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Pursue low torque, 
transient-free 
stable cores with 
high fusion gain 

DIII-D Research Goals: Develop the Physics Basis for  
ITER Q=10 and Future Steady-State Tokamaks 

3-4 Nm torque 

Develop advanced 
current profiles for 
high βN and high 
bootstrap fraction 

Optimize H&CD for 
steady-state burning 
plasma operation 
–  ECCD, Helicon,  

and HFS-LHCD 
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•  Pedestal stability model led to Super H-mode development with high 
pedestal pressure and corresponding higher global energy confinement 

•  Super H-Mode experiments on Alcator C-Mod reached ITER-like record 
pedestal pressure (~80kPa) on last day of operations  

•  Super H-mode experiments on DIII-D yield equivalent QDT = 0.35 

Recent Super H-Mode Experiments Yield Large Gains 
in Fusion Performance 

P. Snyder, APS 2017 
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Stable Zero torque ITER Baseline Scenario Demonstrated 
for the first time in DIII-D 

DIII-D discharges robustly simulate the first scenario in the ITER plan   

-  Matched ITER shape & q95 
 
-  Achieved ITER required 

confinement H98y2=1 
 
-  Obtained fusion gain 

factor sufficient for Q=10 

-  All at ITER-similar torque in 
repeatable conditions 

Turco, APS 2017 
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US Contributions to ITER: Successful Test of Prototype 
Toroidal Interferometer Polarimeter on DIII-D 

DIII-D 

TIP Beam 
Path DIII-D 

Reference Leg 

Optical Table 

•  Joint effort: UCLA-GA-PSI  Two-color system (10.6µm and 5.2µm) 

•  Full-scale ITER prototype with 110m roundtrip path to DIII-D and back 

•  System includes matching 110 m reference leg 

•  Active feedback is used to maintain alignment 

General Atomics Is Manufacturing 
the Coils for the ITER Central Solenoid 
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•  Hybrid discharges feature 
broad current profile 
maintained by internal MHD 

•  βN and energy confinement 
equivalent to all-carbon 
divertor shot 

•  ECCD applied on-axis 

•  No increase in core 
radiation 

On-axis ECCD Maintains Performance of Steady-state 
Hybrid Scenario with Strike Point on Tungsten Rings 

B.S. Victor/APS Conference/Oct. 2017 
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Rotation Control            MHD simulation                 NTM control          Diagnostics 

12 Tobias/APS-DPP/Nov. 2015 

Local Electromagnetic Forces Depend on Local Mode Structure 

B. Tobias, et al., PPCF 55, 095006 (2013) 

148753 
148753 

•  ECE-Imaging has shown that a tearing mode 
is not a single helicity structure 

–  Each tearing mode excites a plasma response 
that includes sidebands and other effects 

–  The poloidal mode number obtained by fitting 
internal fluctuation data varies locally 

•  Coupling is determined by the wavenumber 
of the plasma response excited by one mode 
and imposed on the other  

DIII-D Research Will Provide a Scientific Foundation 
for Mitigating the Risk of Uncontrolled Transients 

•  Unique capabilities support science of disruption avoidance and mitigation   
 

Mitigation: SPI 
& shell pellets 

•  Explore and optimize ELM control solutions for ITER and steady state tokamaks  
 

23 C. Paz-Soldan/DIII-D PAC/Mar. 2017 0XX-XX/CPS/yy

Advances in Non-linear Modeling Support Robust 
Validation Program for Pellet ELM Triggering Physics

Non-linear M3D-C1 sim. 
of D2 pellet, S. Diem

JOREK sim. of pellet ELM trigger 
Futatani, Nucl. Fusion 2014
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Context:
• Extended MHD modeling of pellet-ELM 

interaction still in its infancy

Plan:
• Validate modeling prediction of critical 

pellet size needed to trigger ELM
– Develop variable size pellet injector
– Compare Li and D2 size thresholds

• Validate M3D-C1 predictions of pellet-
excited instabilities mode structure
– Predictive models require advanced 

diagnosis of the pellet ablation cloud

• Goal: predictions of heat flux per 
mitigated ELM

Key Diagnostics: 2nd view of pellet cloud
Key Codes: M3D-C1, JOREK V
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DIII-D

