium
injection into the main chamber which is presently used in “puff-and-pump” experiments.

The diagnostics that will be available in DIII-D for this project, together with the
methodologies developed over the past 15 years, will provide the wherewithal to also address a
related issue, specifically dealing with how well impurities injected into the slot can be “entrained”
in the slot as the outer leg begins to show signs of detachment. In this regard, particle flows in and
around the slot that are generated by the presence E and/or B and the response of these flows to
changes in slot width and variation in magnetic balance (dRsep) will be mapped out in detail.

Because the plasmas in this study are “high performance,” e.g., pn >3 and Hgg > 1.3,
maintaining favorable pedestal characteristics is also an important facet in this study. Recent
experiments have shown that pedestal and core behavior may depend very sensitively on pedestal
density and pressure at high power input [Petrie 2017]. Since the scans highlighted in the previous
paragraph involve highly-powered DN plasmas in high temperature regimes which have not been
fully explored, mapping out the response of plasma behavior in the pedestal and core during these
scans is also an important part of goal 1. As Fig. 3-5 shows, much of this work in Challenge 1
(above) can be completed in the first two years of this plan.

Goal 2: Validation of SOLPS divertor modeling.

Divertor modelling with sophisticated SOL transport codes, such as SOLPS or UEDGE, is
absolutely essential for providing the theoretical framework needed in clarifying the physics
mechanisms involved in the Goal 1 studies. Validating the modeling needed to help the team to
identify the important physical processes involved in these high power, high performance plasma
regimes will be a very challenging task due to the complex geometry and physics involved. Even
state-of—the-art divertor codes like SOLPS and UEDGE have rarely attempted analysis of a
magnetically-unbalanced DN configuration with particle drifts. The only attempt at modeling
unbalanced DNs with drifts was done several years ago using the UEDGE code (Petrie, 2010) and
this analysis was successful only in interpreting the available data in a more qualitative sense.
Hence, whether one use SOLPS or UEDGE as the platform for modeling these data, a dedicated
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effort by the team to improve the divertor analysis of unbalanced DN configurations with drifts
must be undertaken immediately.

Challenge 2: Explore the Interplay Between Slot (SAS-2U) Target and Non-Slot Divertor
Targets on the Need for Additional Baffling

Current progress: The success of the present “closed” divertor and a future SAS-2 (2021)
“slot” divertor in DN and near-DN also depends on how well the other divertor targets deal with
particle influx and power loading. The SAS-2 encloses the upper outer divertor leg of a DIII-D
DN; the upper inner-, lower outer- and lower inner divertors comprise the other three targets. The
electric and magnetic fields that are present in the divertor and SOL plasmas play a major role in
how particles (and the energy they carry with them) are distributed at the four divertor targets.
While Challenge 1 is largely focused on issues related to SAS-2, DIII-D will also investigate how
plasma behavior at the other three divertor targets may influence slot divertor performance, as
overall divertor particle control. We expect that the results of Challenge 2 will also inform us as
to whether additional baffling would be efficacious in particle control.

Goal 1: Assess the relative importance of each divertor target in controlling fuel particles
and impurities.

While the slot structure in the primary divertor will be a crucial part in the future DII-D
program starting in 2021, successful overall divertor performance with the DN, particularly with
regard to density control and heat flux reduction, will also depend on how particle and heat exhaust
are dealt with at the other three divertor targets. Hence, it is important to determine plasma
behavior at each of the three (non-slot) targets and how this behavior, in turn, can individually
contribute to overall divertor performance.

