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Context: MFE in Transition 
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ITER: Landmark accomplishments by the world MFE community: 
ü Established ITER’s scientific & technical (S&T) basis. 
ü Developed the design. 
ü Formed an international project. 
ü Started construction. 

With ITER, MFE R&D has crossed a threshold to a program 
increasingly focused on demonstrating electricity generation from 
fusion, or DEMO.  

Making ITER succeed is the first big task of the new “DEMO era” 

Several countries are planning major facilities and next steps 
beyond ITER on the path to DEMO. 

IAEA launched the DEMO Programme Workshop series to promote 
international collaboration toward MFE DEMO. 
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1th IAEA-DEMO Program workshop	 China 



The mission and design goal of CFETR 
(China Fusion Engineering Test Reactor): 

 

1.  A good complementarities with ITER 
2.  Demonstration of fusion energy with a minim Pf = 50～200MW; 
3.  Steady-state or long pulse operation with duty cycle time  
≥ 0.3- 0.5; 

4.  Demonstration of full cycle of T self-sustained with TBR ≥ 1.2 
5.  Rely on the existing ITER physical ( k<1.8, q>3, H～1 ) and 

technical bases (higher BT , diagnostic, H&CD); 
6.  Exploring options for DEMO blanket & divertor with an easy 

changeable capability by RH. 

      CFETR will be the important facility to bridge from ITER to  
DEMO in China, which is necessary step to go to DEMO and  
then the fusion power plant.   	

1th IAEA-DEMO Program workshop	 China 



  

   	

1th IAEA-DEMO Program workshop	

Range  of  key  parameters  and   
several design versions of CFETR  are under comparison  

	

 Bt =  4.5-5.0  T        

 R0 =  5.5-5.7

 b/a ~ 1.8     
 a  = 1.6                      
 δ  ~  0.5
IP = 7.5-10MA 
 βN = ~ 2           
 Pad ~100MW           

China 



Advanced Project Division 

Korean Fusion Energy Development Roadmap 
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K-DEMO: NFRI’s Current Thinking 
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•  Two operation phases, Phase I and Phase II 
•  Power core and plant subsystems representative of the commercial plant.  
•  Minimize performance parameter extrapolation from K-DEMO to commercial plant. 
•  Operate and maintain with remote handling equipment.  
•  Construction cost for K-DEMO should be minimized and the size of the K-DEMO 

tokamak is expected to be smaller or similar size to ITER tokamak.  
•  Phase I: a test facility for a commercial reactor. 

–  Ports will initially be used for diagnostics, but many will transition to CTF 
(Component Test Facility) needs/ 

–  Should demonstrate net electricity generation (Qeng > 1) and self-sufficient 
tritium cycle (TBR > 1.05). 

–  Need not demonstrate competitive COE 
•  Phase II: a major up-grade replacing the blanket & divertor system and others if 

required. 
–  At least one port will be designated for CTF for future studies. 
–  Net electricity generation >450 MWe and the self-sufficient tritium cycle. 
–  Overall plant availability >70% 
–  Must demonstrate competitive COE. 



Japan 

9 FNFs, Stellarators, & Roadmap / ORNL / 05 February 2013 / H. Neilson 



U.S. FESAC Roadmap - 2003 
2003 2013 2023 
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Funding Profile During Period Leading to CTF 
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Plasma Technology 

Fusion Energy Technology 

Materials Science 
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Years after start 

The 2003 Plan Specified Substantial Increases in 
Materials and Technology Research 
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A Fusion Nuclear Science Program (FNSP) is Needed to  
Prepare for an Electricity Producing DEMO following ITER 

ITER 

High energy gain burning plasma physics 
Reactor scale superconducting 

technology High energy gain,  
high duty factor 

fusion power,  
net electric power 

DEMO TODAY�S 

RESEARCH 

FACILITIES 

Make fusion fuel, extract fusion power, and  
test fusion materials and components 

High neutron fluence 

FNSF 

General Atomics / Columbia U. (U.S.) 
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A Fusion Nuclear Science Facility Must Be a Research 
Device with Maintainability, Flexibility, Replaceability 

Maintainability is part of the FNSF mission 

ORNL FNSF-ST 
GA FNSF-AT (FDF) 

• Jointed copper coil enables changeouts of 
wall, blanket, divertor 

•  Other devices will address superconducting 
coil issues 

General Atomics / Columbia U. (U.S.) 

