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• Goal: Fusion energy in the 2030-40s
–Low capital cost: test at tractable scale

• Challenges: Critical science & technology

• Need: Flexible research facilities to discover path

How do we best use our facilities to close gaps 
and accelerate the fusion path?
– Established teams able to rapidly implement solutions needed
– Proven track records and expertise for scientific delivery

We Need to Pursue an Aggressive Path to Fusion Energy

ITER

CAT ARC

STEP

TAE
GF

“We do not as yet have a robust plasma configuration 
 and scenario that will take us to commercial fusion”Cowley

We must work together to meet the challenge
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Compact Fusion Pilot Poses Critical Plasma Research 

Compact scale requires higher power densities:

Ø High pressure and energy confinement
– To fuse sufficiently in compact device 

and retain heat for high gain

Ø Power handling and wall compatibility
– To mitigate hot plasma exhaust

Ø Plasma interacting technologies 
and control must be developed

Drives research need

We need better solutions
than we have now



RJ Buttery/IAEA-TM-LP-2024/4

Cost Drivers of a Fusion Pilot Plant Driven by
Science and Technology

Plasma research vital 
to FPP designloading. Based on this analysis, these five capabilities
represent the most important levers on reducing the capi-
tal cost of a CTPP with the generic features noted earlier

in this section. As important, the inability to achieve the
assumed baseline values for these parameters has the
potential to lead to increases in the capital cost. In some

Fig. 6. Tornado chart showing the sensitivity of the estimated capital cost to independent variations in the assumed input
parameters and constraints around the baseline case in Table IV (vertical line).

TABLE IV

GASC Generated Parameters for the Baseline Case for the Cost Sensitivity Study Discussed in Sec. IV*

Parameter GASC Output

Major radius / minor radius (m) 3.72 / 1.24
Plasma current (MA) / q95/fBS 8.6 / 5.5 / 0.76
TF on axis / at coil (T) 5.9 / 13.4
Fusion power / CD power (MW) 649 / 33.8
Prad,core (MW) / Prad,div (MW) 32.5 / 24.8
βT (%) / βp / βN 4.1 / 1.74 / 3.5

<ne> (1020 m−3) / Zeff / fXe,core 1.78 / 1.20 / 3.5 × 10−5

JTF / JCS (MA / m2) 39.1 / 64.6
fTF,SC / fTF,SS / fTF,Cu / fTF,Void 0.06 / 0.69 / 0.15 / 0.1
∆TF / ∆CS / ∆plug (m) 0.30 / 0.30 / 0.98
∆bl,inner / ∆sh,inner / ∆bl+shield,outer (m) 0.30 / 0.45 / 0.83
VTF / VBl / VFI (m

3) 159.3 / 213.6 / 1079.8
Ccoil=Cblanket=Caux ($M) 264.4 / 160.1 / 179.9
Cshield=Cbuildings=Cstructure ($M) 17.8 / 296.3 / 43.0
CBoP=CT=Ccapital ($M) 957.7 / 43.0 / 4220.6

*Primary input assumptions are A ~ 3, H98y2 < 1.6, qdiv < 10 MW/m2, fGW = 1.0, τpulse = 8 h, and REBCO magnet
technology for both the TF and CS coils using a Plug-CS-TF bucking solution. See the Appendix for a full
description of the parameters.
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Confinement

Divertor flux

Density

Capital Cost, $Bn

Stability
Cost drivers

for an FPP
[Wade FED 2021]

CD efficiency

Pulse length

• Plasma questions are key cost 
drivers for fusion pilot plants
–Vital to develop optimal solutions

• New technology research 
platforms also critical
– Technology challenge driven 

by plasma solution
–Compatibility with core plasma

a vital constraint
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• Each element interacts with and poses
constraints on the others
– Impurities: wall ßà core & divertor
– Pedestal-core ßà divertor heat flux
– Transients ßà detachment & wall & core
– Technology ßà core conditions

• Need solutions for each element

• Vital to test interaction of elements together

An Integrated Solution Places Constraints on Each Element

DivertorCore

Transients Wall &
Technology

Multiple research challenges 
that must be solved together
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• 24/7 divertor solution must eliminate erosion à detachment
– But strongly dissipative techniques collapse the core:

A Critical Challenge is Core-Edge Integration

Pl
as

m
a 

pr
es

su
re

Radiative 
solution

Collapses 
pedestal
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• 24/7 divertor solution must eliminate erosion à detachment
– But strongly dissipative techniques collapse the core

• Resolution depends on complex physical 
processes and requires innovation
–What structures & geometries 

are required?

A Critical Challenge is Core-Edge Integration

Pl
as

m
a 

pr
es

su
re

Radiative 
solution

Collapses 
pedestalPhysical 

structure

Magnetic 
geometry

Radiators

Requires innovative divertor and core solutions in relevant regimes
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• Tension between:
– High density radiative divertor solution
– High temperature high performance core

‘Integrated Tokamak Exhaust & Performance ‘ (ITEP) Gap Arises

1/Collisionality

O
pa

ci
ty

 (i
on

iz
at

io
n,

 L
a,

 n
-n

 o
r n

eu
tr

al
 p

en
et

ra
tio

n 
pa

th
s)

D
iss

ip
at

iv
e

Ex
ha

us
t

High 
performance

Pilot

ITEP 
gap

HOT
CORE

DENSE EDGE

ITEP



RJ Buttery/IAEA-TM-LP-2024/9

• Tension between:
– High density radiative divertor solution
– High temperature high performance core

• Present devices tend to work è
between these regions
– To overcome must do both

1/Collisionality
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• Tension between:
– High density radiative divertor solution
– High temperature high performance core

• Present devices tend to work
between these regions
– To overcome must do both

• DIII-D pursuing by
– Shape, volume and current rise
– Heating & current drive rises
– Advanced divertor & core configurations with relevant wall

Ø Relevant physics regime for core-edge resolution
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• Wall a crucial constraint on the plasma solution
– Must tolerate core scenario
– Influxes influence, detachment, pedestal, core performance & stability

Crucial Factor is the Wall

Tungsten 
leakage
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• Wall a crucial constraint on the plasma solution
– Must tolerate core scenario
– Influxes influence, detachment, pedestal, core performance & stability

DIII-D carbon wall influences core radiation, outgassing & erosion 
– Time to confront this è DIII-D moving to W wall in 2027

• Adapt DIII-D develop scenarios for W environment, 
– Benefiting from key mitigations in core, pedestal & divertor

• Test innovative new materials without carbon
– Better solutions needed than tungsten

• Resolve integrated core-edge-wall-technology solutions

Crucial Factor is the Wall

Tungsten will provide a new context for 
DIII-D to close gaps to a fusion reactor

DIII-D 
Tungsten Wall

Tungsten 
leakage
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DIII-D Program Focuses on U.S. Priorities 
for Low Capital Cost Fusion Pilot and ITER

ü  The Plasma Research Challenge

• Hardware Upgrades to Close the Gap

• Meeting the Challenge
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• Raise divertor opens large expanse 
in operational space
– Raises pressure and density access
– Increases opacity & lowers neutral penetration
• Gradients become transport-defined, like FPP,

 rather than by neutral deposition

New Shape Volume & Current Rise Divertor Raises Pressure, 
Density and Opacity to Confront Core-Edge Challenge