15 C. Paz-Soldan/DIII-D PAC/Mar. 2017 0XX-XX/CPS/yy

Extend ELM Controlled Regimes to Scaled ITER Core 
Conditions: Rotation, Pressure, Collisionality, Safety Factor

Key Upgrades: Torque-free heating (bal-NBI, ECH), 3D supply + coils
Key Diagnostics: Edge Jr, co-located elec. + ion prof

Context:
• ELM control techniques struggle to 

meet all ITER 15 MA conditions
– Simultaneous demonstration elusive

Approach:
• Understand compatibility limits 

pertinent to each technique
– Ex: low torque ELM control is generic 

issue. How to extrapolate limit to ITER?
• Employ understanding to mitigate 

challenges encountered 
– Ex: ω⟂,e =0 control for RMP-ELM

• Deploy upgraded actuators to 
extend operating space further

• Edge Jr measurement important gap

n=12 
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Disruption Mitigation: Testing ITER-prototype shattered pellet injectors 

–  Injection Geometry: ITER-like shallow  
trajectory reduces SPI performance  
(similar to MGI) 

–  Now injecting multiple shattered pellets 
 

Disruption Mitigation Research Aims to Provide Robust 
Mitigation in ITER and Steady-State Reactor 

ITER 
Rotatable 

DIII-D 

DIII-D 
Original 

ITER-like 

Disruption Avoidance is critical to meeting ITER or reactor goals 
–  “Active” MHD spectroscopy/NBI feedback to avoid stability boundaries 
–  Active stabilization: RMP feedback + synchronized ECCD 
–  Real-time Prediction: Machine learning algorithms 
–  Off-normal supervisor algorithms for integrated control 

C. Rea, MIT 
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Gamma-ray Imager: Physics of  
RE growth and rapid dissipation 

Test advanced concepts: Inside-Out 

“inside  
    out” 

Shell 

Shell Pellet Injection 

Improved Understanding of Runaway Electron Generation 
and Dissipation Informs Mitigation Development 

Synchrotron imaging shows 
RE interplay with MHD 

UCSD Fast 
Camera 

measure radial profiles of fγ , as shown in Fig. 3(d).
As with the pitch-angle distribution, radial falloff is more
pronounced at high energy, indicating that energy-
dependent spatial transport is present.
Global parametric dependencies.—Modifying the syn-

chrotron and collisional damping rate is found to have a
strong effect on the measured fγ and fe in both the theory
and the experiment (aggregating now over all active sight
lines). The effect of synchrotron radiation is isolated by
using threematched dischargeswith similar prehistories and
postpuff parameters (E=EC ¼ 3.1" 0.3 andZ ¼ 1.4" 0.1)
but varying BT , thus accessing a wide range of τ̂r [Figs. 4(a)
and 4(b)]. Experimental fγ [Fig. 4(c)] demonstrate a
reduction in high Eγ counts and an increased spectral index
as BT is raised, opposite to the expectation from single-
particle confinement arguments yet consistent with syn-
chrotron effects limiting the high-energy fe. Interestingly, at
low Eγ a decrease in fγ is found with decreasing BT .
Experimental fe [Fig. 4(d)] indicates that theREdistribution
is getting progressively flatter as BT is decreased, with the
lowest BT displaying a nonmonotonic feature in fe outside

of the experimental uncertainty. Modeling of these cases
[Figs. 4(e) and 4(f)] qualitatively predicts the observed shape
variations with τ̂r. However, variations between fe and fγ at
different τ̂r are observed at a lower energy than in modeling,
indicating a stronger BT effect in the experiment potentially
due to the neglect of spatial effects. Indeed, the input on-axis
BT value is lower than the inboard value, which is alsowhere
visible synchrotron emission is known to be localized
[11,31].
Considering emission growth rates [Figs. 4(g) and 4(h)],

thedistantHXR,ECE, and lowEγ fγ growth rates all decrease
with increasing BT . In contrast, SE and high Eγ fγ rates
display the opposite BT trend. All emissions are thus broadly
consistent a shift to a high energy as BT is lowered. Note,
however, that quantitative ECE and SE growth rates differ
from the fγ rates, due to the direct BT dependencies of these
emissions. The corresponding model-predicted fγ growth
rates are shown in Fig. 4(i). Agreement is good at high Eγ ,
though at lowEγ the observed decay is not reproduced unless
the secondary source term is artificially removed as might be
expected if E=EC were somewhat lower.
Increasing collisional damping by raising ne and thus

decreasing E=EC [Figs. 5(a) and 5(b)] is found to decrease
the growth rate of HXR emission [Fig. 5(c)] across all Eγ .
Growth rates of all other measured emissions (ECE, SE,
distant HXR) also decrease as E=EC is reduced (not
shown). A transition from HXR signal growth to decay
at E=EC far above E=EC ¼ 1 is measured on the distant
plastic scintillator (as reported in Refs. [11,12]), but the Eγ