It is argued that… 



Transition Questions 
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•  What needs to be done to get to a commercial power plant? 
•  What does a next-step FNF need to do and what does it 

need to look like? 
•  When can we be ready for the next step? 
•  What is the role of international collaboration? 



DEMO Defined 
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From Starlite (1997) and FESAC (2007), DEMO must: 
•  Use the same technologies and plasma scenarios as planned for a commercial 

power plant.  
•  Demonstrate reliable steady-state operation as an integrated system under full 

and partial load conditions. 
 
High-level Goals 
1.  Net electric output > 75% of commercial 
2.  Availability >50%; ≤ 1 unscheduled shutdown per year including disruptions. 

Full remote maintenance of the power core. 
3.  Closed tritium fuel cycle. 
4.  High level of public and worker safety, low environmental impact, compatible 

with day-to-day public activity. 
5.  Competitive cost of electricity. 
 

As defined, DEMO must be very close to a commercial plant 
in its design and operation. 



Risk, Readiness, & the Roadmap to DEMO 
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•  Major facilities (ITER, FNFs) & supporting R&D contribute to knowledge growth 
and risk reduction. 

•  There is no absolute standard for FNF or DEMO “readiness” to proceed. 
–  Readiness depends on risk:  assessment, tolerance, acceptance, management. 

•  Risk assessment and risk management are central to DEMO planning. 
–  Both technical and schedule risks must be considered. 

ITER FNFs DEMO 

DEMO Science and Technology R&D 

Increasing Readiness 

Decreasing Technical Risk 

Major Nuclear 
Facilities 

Fusion S&T 
Knowledge Base 



FNF Mission Space 
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•  The FNF mission space is wide: 

Increasing System Integration 

Materials 
research 

Component 
Testing 

Reliability/ 
Maintainability 

Net 
Electricity 

Tritium Self-
Sufficiency 

•  Basic FNF mission requirements (typ.): 
-  Steady-state / high duty-cycle DT plasma. 
-  Tritium self-sufficiency. 
-  Neutron wall loads (NWL) challenging to internal components: 1-2 MW/m2. 
-  Neutron exposure challenging reliability and lifetime limits: ≥ 2-3 MW-yr./m2. 
-  Accommodation for test blanket modules. 

•  Optional extras: 
-  Prototype reactor design and maintenance. 
-  Generate (net) electricity. 
-  Achieve high availability. 



AT Fusion Nuclear Science Facility 
(FNSF-AT) – GA 

Stambaugh, et al., F.S.&T. 59 (2011) 

AT Pilot Plant – PPPL 
 

Menard, et al., NF 51 (2011) 

Two FNF Examples 
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Description of Options 
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Performance Parameters Compared 
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Mission and Readiness Assessment Approach 
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Key Assumptions 
•  FNFs and other major facilities fully accomplish their missions. 
•  A parallel science and technology development program, 

also aimed at DEMO readiness, accompanies and supports 
the major facilities.  



Mission Comparison: Plasma Config. / Ops.  
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Demo readiness gap: 

•  Needs S&T basis for reliable control of a steady-state QDT ≈ 30 (Paux/Pα ≈ 1/6) 
plasma in a prototypical configuration and operating mode. 

FNSF-AT vs. AT Pilot Plant Comparison: 

•  With QDT limited to <10, both leave a large gap in demonstrated QDT. Predictive 
simulation would be crucial to extrapolate from ITER/FNF to DEMO. 
–  Can either explore high QDT scenarios within their operating space? 

•  Both substantially narrow the gap in demonstrated pulse length, but with  
Paux/Pα > 1/2, both are too reliant on external current drive to prototype an 
economical DEMO operating scenario. 

•  Either can incorporate a divertor configuration, divertor operating scenario, and 
disruption control scheme that could be prototypes for DEMO. 