EPED, EIRENE, SOLPS

ITEP

Neutral Penetration 
Depth / Ped Width
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Removed inner 
cryopumps to 

permit extreme 
triangularity & 

volume rise
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• Raise divertor opens large expanse 
in operational space
– Raises pressure and density access
– Increases opacity & lowers neutral penetration
• Gradients become transport-defined, like FPP,

 rather than by neutral deposition

• Increases scope of pedestal exploration
– Conventional pedestals: Low collisionality & high opacity 

with high energy, pressure & density
– More advanced pedestals: Scope limits of performance 

& dissipation through shaping & control techniques

New Shape Volume & Current Rise Divertor Raises Pressure, 
Density and Opacity to Confront Core-Edge Challenge

EPED, EIRENE, SOLPS

ITEP
Shape & Current Rise @2.1T
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Basis for core-edge integration & 
resolving reactor pedestal science
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• Divertor pumping calibrated, 
diagnostics commissioned

• Optimizing plasma shaping, divertor 
interaction & shot trajectory
– Low 𝜈* front end, avoiding core MHD

• but presently ballooning limited

– Wide Super-H channel predicted 

– Profile structure important → optimization 
planned for experiments later this month

New Shape Volume Rise Divertor Commissioned, 
Model Validation and Scenario Development Underway

𝑛!,#!$ (1020m-3)

𝜓"

SH profile

SVR development

𝑛#
$%&

unstable

unsta
ble

stable
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$%&

SH
 Cha

nn
el

SVR Equilibrium
Old SH Profiles

EPED Pedestal Stability Simulation

Poised to explore limits 
with this new tool

ITEP
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Increased Heating & Current Supports High Density 
and Temperature for Core-Edge-Wall Integration ITEP

20MW NBI with RF sources 
bulk heating & current drive, 

on/off axis, toroidally steerable

7MW ECH: directable electron heating 
or current drive, without fueling or torque

Enables: x3 energy, x2 density, niTit ~ 2E20, q||~ 10GW/m2

New HFS LHCD installed: 
testing in 2025

HFS-LHCD
New helicon current drive 
installed & testing1 R.I. Pinsker, 47th EPS Plasma Physics Conference, June 21-25, 2021

Experimental Studies of Helicon Wave Excitation, Propagation, 
Damping and Current Drive on the DIII-D and LAPD Devices

R.I. Pinsker1, B. Van Compernolle1,          
M.W. Brookman1, C.P. Moeller1, R.C. O’Neill1,             
A.M Garofalo1, C.C. Petty1, T.A. Carter2,      
A. Nagy3, C.H. Lau4, and M. Porkolab5

1 General Atomics, San Diego, California, USA
2 University of California Los Angeles, USA
3 Princeton Plasma Physics Laboratory, USA
4 Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA
5 Massachusetts Institute of Technology, Cambridge, USA

47th EPS Conference on Plasma Physics 
June 21-25, 2021
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• Integrated physics simulations identify 
high performance solutions
– 2.2T, 2.5MA, 16MW NBI + 7MW EC
• Higher freq EC accesses neà14x1019

• Project low-collisionality at high density 
with conventional pedestals
– Low neutral penetration depths at low n*
– Highest density while still peeling limited
– Thermalized Te~Ti cores
– ~30% of pilot plant q||

• Advanced pedestals through shaping 
optimization could go further

H&CD Upgrades Will Enable DIII-D to Close Gaps 
on Reactor-Relevant Core-Edge Integration

See Holcomb 
Thursday

ITEP
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• Integrated physics simulations identify 
high performance solutions
– 2.2T, 2.5MA, 16MW NBI + 7MW EC
• Higher freq EC accesses neà14x1019

• Project low-collisionality at high density 
with conventional pedestals
– Low neutral penetration depths at low n*
– Highest density while still peeling limited
– Thermalized Te~Ti cores
– ~30% of pilot plant q||

• Advanced pedestals through shaping 
optimization could go further

H&CD Upgrades Will Enable DIII-D to Close Gaps 
on Reactor-Relevant Core-Edge Integration

Relevant physics metrics to resolve core 
and divertor solutions for reactor See Holcomb 

Thursday

ITEP
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1/n* =10

Core

◆Integrated 
◆Separately

Relevant 
divertor & core 
physics metrics
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Spectrum of plasma regimes
– From broad to peaked currents,

& high bootstrap to driven currents

New Heating and Current Drive Enables DIII-D to 
Explore Candidate Power Plant Core Solutions

Regime Strength Challenge

Broad bN=5 potential; 
Low disruptivity

Fast ion transport
wall modes

Hybrid Efficient CD,
Robustness

Current evolution
bN limit

Peaked Good confine’t
no RWM

Sustainment; 
Tearing. Disrupts

Current 
Density

Peaked

Broad

Hybrid

0 1

Core

Normalized radius
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Spectrum of plasma regimes
– From broad to peaked currents,

& high bootstrap to driven currents

New Heating and Current Drive Enables DIII-D to 
Explore Candidate Power Plant Core Solutions

Regime Strength Challenge

Broad bN=5 potential; 
Low disruptivity

Fast ion transport
wall modes

Hybrid Efficient CD,
Robustness

Current evolution
bN limit

Peaked Good confine’t
no RWM

Sustainment; 
Tearing. Disrupts

Addresses critical science & tests solutions to retire risks for FPP core

ECH & NBI provide scope to explore 
solutions and address key physics:

Current 
Density

Peaked

Broad

Hybrid

Normalized radius0 1

On axis 
beam

Off axis 
beam

ECH

J||

H&CD tools:
0 1

Core

Burning Plasma Conditions (W Te/Ti  Pei)
Turbulent transport & kinetic effects 
with coupled e–ions & low rotation

Performance (b)
Wall mode kinetic damping & fast 
ion instabilities vs. current profile

Core-Edge Integration (n, q||)
High density and power to understand 
impurity and core-edge optimization

ECH

On/Off axis 
steerable 

beams See Holcomb,
Thursday
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New “Chimney” Divertor Concept will Resolve 
Key Physics & May Offer Improved Divertor Solution

Longer leg 
– Isolates physics for model validation
– Avoids X point degradation

Divertor

Impurity 
Radiation
~10-30eV

D0 ionization ~5eV

D+-D0 , D friction, 
CX ~5eV

Recombination

Impurity 
Radiation
~10-30eV

D0 ionization 
~5eV

D+-D0 , D friction, 
CX ~5eV

Recombination <~1eV
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New “Chimney” Divertor Concept will Resolve 
Key Physics & May Offer Improved Divertor Solution

Longer leg 
– Isolates physics for model validation
– Avoids X point degradation

“Chimney” design improves detachment
– Mid-leg pump stabilizes radiation front at duct 

pump

Chimney 
Divertor

Impurity 
Radiation
~10-30eV

D0 ionization ~5eV

D+-D0 , D friction, 
CX ~5eV

Recombination

Divertor

Impurity 
Radiation
~10-30eV

D0 ionization 
~5eV

D+-D0 , D friction, 
CX ~5eV

Recombination <~1eV
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New “Chimney” Divertor Concept will Resolve 
Key Physics & May Offer Improved Divertor Solution

Test key principles behind divertor design

SOLPS-ITER: stable 
detachment

Yu PSI 2024

high Txpt ~ Tsep

Longer leg 
– Isolates physics for model validation
– Avoids X point degradation

“Chimney” design improves detachment
– Mid-leg pump stabilizes radiation front at duct 