An approach for determining the relative importance of each divertor target in overall
deuterium and impurity control is to assess the degree to which deuterium and impurities
accumulate at a given divertor target and the possibility of pumping these particles. For each
selection of dRsep and slot closure, the presence of deuterium recycling and impurity accumulation
at each of the three non-slot divertor locations will be evaluated by spectrometer (Do, VUV-
SPRED) and bolometer measurements. The effectiveness of each of the four divertor targets in
pumping deuterium and impurities will be determined by exhaust measurements via ASDEX and
Penning gauge techniques. Power loading at each target will be determined by IR cameras and fast
thermocouple measurements. With this information, the relative importance of each divertor target
to particle and heat flux control can be gauged. Since the ion B x¥B drift direction has been shown
to be very important in distributing particles around the SOL and divertor, both ion Bx VB drift
directions will be investigated [Petrie 2008, Petrie 2009].
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Goal 2: Determine the need for improved baffling at the non-slot divertor targets.

With these data, the second stage of Challenge 2 focuses on identifying and understanding the
key physics at each of the four divertor targets of the DN. This goal, however, is complicated by
the fact that all four divertor targets are magnetically connected directly or indirectly via the SOL,
so that individual divertor targets cannot be viewed in isolation. Sophisticated SOL transport code
analysis (SOLPS) will be used to help interpret the data. Once the data from the above studies have
been processed and the supporting modeling analysis completed, the team will exploit these results
by proposing an improved divertor baffling/pumping configuration for the DIII-D divertor, if
justified, that may include up to all four targets.

Goal 3: Determine the impact of changing outer divertor strike point location within the
slot on divertor effectiveness.

While much of this plan is focused on magnetic balance, degree of divertor closure and particle
drift behavior and their effects on density control, impurity control, and divertor heat flux
reduction, the plan also exploits the DIII-D plasma shaping, pumping, and fueling capabilities to
investigate how placement of the outer strike point within the slot affects particle control (both
deuterium and impurity) and heat flux reduction, and how changes in target density, temperature,
and radiated power in the divertor slot affect these results.

In addition, because of the closure in the SAS-2 divertor, it will be an excellent testing bed for
providing insight into what an “optimum” closed divertor might require, specifically with regard
to slot width. At pre-selected values of dRsep, the plan is to effectively “change” the width of the
slot by repositioning the outer strike point within the slot. The key metrics are: heat and particle
flux behavior outside the slot and carbon sputtering behavior at and near the slot entrance (and its
effect on the main plasma). From previous experiments, placing the outer strike point nearer to the
pumping plenum lip on the low-field side resulted in significant carbon erosion at the slot lip,
particularly for the high power considered in Challenge 2. The results here will determine the

“minimum” slot width requirement to avoid significant erosion outside the slot.

Note that parts of the methodology used in Challenge 2 overlap parts of Challenge 1, so that
some of the work in Challenge 2 can be done in parallel with Challenge 1. However, the focus in
Challenge 2 is clearly different.

Challenge 3: Assess the Potential of the XD and SFD as an Alternative to the DN Divertor
Under High-Performance Conditions

Current progress: SFD and XD topologies have shown considerable promise as an effective
way of reducing divertor heat flux by changing the characteristic way that power is dissipated in
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the divertor. Based largely on their greater poloidal flux expansion at their divertor targets and the
longer parallel connection lengths of their field lines in their divertors in comparison with the DN,
power flow into the XD [Kotschenreuther 2013] and SFD [Soukhanovskii 2012] is spread over a
wider area in their respective divertors than in DNs, resulting in lower localized heating at their
respective targets; the DN must use other means to avoid such damaging localized heating, e.g.,
radiating divertor. One major drawback to these two approaches has been in the difficulty in
achieving adequate particle control, particularly under radiating divertor conditions.

Goal 1: Reconfigure the XD and the SFD shaping for optimum particle and heat flux
control.

Focus is initially on adapting the XD and SFD shapes to the existing DIII-D divertor vessel
configuration. The XD or SFD flux expansion is activated in the lower (primary) divertor, while
the upper (secondary) divertor resembles a conventional “standard” divertor shape with pumping.
The team plans to exploit this arrangement as a means for controlling heat flux and particle
inventory in the XD and SFD: primary divertor dissipates a high fraction of the incoming power
flow, while the secondary divertor provides the density control. Note that parts of the lower
divertor may have to be re-configured to optimize XD or SFD high performance shapes, since
plasma shaping requirements may result in the baffling around the lower divertor pumping plenum
intersecting unacceptably high levels of heat flux in the SOL.