(a) (b)

(c) (e)

(d)

(g) (h) (i)

(f)

FIG. 4. Effect of modifying synchrotron force on RE distribu-
tions actuated through (a) varying the toroidal field (BT) resulting
in a wide change in τ̂r (b). Measured (c) fγ and (d) fe from the
green interval in (a) show an expansion to a high energy and
contraction at a low energy. Model (e) fγ and (f) fe show
qualitative similarity (note the different energy scale), normaliz-
ing to constant nRE. Growth rate analyses for (g) other diag-
nostics, (h) experimental fγ , and (i) model fγ are also shown.

(a)

(b)

(d) (f)

(e) (g)

(c)

FIG. 5. Effect of modifying collisional damping by increasing
(a) ne resulting in (b) a decrease in E=EC. Measured (c) fγ and
(d) fe from the green interval in (a) indicate that RE energization
is inhibited, consistent with model-predicted (e) fγ and (f) fe.
(g) fγ growth rates indicate that high-energy REs decay at a lower
E=EC than low-energy REs.

PRL 118, 255002 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending
23 JUNE 2017

255002-4

GRI 
ne=1,1.5 1019 

Theory 
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Expands spectral flexibility significantly 

Reduced RMP threshold with n=2 + n=3 

New Power Supply from ASIPP Enabling Key Insights  
on ELM Suppression Physics 

Possible beneficial effects of multi-mode MP

6

Shot 170114 
2.5kA n=3 + 2kA n=2 RMP fields I2/I3=3/3, phi2=60o

I2/I3=1/4, phi2=60o

Beneficial effect in ELM suppression and 
3D heat flux expansion demonstrated in 
present study

Increase edge stochasticity Change the footprint

More 
resonances 

n=2 
     n=3 

Power Supply Joint EAST/DIII-D Task Force 

Suppression        ELMS ELMS 

Large-Amplitude ELM Suppression Achieved in Fully  
Non-inductive Plasmas Relevant to the ITER SS Mission   

Fluctuation measurements are 
consistent with reduced pedestal 
gradients during ELM-free RMP 
and QH-mode operation  
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Planned Upgrades Leverage Existing Capabilities To 
Advance Scientific Basis for Steady State Tokamaks  

         Scientific Exploration            Enabled by 

Divertor model validation & optimization Divertor mods and diagnostics 

SS High beta, high bootstrap current Co-counter Off-axis beam 

Reactor-relevant current drive schemes Top-launch EC, Helicon, HFS-LHCD 

Reactor-relevant materials Material Exposure, Migration 

Electron heated regimes 10 gyrotron system 

3d physics spectral flexibility (n=1-4) New 3d coils and power supplies 

Upper Divertor Mod Top Launch ECCD 
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DIII-D Will Develop a Scientific Basis for Boundary Solutions 
Needed for Steady-State Reactors 

•  Advance scientific understanding  
and predictive capability through  
key measurements and  
extensive model validation 
–  Determine key dissipation processes 
–  Resolve role of drifts and turbulence 
–  Quantify role of neutrals and benefits of closure 
–  Elucidate magnetic topology effects 

•  Develop advanced divertors  
compatible with high performance  
–  Maximize heat flux dissipation  

without degrading core 
–  Staged divertor concept tests 

Small Angle Slot divertor 

SOLPS Measured 

Te 

ne ne 

Te 

SF-Divertor X-Divertor 

Close interaction with simulation 
efforts: prediction and data analysis 

2D Flow Imaging 
Experiment 

Simulation 
    (UEDGE) 

He+ Velocity 
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•  Baffled divertor with slanted sides 
traps recycled neutrals 

•  Reduced Te and ion flux compared to 
open divertor 

•  Phase II will provide pumping and 
shape to integrate with AT core 

Phase I of Planned Divertor Modifications Provided 
Data To Compare With SOLPS Simulation 