Impurity 
Radiation
~10-30eV

D0 ionization 
~5eV

D+-D0 , D friction, 
CX ~5eV

Recombination <~1eV

pump

Chimney 
Divertor

Impurity 
Radiation
~10-30eV

D0 ionization ~5eV

D+-D0 , D friction, 
CX ~5eV

Recombination

Divertor

SOLPS predicts cold dense target & hot X with good stability
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New Tungsten Wall Provides Opportunity to Close
Key Remaining Gaps with DIII-D

Expertise and advice of community appreciated

Wall &
Tech

• Removal of C provides key opportunities
– C predominant radiator – resolve extrinsic radiator strategy
– C fuel retention governs detachment bifurcation
– C provides too forgiving wall – resolve compatible solutions

• Change to W develops solutions with relevant radiators
– Exploit DIII-D flexibilities & ECH to mitigate challenge
– Use of other radiators to optimize strategies

• DIII-D complementary to other facilities
– Core-edge solutions: shape, profile, divertor & NT flexibility
– High b steady state: advanced tokamak configurations
– Model validation: Large diagnostic suite
– Innovative materials & technology testing

Carbon sputtering

Detachment cliff
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• Decoupling C co-deposition from retention 
studies in DiMES fusion material samples
– Enabling more insight into performance of 

various wall material fabrication routes

• Large investments in flexible wall conditioning 
capabilities prepares DIII-D to address key 
questions for ITER and FPP with metal wall

Metal Wall Removes C as Dominant Sputtering Source 
of High-Z and Eliminates Mixed-Material Uncertainties

+

Deposited C layer
D/C ~ 10-1*
W sample

D/W ~ 10-3*

* from Roth PPCF 2008

10 um

Plasma spray

1 mm

Dispersoids Microstructured 
W/Cu

1 mm

Fiber-reinforced

10 um

Ultra-High Temp 
Ceramics (UHTCs)

Basis to develop more advanced wall solutions

Wall &
Tech
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DIII-D Accelerating Program to Test Reactor Technologies Wall &
Tech

Key capabilities that will qualify critical fusion technologies

Proven track record

5
D. Shiraki/IAEA/October 2016

ITER Has Selected Shattered Pellet Injection (SPI) as its 
Primary Disruption Mitigation Technique

• Impurities are initially fired as a solid cryogenic pellet, which is 
shattered just prior to entering the plasma

Solid pellet

Shattered pellet 

Composite image from ORNL laboratory tests

Bent guide tube

Pellets are shattered in order to:
• Protect in-vessel components from a large solid pellet
• Improve assimilation due to higher surface area

Shattered Pellet Disruption Mitigation
•Quench heat 
& current

Adopted by ITER

Top launch ECH 
Doubled current 
drive efficiency

Materials interactions
• Explore degradation 
• Understand transport
• Assess divertor leakage
Studies of W & ELM behavior,
and new materials

DiMES sample 
exposure 

facility

Passive 
runaway coil

HFS-LHCD

• DIII-D brings key characteristics necessary
– Flexibility, diagnosis, relevant regimes, integration
– Swap out components rapidly & often
• Much harder in activated or tritiated devices

– Assess with relevant solutions for wall divertor & core

• Technology Group spans 1/3rd of DIII-D program

• Platform approach with rapid facilitated access
– Materials, control, diagnostics, components

• Pursuing key innovative techniques
– Disruption mitigation: pellets & passive coil
– Helicon & HFS-LHCD RF    
– Spin polarized fusion
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• Industry research identifies significant need*

– Solve challenges to reduce timescale & risk
• 50% of fusion companies want to use a user facility

– Key asks: ML, control, data, materials, diagnostics, plasma 
behavior, component testing, simulation, training, expertise

• DIII-D program technology goals now align with 
private sector goals 
àEnables full non-proprietary collaboration

• New user framework enables private sector to join
– Protects private IP while sharing public IP
– Provides support, training, expertise & shared leadership
– Partnership approach with workshops and six companies on our PAC

DIII-D Engaging Private Industry to Accelerate Commercialization

*Survey of 22 fusion companies, D.C. Pace, MBA thesis

DIII-D is the key facility to support private industry engagement

Materials Interactions
Tested SPARC wall material 
in fusion grade plasma 
with 4 month turnaround!

DiMES sample 
exposure 

facility

NVIDIA & MS Hardware for Machine 
Learning Disruption Prediction
Using DIII-D digital 
twin with deep 
learning & profile 
measurement

LETTER RESEARCH

performs as well as the classical method in the ‘interesting’3 region of 
the ROC curve with high true positives and low false positives, and pro-
vides better generalization for threshold choices (Extended Data Fig. 1).

For the JET dataset, training and testing data are drawn from slightly 
different distributions. The testing set is drawn after an upgrade to the 
device, in which the internal wall was changed from a carbon wall to 
an ITER-like wall (ILW) made of beryllium13, resulting in different 
physical boundary conditions as well as different shot and operations 
characteristics10. Here the superior generalization abilities of FRNN 
become clear.

Being able to learn generalizable disruption-relevant features from 
one tokamak and apply them to another will be key to a disruption 
predictor for ITER, where no extensive disruption campaigns can be 
executed to generate training data. The second and third columns of 
Table 1 show the results for cross-machine performance, where both 
training and validation data come from one machine, and testing is 
performed on the other. This is a difficult task, complicated by various 
subtle factors (see the Supplementary Information section ‘Challenges 

in cross-machine training’), which has presented challenges to earlier 
work11. The results show that, in this setting, only our deep-learning 
approach is able to transfer substantial generalizable knowledge from 
one machine to the other. The results are particularly strong for the 
ITER-relevant case of training on a machine with smaller physical 
size and less stored energy (DIII-D) and generalizing to a ‘big’ unseen 
machine (JET). As far as we are aware, this is the first demonstration of 
substantial cross-machine generalization for machine-learning-based 
disruption prediction.

Although it is not possible to obtain thousands of training shots 
(including a sufficient number of disruptions) from a new machine 
such as ITER, a small amount of simulated or real (perhaps low-power 
or low-current) disruptive shots3 may be feasible. To simulate this sce-
nario, we sample a small set, δ, of shots from the testing set on the big 
machine (JET), and give the algorithms access to these during training 
(see the Methods subsection ‘Experimenting with a small number of 
shots from the test machine’). Encouragingly, all models greatly benefit 
from this ‘glimpse’ at the testing set (see the last column of Table 1). 
Generalization is particularly strong for the deep-learning model. 
Using only a very few JET shots, FRNN can reach a performance that 
is competitive with that of models trained on the full JET dataset using 
the same restricted set of signals available on both machines. These 
results are highly relevant to disruption prediction on the ITER, as they 
demonstrate the feasibility of training well-performing models without 
the need for many disruptive training shots from the target machine.

Given that manual dimensionality reduction and feature engineering 
(that is, the extraction of useful low-dimensional summaries or rep-
resentations from high-dimensional data26) would first be necessary, 
classical methods have been unable to take advantage of higher-dimen-
sional signals such as profiles. Profiles are one-dimensional data that 
capture the dependence of a relevant plasma parameter, such as the 
electron temperature or density, on the radius as measured from the 
plasma core to the edge. This radial dependence is generally the most 
important degree of freedom, as variations along the poloidal or toroi-
dal degrees of freedom are subject to much greater particle mobility and 

Table 1 | Prediction results
Single machine Cross-machine Cross-machine 

with ‘glimpse’

Training set DIII-D JET (CW) JET (CW) DIII-D DIII-D + δ

Testing set DIII-D JET (ILW) DIII-D JET (ILW) JET (ILW) − δ

Best classical 
model

0.937 0.893 0.636 0.616 0.851

FRNN 0D 0.890 0.952 0.761 0.817 0.879

FRNN 1D 0.922 – – 0.836 0.911
Performance of the best models on test datasets, measured as AUCs at 30 ms before a disrup-
tion. We compare FRNN with (1D) and without (0D) profile information and the best classical 
approach. The best model for each data set is shown in bold. The last column shows results for 
cross-machine testing with a small amount (a ‘glimpse’) of data, δ, from the testing machine 
added to the training set (see text). A score of 1.0 represents perfect performance and 0.5 is 
equivalent to random guessing. Because the relevant diagnostic for 1D profiles was not available 
on most JET shots from the carbon wall dataset, 1D profiles are not included when training on JET 
data. CW, carbon wall.