The potential for further divertor heat flux reduction by operating in a radiating divertor
environment is the next step, which would be to identify the optimal location for impurity seed
injection. Injection locations to be investigated include from the private flux region, from the
divertor targets, and from the main chamber. Divertor conditions, e.g., electron temperature, would
dictate the appropriate seed impurity that would be used.

Goal 2: Systematic comparison of the XD and SFD plasma performance with DN
performance under both attached and detached conditions.

During the course of this study, the data may indicate that reconfiguring the lower divertor
baffling and pumping may be beneficial in significantly improving particle control. If that is the
case, any reconfiguring would occur in the latter half of the Five-Year Plan so as not to interfere
with Challenges 1 and 2. The issue for successful SFD or XD operation to be studied will be
particle control, specifically control over the injected seed impurities needed during radiating
divertor operation. The main “knobs” for particle control will be the degree of magnetic balance
and the direction chosen for the ion Bx VB drift; addition baffling (closure) may also be helpful,
depending on the results from Goal 1. At this point, comparisons of the SFD and XD plasmas with
comparable DN plasmas under high power fully-pumped radiating divertor conditions can be
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carried out. If Challenge 3 is successfully completed, one or both of these alternative divertor
configurations may provide additional options for consideration in future generation tokamaks.

3.1.2.3 Capability Enhancements

The hardware improvements recommended for these studies are described in Table 3-6. To
achieve the scientific objectives discussed above will require some diagnostic upgrades, as
described in Table 3-7. The SOLPS code (Table 3-8) will be one of the primary tools in interpreting
the data from these studies; as discussed previously, one would expect a considerable effort is
necessary for applying this analysis code to unbalanced DN, XD, and SFD plasmas when particle
drifts are activated.

Table 3-6.

Hardware Improvements for Magnetic Configuration Studies

Hardware Capability

New Physics

Upgraded gas injection capability

Additional baffling for centerpost
and lower divertor baffling, if needed

Improved understanding of impurity trapping inside a slot

divertor

Improved trapping of fuel and impurity particles at inner divertor
and secondary divertor locations

Table 3-7.

Diagnostic Enhancements for Magnetic Configuration Studies

Scientific objective

Physics measurement

Diagnostic technique

Understanding divertor heat flux
behavior

Understanding heat flux behavior
inside a slot divertor

Understanding the role of radiated
power inside the slot

Assessing the presence of
impurities inside the slot and near
the slot

Characterizing plasma inside the
slot divertor

Assess changes in the ion
temperature in the divertor and
SOL under various scenarios

Assess the effectiveness of impurity
pumping by the three divertor cryo-
pumps

Surface temperatures of divertor
tiles

Spatially-resolved temperature
variation along surfaces inside the
slot

Radiated power inside the slot

Intensity of radiation from selected
impurity wavelengths

Electron density and temperature

lon temperature in divertor and
SOL

Impurity pumping rate at each
divertor pumping location

Infrared camera measurements

Fast thermocouple array

New divertor bolometer arrays
for both divertors

VUV SPRED for both divertors

Upper divertor Thomson
scattering

Doppler spectroscopy

Penning gauges

3-26

General Atomics Report GA—-A28765



The DIII-D National Fusion Program Five-Year Plan 2019-2024

Table 3-8.
Simulation Codes Used
Code Purpose
SOLPS with DN grid with drifts Understanding the plasma/neutrals dynamics in and around

the slot divertor

SOLPS with XD grid with drifts Understanding the plasma/neutrals dynamics dealing with
particle exhaust

SOLPS with SFD grid with drifts Understanding the plasma/neutrals dynamics dealing with
particle exhaust