The two tokamak FNF options are comparable. Both significantly narrow 
DEMO readiness gaps, but leave large gaps in QDT. 



A Stellarator Pilot Plant? 
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Essentially closes gaps in DEMO Plasma Config. / Ops. Readiness: 

•  Can demonstrate DEMO QDT and prototype an economical DEMO 
operating scenario, because it does not rely on current drive. 

•  Can prototype a disruption-free configuration design for DEMO 

Stellarator issues are mostly generic to magnetic fusion. 

•  But stellarator geometry exacerbates technical issues, particularly 
constructability / maintainability. 
–  There is headroom for concept simplification but research is needed. 

Stellarators provide solutions that could make it 
the lowest risk path to DEMO. 



Mission Comparison: Plasma Control Technology  
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Demo readiness gap: 
•  Needs technology basis for reliable, energy-efficient control of plasma scenarios 

during all phases of operation. 
–  FNF environment and access limitations may limit controllability. 

FNSF-AT vs. AT Pilot Plant Comparison: 
•  Either can incorporate and use DEMO-prototypical diagnostics and actuators to 

demonstrate reliable control. 
•  A pilot plant, building on ITER superconducting magnet technology, could further 

reduce risks with performance and reliability data for months-long pulses and 
high duty factor. 

 

Supporting programs to develop DEMO-compatible diagnostics, 
heating, fueling, and magnet systems are absolutely critical. 

Except for magnets, the two FNF options are comparable.  



Mission Comparison: In-Vessel Systems & Tritium  
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Demo readiness gap: 
•  Needs technology basis for blankets, first wall, and divertor structures that can 

successfully operate and survive in the DEMO environment. 
•  Needs prior demonstration of tritium self-sufficiency. 

FNSF-AT vs. AT Pilot Plant Comparison: 
•  Both can demonstrate tritium self-sufficiency and accommodate test modules. 
•  Pilot plant can provide higher neutron exposures between replacements, and a 

more prototypical configuration and maintenance scenario. 
•  FNSF-AT machine disassembly scenario may prolong downtimes, impact 

productivity. 
•  Neither is likely to provide much flexibility to change materials or configuration of 

in-vessel systems. 

Supporting programs to develop DEMO-compatible systems for 
integrated testing in FNF are critical. 

Pilot plant goes significantly farther toward DEMO readiness due to 
greater neutron exposure and more prototypical design.  



Mission Comparison: Plant Integration  
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Demo readiness gap: 

•  Needs an S&T basis for high availability, lifetime data for all systems, efficient 
maintenance with remote handling equipment. 

•  Needs an S&T basis for economical electricity generation. 

FNSF-AT vs. AT Pilot Plant Comparison: 

•  A pilot plant could essentially close maintainability / availability readiness gaps to 
DEMO and demonstrate availability approaching DEMO goals. 

•  An FNF would contribute but would leave a large gap due to its non-prototypical 
design and maintenance approach. 

•  A pilot plant is the more fully integrated system, capable of demonstrating net 
electricity generation from fusion . 

Pilot plant, by design, goes significantly farther 
toward DEMO readiness. 



Summary Mission Comparison 
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An	  AT	  Pilot	  Plant	  takes	  the	  larger	  step	  toward	  DEMO,	  though	  s-ll	  leaves	  a	  
large	  gap	  in	  fusion	  gain.	  	  A	  stellarator	  could	  close	  that	  gap.	  	  

How	  do	  they	  compare	  in	  readiness	  to	  move	  forward?	  



FNF Readiness Assessment 
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Given the fusion science and technology advances that 
could reduce risks and could be achieved world-wide in the 
next 10 years… 
 
What would be the state of readiness for an FNF to 
proceed with engineering design 10 years from now? 



Readiness Comparison: Plasma Config. / Ops.  
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In the next 10 years: 

•  Science basis for high-performance, steady-state plasma control, mostly 
with H and D plasmas, will advance.  ITER will begin to operate. 

•  Large advances in simulation capabilities for reliable plasma 
extrapolations could be made. 