0

5

10
Ip,target
li
LM
Ip

0

5

10

15
Pin
Prad,core
E
ne

0

0.5

1.0

0

0.5

1.0

0 1,000 2,000 3,000 4,000 5,000 6,000
T (ms)

–1

0

1

FRNN 1D
Alarm
threshold

0

4

8

Te (U)

0.0

1.5

3.0

ne (U)

N
or

m
al

iz
ed

si
gn

al
(a

.u
.)

N
or

m
al

iz
ed

to
ro

id
al

flu
x

(U
)

N
or

m
al

iz
ed

ou
tp

ut
 (a

.u
.)

0

5

10
WMHD
li
LM
Ip

0

5

10

15

20
Pin
Prad,core
Prad
ne

0

0.5

1.0

0

0.5

1.0

0 1,000 2,000 3,000 4,000 5,000
T (ms)

–1

0

1
FRNN 1D
Classical
Alarm
threshold

0

1

2

Te (U)

0

2

4

ne (U)

0

5

10
Ip,target
li
LM
Ip

0

5

10

15
Pin
Prad,core
E
ne

0

0.5

1.0

0

0.5

1.0

2,000 2,500 3,000 3,500
T (ms)

–1

0

1
FRNN 1D
FRNN 0D
Alarm
threshold

0.0

2.5

5.0

Te (U)

0

2

4

ne (U)

a b c

Fig. 2 | Example predictions on real shots from DIII-D and JET.  
a, c, Shots from DIII-D; b, shot from JET. For each shot, the top two panels 
show scalar signals; the next two show profile signals; and the bottom 
panel shows the model output as a function of time. T = 0 is defined as the 
first time point for which all signals are present in the database, which can 
differ from the standard DIII-D and JET time base. Only a representative 
subset of the signals used by the algorithm is plotted, and each signal is 
shown in its normalized form (see the Methods subsection ‘Normalization’ 
for details and Extended Data Table 1 for descriptions of each signal). 
The red stars and dashed vertical lines indicate alarms. Disruptive shots 
(b, c) have a vertical red line at the 30 ms deadline before the disruption. 

a, DIII-D shot 148,778: a false alarm is triggered about 5,200 ms into the 
shot by a minor disruption. Careful inspection reveals two separate minor 
disruptions in close succession, corresponding to the spikes in the output 
and the resulting alarms. b, JET shot 83,413: the slow rise in radiated 
power allows our deep-learning approach (FRNN1D; black) to correctly 
predict the disruption hundreds of milliseconds in advance; this is missed 
by the best classical model (yellow; see text). c, DIII-D shot 159,593, only 
the deep-learning model with access to profile information (black) can 
correctly predict the oncoming disruption; it is missed by the model that is 
trained solely on scalar signals (yellow).

N A T U R E | www.nature.com/nature

[Tang Nature]
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Industry examples

17 companies in process of joining up
including non-tokamak & non-fusion
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• Negative Triangularity give high confinement 
with low power to divertor and no ELMs
– DIII-D changed hardware to test diverted ‘NT’
• in just two weeks!

– Exciting results with great confinement & stability

• New closed pumped NT divertor will combine
with ECH upgrade to close remaining gaps
– Core-edge integration: detachment

with high performance core
– Assess AT and wall compatibility

Negative Triangularity May Provide 
Alternate Transformational Solution for Fusion
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Negative Triangularity could 
upend the tokamak concept !

DivertorCore

Transients Wall &
Technology

2023

Cryo-pumped 
full closed 
NT divertor

ITEP
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DIII-D Program Focuses on U.S. Priorities 
for Low Capital Cost Fusion Pilot and ITER

ü The Plasma Research Challenge

ü Hardware Upgrades to Close the Gap

• Meeting the Challenge
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Hardware Upgrades Close Gaps in Timely Manner

Power

Innovation

Exhaust ◆ Shape Rise Divertor 

◆ Helicon            ◆ HFS-LHCD 

◆ 4MW EC       à      rising to à  ◆ 7MW EC

2024      2025 2026 2027 2028 2029 2030
Vent VentOps 24-30 wks Ops    Ops                Ops

◆ Wall change (primary surfaces to W,
     Secondary surfaces to TZM/plates)

◆ NT Divertor

◆  ‘Chimney’ Divertor

Ops OpsVent

◆  DMS: li shell, sabot ◆ DMS: gas gun, EM launch

◆ 16MW NB

◆ Coupon & tile testing of new materials

◆ Upper Divertor Re-opt

◆ Lower Div Mat ‘B’

F
Y

F
Y

F
Y

F
Y

F
Y

F
Y

F
YCY:

• Closes ‘ITEP’ core-edge-wall integration gap by 2030
– Integrates power rise, wall and innovative divertors

• Addressing multiple critical gaps on limits, physics & solutions

◆  NT Armor II mid or end of run

◆ Add’l wall elements

◆ Runaway Electron Coil 

◆  NB RF source 

◆ Spin Pol Fusion

Grey=funding tbd

Important contributions in
an international context
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Working Collaboratively We Can 
Close the Key Gaps to a Fusion Pilot Plant

DIII-D

JET

Larger devices test scaling 

JT-60SA

• Projection 
to reactor

• Operational
techniques

Higher field: nuclear & burn
• HTS integration

• Core-edge
demonstration

• Nuclear
testing

SPARC

CFETR
& BEST

DTT

ITER

DIII-D

Flexibility

Re
ac

to
r 

Re
le

va
nc

e

EAST

KSTAR

Long pulses test evolution & wall
•Material &
PFC evolution

• Long 
pulse
controlWEST

• Flexibility to resolve & integrated innovative 
exhaust, core and wall solutions

• High opacity, low n*, high performance, 
burning plasma relevant conditions

• Physics basis to project

Develop techniques at high power density

NSTX-U
MAST-UTCV

Key physics & novel techniques
• Aspect ratio & Shape
• Extreme divertor geometry
• Super Alfvénic ions & high b
• Liquid metals
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Working Collaboratively We Can 
Close the Key Gaps to a Fusion Pilot Plant

DIII-D

JET

Larger devices test scaling 

JT-60SA

• Projection 
to reactor

• Operational
techniques

Higher field: nuclear & burn
• HTS integration

• Core-edge
demonstration

• Nuclear
testing

SPARC

CFETR
& BEST

DTT

ITER

DIII-D

Flexibility

Re
ac

to
r 

Re
le

va
nc

e

EAST

KSTAR

Long pulses test evolution & wall
•Material &
PFC evolution

• Long 
pulse
controlWEST

• Flexibility to resolve & integrated innovative 
exhaust, core and wall solutions

• High opacity, low n*, high performance, 
burning plasma relevant conditions

• Physics basis to project

Develop techniques at high power density

NSTX-U
MAST-UTCV

Key physics & novel techniques
• Aspect ratio & Shape
• Extreme divertor geometry
• Super Alfvénic ions & high b
• Liquid metals

Existing facilities well placed for 
timely answers to crucial questions
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• Move to tungsten enables DIII-D to address key remaining gaps

• Strong facility flexibilities to confront the challenge

• Testbed approach to enable rapid path from fusion customers

• Strong focus on workforce & early career development

DIII-D Being Redeveloped to Confront 
the Challenge of a Rapid Path to Fusion Energy

Work with international partners is key
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ADDITIONAL REFERENCE SLIDEs:
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DIII-D Reduced the Barrier to Entry for Industry Partners

• Non-proprietary User Agreement provides free access to the DIII-D 
Research Program in a process that can be completed in a single day

• Strong initial uptake leading to continued growth in industry participation

DIII-D Activities

DOE Activities

Rapid, free, flexible-scope access in as little as a day
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15 C. Paz-Soldan/DIII-D PAC/Apr. 2018 022-18/CPS/jy

Context:
• Super-supplies can power 2-D and 3-D coil
• Can ELM-controlled 3-D core be coupled to 

more advanced divertor geometry?