SAS I  (FY17) 

SAS II  (FY21) 
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DIII-D Utilizing Flexible Heating and Current Drive 
Systems to Develop Path to High β Steady State 

•  Move tokamak solutions from peaked to broad current profiles  
–  βN=5 potential with low disruptivity (High qmin scenarios) 

210 Co-Counter Off-Axis Beam Design 

Normalized radius 0 1 

On axis  
beam 

Off axis  
beam ECCD 

J|| 

Required tools for stationarity: 

Install during one-year 
shutdown (May 2017-2018) 
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Increased ECH Power Is a Critical Element to Advancing 
Studies Towards Reactor-Like Conditions 

•  Increased off-axis ECH power 
and balanced NBI to 
–  Access low rotation, dominant  

electron heated regimes 
–  Provide tearing mode control  

for disruption avoidance 
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ITER baseline config on DIII-D 

Completing 
installation of 
new 1.5MW 
117.5GHz  
CPI gyrotron  

•  Replacement gryrotrons (3) 
(1MW 110GHz) CPI tubes 
–  10+ year productive lifetimes 

•  Expand system to advance 
AT and divertor program 
goals (10 tubes total) 
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•  Top launch ECCD doubles efficiency  

DIII-D Proceeding with Tests of Three  
Transformational Current Drive Technologies 

•  Helicon ready to test physics of  
coupling at high power  

•  HFS LHCD in development 

19-20 investments 
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•  Top launch ECCD doubles efficiency 
–  Design with GA corporate funding 

DIII-D Proceeding with Tests of Three  
Transformational Current Drive Technologies 

•  Helicon ready to test physics of  
coupling at high power  

•  HFS LHCD in development 

19-20 investments 
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•  Top launch ECCD doubles efficiency 
–  Design with GA corporate funding 

DIII-D Proceeding with Tests of Three  
Transformational Current Drive Technologies 

•  Helicon ready to test physics of  
coupling at high power 
–  Install 1MW launcher in FY19(with ASIPP) 
–  Klystron from SLAC (with NFRI/KSTAR).    

•  HFS LHCD in development 

19-20 investments 
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•  Top launch ECCD doubles efficiency 
–  Design with GA corporate funding 

DIII-D Proceeding with Tests of Three  
Transformational Current Drive Technologies 

•  Helicon ready to test physics of  
coupling at high power 
–  Install 1MW launcher in FY19(with ASIPP) 
–  Klystron from SLAC (with NFRI/KSTAR).    

•  HFS LHCD in development 
–  AT plasmas found compatible   

with low inner gaps ! 

Inner 
gap 
(cm) 

H89 

βN 

No degradation 

HFS-LHCD 
test (MIT) 

19-20 investments 
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•  Top launch ECCD doubles efficiency 
–  Design with GA corporate funding 

DIII-D Proceeding with Tests of Three  
Transformational Current Drive Technologies 

•  Helicon ready to test physics of  
coupling at high power 
–  Install 1MW launcher in FY19(with ASIPP) 
–  Klystron from SLAC (with NFRI/KSTAR).    

•  HFS LHCD in development 
–  AT plasmas found compatible   

with low inner gaps ! 
–  Possible HFS test tile in FY18, 

completion after LTO3 

HFS-LHCD 
test (MIT) 

Replica 
Launcher 
test April 
2018 

19-20 investments 
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New M-Coil and 2nd Programmable Power Supply 
Expands Capability for 3D Studies and Transient Control 

New M coil 
provides much 

greater response 
and flexibility* 

Pedestal pitch-resonant response: 

IL 

x5 

•  Power supply enables control of 
–  All 18 PF coils independently for advanced 2D shaping & divertor 
–  Each I coil independently, Tor+pol spectrum simultaneously 

•  New 12 coil Midplane array opens vital new research capabilities* 

–  Stronger drive for NTV and n=3 & 4 rotation,  spectrum optimization 
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DIII-D results are providing a strong foundation for 
successful ITER operation and its scientific exploitation  

 
 

DIII-D is addressing foundational scientific questions for 
developing validated predictive simulation 
 
 
New DIII-D capabilities will enable significant steps 
toward developing the solutions needed for future 
steady-state tokamak fusion reactors 

DIII-D Is Advancing the Scientific Basis for Magnetic 
Fusion Energy Supporting Successful Operation of ITER 