•  Progress in divertor physics beyond ITER needs is likely but, given 
timescales for testing new solutions, significant risks will remain.  

•  Disruption risks will remain for tokamaks. 
–  But, the necessity of eliminating disruptions for EAST, KSTAR, and ITER to accomplish 

their missions may motivate advances that will mitigate tokamak disruption risks. 

Readiness for a tokamak FNF 10 years from now will be 
determined by simulation, divertors, disruptions. 

Readiness for FNSF-AT and AT Pilot Plant are similar. 



Readiness for a Stellarator Pilot Plant? 
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In the next 10 years: 
•  Science basis for high-performance, steady-state, diverted plasma 

operation will advance via LHD and W7-X.  
•  Physics basis for compact stellarators (CS) based on magnetic quasi-

symmetry could be greatly expanded, though limited to short pulses. 
•  Large advances in simulation capabilities for reliable plasma 

extrapolations and simpler designs could be made. 

Readiness for a stellarator pilot plant based on LHD or 
W7-X will be determined by progress in those machines 

CS basis would be less mature, but its linkages to 
tokamak physics could mitigate its risks. 



Readiness Comparison: Plasma Control Technology  
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In the next 10 years: 

•  Significant advances in diagnostic, heating and current drive, fueling, 
and magnet  technologies are likely, but limited to ITER requirements. 

•  Initiatives to identify and start to develop new solutions for DEMO could 
further reduce FNF risks. 

•  Testing in ITER will barely begin. 

Readiness for an FNF 10 years from now 
will depend on investments beyond the needs of ITER. 

Readiness for FNSF-AT and Pilot Plant are similar. 



Readiness Comparison: In-Vessel Systems & Tritium  
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In the next 10 years: 
•  Advances in blankets, PFCs, and tritium technologies are likely, 

motivated by ITER and some ambitious plans for next-step FNFs. 
–  Significant risk reduction in 10 years requires large investments in 

facilities and programs. 
•  Irradiation testing results will be limited by the lack of a fusion-spectrum 

neutron irradiation facility. 

Readiness for an FNF 10 years from now will depend on 
investments in fusion nuclear science & technology. 
Risks for FNSF-AT and Pilot Plant will still be high. 

Materials-related risks for a Pilot Plant will be higher due 
to its longer component lifetime requirements. 



Readiness Comparison: Plant Integration  
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In the next 10 years: 

•  Progress will be determined by the goals set for FNF. 

FNSF-AT and Pilot Plant Readiness Comparison 

•  Either option  must ensure maintainability and tritium self-sufficiency.   

•  A pilot plant requires advances in energy conversion efficiency, wall-plug 
efficiency of heating and current drive systems, and maintenance 
technology that go beyond the requirements of an FNSF-AT. 

Integration-related risks for a Pilot Plant will be higher 
due to the broader scope of its mission. 



FNF Options Summary Assessment - 1 
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1.  Either option could make progress toward closing readiness gaps and 
reducing risks for DEMO.  
A pilot plant goes substantially farther toward DEMO than an 
FNSF-AT. 

2.  The risks can be significantly reduced for both options by considerably 
increasing the level of DEMO-oriented R&D investment.  
For a given amount of investment, the risks for proceeding with a 
pilot plant would be higher.  

3.  The risks could not be reduced to low levels for either option, but either 
could proceed 10 years from now with an accompanying strategy 
for accepting and managing risks. 

4.  Quantitative risk analysis must be fully integrated into the planning and 
management of fusion development programs. 



FNF Options Summary Assessment - 2 
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5.  Neither tokamak option can prototype a DEMO steady-state plasma 
control scenario, due to a large gap in QDT. Extrapolation would rely 
on simulation. 

6.  A stellarator path to DEMO would mitigate program risks associated 
with control of steady-state, high-gain plasmas and avoidance of 
disruptions, and could be the lowest risk path. 

7.  Five major R&D initiatives that could make a quantum improvement in 
readiness: 
•  Predictive simulation project 
•  Compact stellarator program based on magnetic quasi-symmetry 
•  DEMO diagnostics initiative 
•  Steady-state, non-nuclear divertor-plasma integration facility. 
•  Fusion-neutron materials irradiation facility initiative. 