Approach:
• Use 1st supply for 2-D, 2nd supply for 3-D

– Ex: RMP-ELM control and X-divertor
• Use 1st + 2nd for 2-D to improve capabilities

– Higher plasma current, more shape flexibility
• 2nd supply also designed to power M-coil

– …or to power fully independent I-coils

2nd Super Supply Upgrade Supports Core-Edge Integration
and Enables Increased 3-D Spectral Flexibility

Advanced 2-D config.

Standard
X Divertor

�2nd Supply Planned in FY18 Incr.

2-D

3-D

Present:
3x6 arrays

• ELM control: ECH rise provides unique access to relevant low rotation 
& collisionality ‘peeling’ pedestals to resolve integrated scenarios
– Resonant 3D field ELM suppression with flexible coil arrays
– QH and other benign ELM regimes: resolve controlling edge 

physics & ExB rotation requirements with flexible profile control
– Pellet pacing: sufficient triggering and heat reduction 

• Plasma control: ECH rise provides unique headroom though 
a-like electron heating, precise deposition & profile control
– Burn simulation & control with FPP-like actuator and measurement constraints
– Tearing mode control via direct island deposition or profile control
– Disruption avoidance: Machine learning, faster-than-RT simulation, sensing 
• Digital twin develops robust schemes offline for testing online

ECH Rise Provides Crucial Capability to Resolve 
Transient Control in Relevant Regimes

DIII-D the key proving ground to resolve tokamak control
& the non-linear multiscale physics of MHD phenomena

island

Transients
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• Opportunity to evaluate how of various DIII-D scenarios 
change with high-Z walls
– At a high level, compatibility/access 
– Toleration of radiative losses from 

high-Z impurities (stability, confinement)
– Excellent diagnostics support model validation in a broad 

range of conditions

• Development of new control techniques to 
maintain/recover lost performance 
• Core ECH, ELM control, etc.

DIII-D planning to move to metal wall: resolving key core-
edge integration challenges

2027

Effect of adding cW 10-4 to shots
 over the last six years

Measured

Adding cw=10-4
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Moving to metal walls enables better understanding of divertor 
detachment and integration

2027

• Removing carbon provides direct 
control of radiating impurities
– C strong radiator, even with seeding
– C sourcing impacts detachment access 

and dynamics

• Stable/robust detachment scenarios 
with extrinsic impurity injection, e.g. 
XPR

• Evaluate W sourcing and leakage with 
extrinsic radiators

C present even in 
strongest N seeding
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New Tungsten Wall in 2027 Will Enable Integration of 
Reactor Relevant Materials into Core-Edge Challenge

Reactor-Relevant Wall

Tests new materials and their interaction & compatibility with the core

Toroidal limiters test novel 
new materials & resolve SOL 
models for FPP wall design

DiMES sample 
exposure 

facility

Divertor 1

Divertor 2W coatings on 
divertor

Wall &
Tech

• Crucial because of interactions with core and divertor
– Material behavior with fusion-relevant plasma distributions 
• Without C-induced erosion

– Scenarios with relevant impurity transport and radiation
• Reduce carbon radiators to study radiative optimization
• Increased ECH e– heating can control impurity accumulation

– Changeouts to test different materials & components are easy 
• Materials choices taken with US community 

• Combine with other DIII-D material testing capabilities 
to assess key PMI physics & novel materials
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International Complementarity Examples
  Long pulse development builds from DIII-D developed solutions

• Flexibility to develop scenarios
– Improved transport 
– Alleviated ELMs
– Mitigated heat flux 

• Extend to long pulse
– Stability & wall compatibility 
– Heating and current drive
– Long pulse evolution

DIII-D Superconducting

DIII-D #176440

High confinement, density, 
& bootstrap, low rotation

High bN

Strong collaboration with long pulse partners
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International Complementarity Examples
 MAST-U and DIII-D Complement on Divertor Science à Test on DTT

• Diagnose physics
• Reactor-relevance
– High power & pedestal P
– High neutral opacity
– Recycling

• Detachment control
• Core-edge integration & AT

• High closure
• Extreme flexibility
– Long radial leg length
– Large flux expansion 
– Reduced upstream density

• Test models of plasma-
molecular reaction

New 2D 
Divertor TS

MAST-U
divertor

DIII-D MAST-Upgrade
• Closer to FPP parameters
• Flexible divertor and 

plasma shape, but less 
core operational range

• Limited access (activated)
• Fully operational mid 2030s

Italian DTT

DTT

+

Holistic physics basis for divertor research
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International Complementarity Examples
 DIII-D will Enable U.S. Success in ITER for the FPP Path

• Ramp up & early phases

• Transients and control

• Robust scenarios to 
deliver burn goals

• Physics to interpret &
optimize performance

• U.S.’s ITER simulator

• Train the team
• Develop techniques 

& codes on DIII-D
àValidate in ITER
àBring learning to FPP

Distinctive Technical
Contributions

Programmatic Role 
for US in ITER

DIII-D
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National Complementarity Examples
      Complementarity Between U.S. National Facilities

NSTX-U

• Profile and shape

• Low collisionality with
high opacity

• Thermalized low rotation

• Solid divertor solutions &
physics for projection

• Aspect ratio

• Beta & bootstrap limits

• Superalfvénic fast ions

• Liquid metal PFCs 
& power handling

DIII-D NSTX-U

DIII-D

Broaden physics basis & 
provide more options for FPP
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Basis of Approach

Controlling variable

Be
ha

vi
or

Ph
as

e 
tra

ns
iti

on

Pilot

opaque, 
equilibrated, 
electromagnetic,
thermalized, 
low rotation,
etc.