3.2 MODEL VALIDATION FOR BOUNDARY PLASMA SOLUTIONS

Validated models of the tokamak boundary plasma will be needed for the design of divertor
configurations, plasma-facing components (PFCs), and operational regimes for next step burning
plasma tokamaks. This is primarily due to the inability of existing tokamak facilities to
simultaneously produce the plasma conditions and configurations that will be employed in these
future tokamaks. In particular, the DI11-D boundary model validation effort is aimed at identifying
and quantifying the important physical processes and plasma control parameters that control
dissipation of divertor target heat flux while maintaining compatibility with core plasma
operational scenarios. Validating models of the boundary plasma is a challenging task with
multiple physics processes that are tightly coupled. To address this challenge, the boundary model
validation program will utilize DIII-D’s extensive diagnostic set and operational flexibility to
isolate and individually test the relevant physics processes as implemented in the existing suite of
boundary modeling codes. These models range from 2D fluid codes such as SOLPS, UEDGE and
OEDGE, to codes such as BOUT++ and XGC that implement the more complex physics of
neoclassical ion transport and turbulent driven transport. The boundary model validation program
is organized along three critical aspects of the boundary plasma, 1) Dissipation of energy and
parallel momentum (pressure) from the mid-plane to the divertor target, 2) Particle transport
through parallel flow and cross field drifts in the SOL and divertor, and 3) Radial transport of
energy and particles through turbulent processes in the boundary plasma.

Dissipation of plasma energy and momentum (pressure) is the primary requirement of a
boundary plasma solution in future devices in order to ensure the integrity and lifetime of PFCs,
particularly the divertor target. Models used in the design of future devices must quantitatively
capture this dissipation for the appropriate upstream separatrix conditions to ensure compatibility
with the core plasma operational scenario. Dissipation in the boundary plasma is accomplished by
the atomic and molecular processes of radiative emission from hydrogenic fuel and intrinsic or
seeded impurities and plasma interaction with recycling neutrals. Validating the rates of these
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dissipative processes requires measuring the important radiative transmissions and the plasma
density and temperature at which they take place. This will be accomplished by increased spectral
coverage of emission lines in both the Vacuum Ultraviolet (VUV) and Near-Infrared (NIR)
wavelengths while the local plasma conditions of ne and Te will be measured by Thomson
scattering. Validating energy and momentum transport and dissipation from the mid-plane to the
target requires measuring the additional parameters of ion temperature and plasma flow. Parallel
energy transport through electron conduction can be inferred from Thomson scattering Te
measurements, while the convective contribution will be determined with plasma flow
measurements from insertable probes and Coherence Imaging Spectroscopy (CIS) and new ion
temperature (Ti) measurements from probes and spectroscopy. Momentum dissipation, or pressure
balance, also requires measuring Ti and plasma flow from the mid-plane to the divertor. Finally,
these dissipative processes must be accurately scaled to reactor-relevant conditions of higher
power. This will require improving the spatial coverage of power balance (bolometry and IR),
spectroscopy and divertor Thomson measurements to higher triangularity configurations where
high-power discharges can be run more stably.

Particle transport and the resulting plasma flow is another critical aspect of the boundary
plasma. Plasma flow is important in energy and momentum transport as previously described.
Plasma flow is also critical for understanding and predicting the transport of both intrinsic and
seeded impurities. The viscous force from plasma flow into the divertor is a key factor in confining
seeded impurities in the divertor and keeping them out of the core plasma to aid radiative
dissipation. Plasma flow is also responsible for carrying material eroded from PFCs to other parts
of the device. Plasma flow parallel to the magnetic field is driven by gradients in plasma pressure
due to plasma sources and sinks and other factors. Validating models of parallel plasma flow
requires measurements of plasma ionization sources and their sinks at the target plate and through
recombination. Additional measurements of neutral pressure, ionization and recombination
spectroscopy, and ion flux to PFCs with probes will 