Test key trends in high 
parameter facilities 
ITER, DTT, SPARC… 

(3) Add the tools needed 
to address key issues
& integration

(1) Directly access some phenomena at reactor 
values for physics-governing parameters

     e.g. bN, collisionality

(2) Resolve techniques 
& science in relevant 
regimes & project

Access the right physics regimes to develop projectable solutions

Need flexibility 
to find solutions

Explore 
here
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New Technologies Being Pioneered
to Resolve Safe Quenching of Disruptions

Passive Runaway 
Mitigation Coil

unsuccessful, either not burning through in the core (for
thick-walled shells) or breaking during launch (for thin-
walled shells) [14]. Here, the first successful demonstration
of DSP shutdown with core impurity dispersal is presented,
which is achieved by the use of diamond shells.
Experimental technique.—The experiments were per-

formed on the DIII-D tokamak [15]. Medium-energy
(Wth ≈ 0.8 MJ) deuterium H-mode lower-single null plas-
mas were used. Figure 1(a) shows a schematic of the pellet
launcher. The pellets are launched using helium propellant,
which is then removed by two pumping ports. Initial pellet
velocities of 80–250 m=s are measured with a light gate.
Additional essential diagnostics, shown in Fig. 1(b),
include spectrometers, a visible fast-framing camera, an
infrared camera, a CO2 interferometer, and photodiode
arrays to measure the total and soft x-ray (SXR) brightness.
The shell pellets used here had 3.6 mm outer diameter and a
40 μm wall thickness. The wall was made of chemical
vapor deposited diamond. The payload was 21 mg of boron
dust with a 44 μm maximum outer diameter (OD).
Demonstration of shell pellet shutdown.—The main

diagnostic used was the visible camera, which was operated
with either B-II 412 nm (5 nm bandpass) or C-II 514 nm
(4 nm bandpass) interference filters. Figures 2(a)–2(h)
show visible images (with the B-II filter) at different time
steps: t≡ t − timpact, where timpact is the time at which the
first light from the pellet-plasma interaction is observed. It
can be seen that the pellet trajectory is fairly close (within
∼1 cm) of the expected straight-line vacuum trajectory
(dashed line), allowing an estimate to be made of the pellet
minor radius: ρ ¼ r=a; Figure 2(i). The pellet light

emission can initially be seen to be fairly localized to
the pellet and to be extended alongB, which is the magnetic
field. In Fig. 2(e), however, a cross-field dispersal of
material can be seen, which is interpreted as shell burn-
through and boron dust release. “Burnthrough” is used here
in the sense of ionization out of the neutral state.
Figure 3 compares time traces of pellet burnthrough with

modeling for a pellet with an initial velocity of ∼230 m=s.
The pellet trajectory is shown in Fig. 3(a), showing that
pellet shells appear to burn through at ρ ∼ 0.25, although
pellet material goes farther, to ρ ∼ 0.15, before stopping.
Pellet brightness (integrated spatially over the image) is

FIG. 1. (a) Schematic of pellet injector also showing equilib-
rium flux surfaces of target plasma; (b) tokamak top view
showing key diagnostics; and (c) x-ray image of shell pellet.

FIG. 2. (a)–(h) Visible images of shell pellet trajectory at
different time steps; (i) inferred pellet minor radius; (j) core
SXR brightness vs time; and (k) inferred pellet velocity.

FIG. 3. Time traces of fast (v ∼ 230 m=s) shell pellet shutdown
showing (a) pellet minor radius, (b) ablation plume brightness,
(c) simulated pellet minor radius, (d) simulated ablation rate,
(e) ablation plume characteristic radius, (f) radiated power,
(g) core SXR, and (h) plasma current.

PHYSICAL REVIEW LETTERS 122, 065001 (2019)

065001-2

Low-Z Shell Pellet

• Critical challenges
– Rapid quench to avoid thermal & mechanical loads
• High speed technologies for rapid response & core deposition
• Advanced pellet fabrication

– Prevent or dissipate energetic runaway electrons
• Passive runaway mitigation coil
• Disruption resilient PFCs

• Foundational issues
– Resolve projection through diagnosis & simulation
– Disruption prediction & response to trigger quench 

Disruptions remain a critical challenge for DIII-D

Complete stochastization by 
core impurity deposition

Before After

SPI Pellet Piston

Pump Tube

Fast Valve

Light gas gun
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KEY TECHNIQUES

CORE – EDGE INTEGRATION

LIMITS

RF Rises Provide Critical Properties to Close Reactor Gaps
REWORK THIS FOR LATEST SIMULATION

Lines    Power 

 6   3-4 MW

 8   5.6 MW

  10     7 MW

16-20 11-14 MW
+ additional NBI & 

helicon/LHCD
Opaque 

collisionless
pedestals

AT stability 
limits

Perturbative 
transport 

in H-mode
ITER dual 

NTM/sawtooth 
control, Q=10

Transport at 
low rotation, 
Te~Ti, high b

Divertor 
science & 

geometry tests

Entry point for 
high qmin AT

ELM mitigation at 
low rotation & n*

High performance
& high dissipation

core-divertor solutions
with high SOL n*

Sample & 
component 

testing

Alternate ITER 
scenarios

Burn 
simulation

ITER ramp up 
& steady state Control impurity 

accumulation
with ECH

Disruption 
mitigators

Peeling limited
pedestals 
for ELMs

Novel RF 
technologies

Radiative
techniques

FPP
Diagnostics

Materials
integration
with core

Component & 
materials at high 
Te, density, q||

Pulsed FPP
scenarios

Shape rise & 
pedestal density
& pressure limits

Divertor science in 
opaque conditions

Materials 
erosion & 
transport

Thermalized
FPP-like fast ions

Key programs enabled at each stage

EC
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With Higher BT, Plasmas with High Greenwald Density Fraction 
(nped/nGW ≥ 1) can be Accessed by ECH

Modeled ECH density limit assuming plasma current scales to 2 MA at 2.5 T

• Outside launch ECH • Top launch ECH 
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ECH at 2.2 T 
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Flexible Multi-Frequency (110/137/170 GHz) 
Gyrotrons Would Cover Whole Range of BT in a 
DIII-D Upgrade

On-Axis ECH Location
Dimensionless
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• NT shows attractive route to performance and edge stability, but 
detaches at higher density than PT and degrades confinement

• New divertor design with 
changes in equilibrium, 
closure and pumping 
enable:
– Access to divertor 

dissipation at lower ne 
– Limit confinement 

degradation after 
detachment

– Particle control

Negative Triangularity divertor design activity: 
improving detachment and core/edge integration

Lore PSI 2024

SOLPS ITER showing detachment 
at lower upstream density
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Vital to Develop Validated Physics Understanding

• Comprehensive, cutting edge 
diagnostics resolve key science

• Over 20 theory groups and 70
codes engaged for validation

Example: Role of drifts in detachment
– Combine 2D EUV/VUV & Thomson data
è Drifts critical to predict detachment

The ‘why’ is critical
Need confidence to adapt solutions for FPP

Divertor Dissipation: Impurity charge state C2+

EUV/TS
LLNL GA

Data

13M.E. Fenstermacher, DIII-D Overview, 2020 IAEA FEC

Large Variations of Impurity Concentration in Multi-Charge-State 
Measurements Validate Models of Divertor Dissipation

Validated essential models 
for predicting detachment 

in ITER and reactors

• 2D profiles of impurity charge 
states from EUV/VUV, Divertor 
TS and Collisional Radiative 
model

• Departure from a fixed 
fraction: Detached 10x lower 
than attached

• 2D profiles comparable to
UEDGE only when drifts and 
multi-species carbon 
transport included
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DivertorCore

• Wide space in profiles, shape and parameters
which optimizes along two broad paths:
– Steady state: Naturally improves stability &

transport through shaping, profiles & high b
ØLower current, self-driven solutions, decreasing 

loads & risks, sustainable noninductively
ØNeed to validate projected solutions

– Pulsed: High confinement with high plasma current
ØPotentially increased instability, heat & stress
ØCan stability be maintained?

• Must also resolve compatibility of scenario
with divertor, wall and transient solutions

Core Requires High Performance Solutions

Pulsed

Steady State

DIII-D has unique profile and shape 
flexibility to resolve core

Shapes
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• DIII-D an early career development center
– Leadership: science, XPs, talks, papers, systems, PIs 
– Mentorship program, training, summer school
– Over 250 students, postdocs & interns with 

PhD runtime & student support groups
• Diversifying pathways

– Under-represented groups: internship programs,
community college engagement, SDSU 

– Next generation: Local schools, girls Tech Trek, CuWiP, 
Young Women’s STEM, Society of Women Engineers

• Addressing workplace environment & opportunity
Invested in APS climate survey yielding major insights
– Environment: code of conduct, community agreements, 

webinars, civil treatment, bystander & meetings trainings
– Open opportunities policies with balance monitoring & 

double-anonymized deconflicted XP review to combat bias

A Key Strength DIII-D Brings is Workforce Development

Amer. Assoc. Uni Women 8th grade camp

Preuss high school low income first-in-family interns

GEM under-represented 
grad interns in Ops

Shaun Haskey
Early Career Award

“Main Ion Transport and 
Fueling in the  Pedestal”

Leader of DIII-D NB physics
 

Prof. Livia Casali, Early Career Award
“Innovative Core-Edge Solutions for Tokamaks”
 Co-lead DIII-D Core-Edge Task Force
Professor at UT Knoxville
 

Seeking an enabling environment for all

A. Rosenthal
DOE Highlight
MIT PhD
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• Expanded topical scope in technology & science
will help us diversify pathways further
– Invited to join new “Pathways” program for MSIs
– Facilitate development with private sector

• New User Board energizing workforce development 
with 5 new bodies being formed:
– UB Council   – Personnel Development   – Nominations 

– Data & Access   – DEIA Council
– Plan to provide specialist training and Ally program

• Apprenticeship center for engineers and technicians proposed
– DIII-D the ideal place with high range of roles and many institutions engaged

FPP Mission Will Broaden Reach on Workforce Development

DIII-D will provide powerful development 
& preparation of the fusion workforce
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DivertorCore

• ELMs: Require benign-ELM core scenarios
– Through profile & 3D manipulation tools

• Disruptions threaten structural integrity
– First line of defense: stable controlled core
–Mitigation systems are a vital fallback

ELMs and Disruptions Must be Mitigated to
Avoid Damage to Plasma Facing Components

   

   
Fig.3 Snapshots of the temperature and density during the ELM at t=0.36ms, t=0.45ms and t=0.66 ms. 

   
Fig.4 Density, temperature and neutral density profiles along the ITER outer divertor (-4.5<Z<-4.2) 

Conclusion 
The first ELM simulations in the ITER high recycling divertor show that even a small ELM burns 
through the high density layer leading to a low recycling, high temperature ELM energy exhaust. The 
next step, the kinetic extensions for neutrals and impurities, described above, will be applied to improve 
the description of detached plasmas. 
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ELMs burn through high 
recycling divertor (JOREK)

Te

Transients

DIII-D unique flexibility in actuators to solve these problems
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• Survivability & functionality need to be 
tested in relevant plasma conditions
–And impact and constraints

on core fusion plasma

• Development of FPP-compatible 
techniques is required
– Fewer, simpler systems, 

hands-off, radiation-hard
èNeutron, heat & particle fluxes, 

temperatures, stress, space, 24/7

Wall and Reactor Components Pose
Crucial Challenge for an Integrated Solution DivertorCore

Transients Wall &
Technology

DIII-D can rapidly change out components 
& assess relevant interactions

Tungsten erosion & 
leakage in divertor
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Theme Gaps
on timeline at end

FESAC Long 
Range Plan CPP Gaps

Exhaust handling
compatible 
with core

ITEP

Divertor

Pages 16, 32, 33 ITEP: FST-SOD-3 (p70)
Div: FST-SOD-2-p69, 
FST-PR-A.3 (p54), DPS-C (p21)

Core solution
Core scenario

Transport
Energetic Particles

Pages 14, 31, 32 Core: FST-PRD-2 (p96)
Transport: DPS-B (p19-20), 
DPS-C (p21), DPS-D (p22)
EP: FST-SOD-1 (p69)

Transients
Disruptions

ELMs

Pages 13, 31, 32 Disrupt: FST-SOD-4 (p71), 
FST-PRE-4 (p101), FST-SOC-8 (p65)
ELMs: FST-SOD-1 (p69)

Plasma interacting 
components
 

Plasma material 
interactions (PMI)

Diagnostics

RF

Pages 14, 31 PMI: FST-PR-A.3 (p54), FST-SOA-1 (p51), 
FST-SOA-4 (p55), FST-SOB-1 (p57), FST-
SOD-5 (p72), FST-PRE-1 (p98) & DPS-I (p38) 
Diag: FST-PRE-1 (p98), 
FST-PRE-3 (p100), CC-1-MD (p106)
RF: FST-SOG-3 (p83), FST-SOF-4,5 (p78)

Plasma Research Gaps Called out in CPP and FESAC 
Long Range Plan Reports (Reference slide)

Core

Wall &
Tech

Transients

Divertor
ITEP
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• Key capabilities that will not be available elsewhere
– Change out wall, divertor, materials and components readily and often to assess 

wide range of new technologies and approaches in fusion-relevant conditions

– Core configuration flexibility with on & off axis H&CD & shape actuators to identify viable 
pulsed & steady state cores compatible with wall, divertor and transient solutions

– Scientific foundations to adapt solutions for the FPP through comprehensive diagnostics 
and outstanding flexibility

– Critical control tools for tearing, ELMs, disruptions, impurities & burning plasma simulation

– Integration of technical solutions developed on these fronts

• User facility model a crucial strength, levering dozens of groups across the US

DIII-D Upgrade Provides Unique, Vital Capabilities

Fundamentally, we need a facility that can discover a viable 
approach & pioneer the science to project with confidence
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• Things SPARC is not designed to do:
– Focus on demonstration of predicted solution, 

rather than exploration to discover what works
– Change out materials & components to try 

different PFCs. Sample & technology testing.
– Steady state and advanced profile solutions

or negative triangularity

• SPARC has placed a series of bets on potential 
solutions that need to break the right way
– Divertor configuration. Wall solution. ELM coil set.
– Neoclassical tearing modes can be avoided. 

Disruptions tolerable.
– H/I mode access. Core impurity control. 

Energetic particle confinement

SPARC Cannot Solve All the Issues for ARC, 
and Represents a High Risk Path if the Only Tool

SPARC is a great facility that offers valuable data to de-risk the FPP. 
Should be part of the US plan and gain US participation.

But US must not bet the farm on SPARC generating all the answers.

Critical SPARC limitations:
• No large scale replacements 

of wall structures (divertors, 
technology?)

• No snowflake divertor
• No tangential beams
• No ECH à NTMs, impurities, burn 

control
• Limited advance tokamak 

capability; reliant on freeze-in
• No Neg T capability
• No lithium
• No pellets yet
• Limited diagnostic coverage
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o Yes - HFE is clearly nearer to FPP, and so would reduce risk in some ways with key data closer to 
FPP – though SPARC, ITER and DTT do that.

o No – because a HFE would become more activated, and so have less personnel access for 
changeouts and testing.
§ HFE will also take significant time to design and construct
§ HFE will cost significant $, which arguable should be prioritized to technology and milestone programs first.

o “Its not necessarily a choice”
§ Fastest way to HFE is to start on DIII-D upgrade now, as HFE can be built on DIII-D infrastructure
§ Once/if mission need established, design and then construction can commence in Sorrento 

Valley, with systems being ported onto new machine
§ Mission need will likely be determined in several contexts

• Results from milestone program
• More specific FPP designs to identify specific tests needed.
• Progress in international program (SPARC, JT60SA, NSTXU)
• Attitude to risk for FPP path
• Availability of funding, noting $1-2Bn cost + $1Bn exploitation.

Isn’t High field EXCITE (HFE) better?
Yes, No, and “its not necessarily a choice”

DIII-D will close clearly needed gaps ASAP
HF-EXCITE need may emerge can cane be started if so
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o The D3D plan targets urgent issues we know we need to solve:
§ Scientific questions that must be resolved behind many solutions
§ Techniques for core, divertor, transients and technologies that must be tested

• These are shared between tokamak concepts, and offer value for beyond tokamak concepts
o Any adjustment to research mission that emerges from SPARC, milestone program, FPP designs, etc., 

would build on this plan and be accelerated by it.
§ The investments in ECH would not be wasted, as they represent a broad transformation in the 

relevance of investigative regimes, not in any one particular solution.
§ Any research needs emerging later would build on this progress, and be accelerated by them.

o The investments for DIII-D in this plan can be transferred to successor devices or rebuilds if further mission or 
configurations needs emerge.
§ An upgrade is possible based on d3d infrastructure, as set out in other white papers.
§ Present site credits are worth around $700M, including presently funded development to 10 lines of 

ECH. Further investments in ECH, NBI and power infrastructure would add about $260M to site credits.
§ If you procure them now, they are ready sooner for such redirection

o DIII-D has a highly adept team and provides the facility to train and keep those personnel at the forefront. 
o DIII-D will provide ongoing data needed to test and drive the development of theory and simulation

We should wait until we understand the path and the needs
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o DIII-D has long track record of delivering substantial upgrades, including rebuild of 
key systems like neutral beams, and installation of new technology.
§ Delivered on time, with research campaigns also delivered every FY!

o This project does not need substantive in vessel construction or rebuild
§ Installation of remote ECH systems with in vessel copper mirrors 
§ Based on designs already developed for lines 7-10

o But why hasn’t DIII-D raised ECH power sooner?
§ Insufficient investments to maintain existing power levels and keep sockets filled

§ US provider production failures played significant role
§ We have changed to robust suppliers (Thales, Kyoto) with established track 

record, and started major overhaul of systems in 2021
• Now ready with nearly 4MW for 2024, and on track for 7MW in 202

Government funded projects are slow & error prone – don’t build
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• Facility is operating well within established tolerances and lifetime, 
with no specific failures emerging or large downtimes in past 2 decades
– Many parts of system designed for higher field (not all)

• Significant design life margin in present operating conditions
– But ‘unknown-unknowns’ always a concern with an aging facility

• System-wide assessment made to identify risk and mitigations
– Pre-emptively replace components that could lead to larger failures (e.g. SCRs, flex straps)
– Put in place monitoring systems to check for potentially developing issues  ß no concerns yet

(electrical connection, anti-torque structure, coil leads, water temperatures)
– Significant refurbishments possible, if they show signs of upcoming failure (e.g. joints)

• Replace key systems that could lead to significant outages: 
– Replaced cryoplant liquefier, failed I coils, MG2 cooling.  Could replace compressor.
– Upgrade investments would overhaul power systems and cooling as more power provided

DIII-D Addressing Risks of an Aging Facility

DIII-D continues to run reliably, delivering high levels of operation at full 
performance, frequent upgrades, and any problems fixed rapidly

We know the issues, what to look for, & have strong operational experience
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• Three key decision-making scientific groups 
led collaboratively (LLNL, ORNL, U. Wisc, GA)
– Determine experiments, talks, papers, hardware 

and diagnostic priorities
– 21 topical areas led by universities, Nat Labs & GA

• Developmental leadership opportunities

• Collaborative development of strategy
– Research plans, run time priorities, facility goals

• Oversight by independent representative bodies
– Overall Approach: new User Board represents all institutions and PIs
– Long Range Research Strategy: International Program Advisory Committee
– Near Term Priorities: Research Council representative of user institutions 

Research lines & projects determined with DOE-FES under Cooperative Agreement  

DIII-D an Open User Facility with Shared Leadership Model

Supporting the national program, enabling ~100 institutions 
to pursue their priorities with established user model
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DIII-D-developed Integrated Physics Simulation Tools
Utilized to Project Path To Pilot Plant (and DIII-D upgrades)

Turbulent Transport
Trapped Gyro-Landau Fluid (TGLF)

Equilibrium/Loop Voltage
EFIT

[Park Comp Phys Com 2017]
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Integrated Simulation Example Point on ITEP Mission
Based on ‘Ready Now’ Hardware
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With ECH upgrade, DIII-D in right zone 
to resolve core-edge FPP solutions

Integrated Physics Simulations (IPS-FASTRAN)

• Based on ‘ready to initiate’ technology
– 14MW ECH: ITER& Thales gyrotrons, outside launch 

• 12 lines 3rd harm 170GHz, 8 lines 2nd harm 137GHz cutoff 17E19

– 20MW beams. Present field. 

• Combined key performance and opacity qualities 
for integrated solution exploration
– Neutral pedestal penetration a fraction

of pedestal width
– Low collisionality matching ‘CAT’ FPP
– Thermalized low rotation  core with Te~Ti
• Trade-offs possible in density, q95, b, etc.

Higher power, top launch, LHCD, helicon or higher field 
would go further or cost less (but not assumed)
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Impurity 
Radiation
~10-30eV

D0 ionization ~5eV
D+-D0 , D friction, 
CX ~5eV

Recombination <~1eV

Impurity 
Radiation
~10-30eV

D0 ionization ~5eV

D+-D0 , D friction, 
CX ~5eV

Recombination <~1eV

Impurity 
Radiation
~10-30eV

D0 ionization ~5eV

D+-D0 , D friction, 
CX ~5eV

Recombination <~1eV
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• Performance rise places DIII-D in the relevant 
regimes for key divertor processes
– Assess key physical mechanisms (e.g. broadening)
– x3 in dimensional space à test over significant range

Details of Divertor Parameters

Key Divertor & Core-Edge Physics:
• Lyman a: photon trapping
• Ionization length: neutrals paths 

compared to divertor structures
• Recombination/ionization: governs 

proportion of neutrals at the edge
• Fluidity: divertor becomes more fluid
• Turbulence broadening: radial 

gradients drive turbulence in SOL

Ionization
recombination

Ly a
lhf-div
lmfp

Fluidity
(lhf-div /lNN )

Turbulence 
broadening (a/acrit)

Ion
length
(lhf-div /Dx )

CAT 
Reactor

DIII-D 
Upgrade

DIII-D 
now

2.2

72

0.06

4.4

3.7

Divertor 
width (1/w)

Ly a
(1/lmfp)

Neut length (1/lNN )Density (ne E21)

Ion
length 
(1/Dx )

CAT Reactor

DIII-D 
Upgrade

DIII-D 
Now

2.2

125

1.7

6.7

6

Dimensional 
testing

Physics 
variables

Relevant regimes to explore FPP divertor physics
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Working Collaboratively, We Can 
Close the Key Gaps to an FPP

DIII-D SPARC

• Flexibility to pioneer solutions
• Resolve science to project them 

• Test behavior close to FPP parameters
• Proof of high field tokamak approach

Collaborative engagement a key 
feature of DIII-D program
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ADDITIONAL REFERENCE SLIDEs:
Additional technical data