Strategy Options for U.S. Stellarator Program 
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Option 1.  Develop Quasi-Symmetric (QS) Stellarators as a DEMO 
Solution 
•  Test the core physics in an experiment: operating limits, transport, 

energetic particle physics. 
•  Develop compatible solutions for steady-state power & particle exhaust. 
•  Continue to improve QS configurations, especially engineering 

properties (constructability, maintainability). 
•  Develop physics understanding and simulation capabilities needed to 

optimize designs, link to tokamaks, extrapolate to future machines. 

Option 2.  Embrace the W7-X / HELIAS line- piggyback on EU 
strategy. 
•  Selectively lead / contribute based on U.S. strengths, e.g. diagnostics, 

simulation. 



Current Situation 
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Currently U.S. has a small program in Option 1 (QS Stellarators) 
•  Experimental research at concept-exploration scale (HSX). 
•  Stellarator physics and engineering via LHD and W7-X collaboration.  
•  3D equilibrium analysis tools and applications, e.g. stellarator 

reconstruction, 3D divertor analysis, tokamak RMPs. 
•  QS evaluation for pilot plant mission. 
•  QS improvement / optimization research. 

A leadership-class U.S. program, including a major experiment, is 
needed soon for QS to play a role in DEMO decisions. 
•  Makes best use of existing knowledge and ITER, because of its physics 

connection to tokamaks. 
•  May be the most promising steady-state, disruption-free solution, but timely 

development is needed. 
•  Would likely attract high international interest, including contributions. 
•  DOE has included QUASAR (formerly NCSX) in its 10-year facility planning 

exercise. 
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QUASAR: Fusion Solutions, World-Leading Science 

Why Stellarators?: 
•  Robust solution to crucial MFE risks: disruptions and steady-state. 
Why QAS?: Unique among stellarator concepts, its near-equivalence to 
true axisymmetry means that QA: 
•  Moves forward on tokamak knowledge, including future results from 

ITER (as well from large stellarators LHD & W7X). 
•  Contributes to 3D tokamak science, e.g. response to 3D magnetic 

perturbations. 
•  Can be the most compact (lowest R/a) stellarator solution. 
➛ Fills a critical gap in world stellarator research.  
Why the U.S.? 
•  U.S. researchers have led QAS development. 
•  Its importance is internationally recognized and endorsed, but other 

countries have so far not filled the gap, limited by their capabilities or 
prior commitments. 

•  A robust QA program is an opportunity for U.S. world leadership in 
attacking problems that are central to the success of MFE. 
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Mission of QUASAR 
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•  Acquire the physics knowledge needed to evaluate compact stellarators as a 
fusion concept, and to advance the understanding of three-dimensional plasma 
physics for fusion and basic science. Specific objectives : 

•  Demonstrate conditions for high-beta disruption-free operation, compatible with 
bootstrap current and external transform in a compact stellarator configuration. 

•  Understand beta limits and limiting mechanisms in a low-aspect-ratio current-
carrying stellarator. 

•  Understand reduction of neoclassical transport by quasi-axisymmetric design. 
Exploit trim coils to study sensitivity to field perturbation. 

•  Understand confinement scaling and reduction of anomalous transport by flow-
shear control. Test new optimization strategies for reducing turbulent transport. 

•  Understand equilibrium islands and stabilization of neoclassical tearing- modes 
by choice of magnetic shear. 

•  Understand compatibility between power and particle exhaust methods and 
good core performance in a compact stellarator. 
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The QUASAR mission is the next step in 
advancing QA science. 

An Integrated Test of the QA Optimization Strategy 
•  Operating limits (beta, ratio of external to internal transform) and limiting 

mechanisms. 
•  Reduction of neoclassical and turbulent transport by QA design. 
•  Passive control of islands and instabilities 
•  Power and particle exhaust compatible with good core performance. 
Answers still-outstanding questions that still need to be answered. 
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The QUASAR Project Can Move Ahead Quickly 

…The work to go is substantial but 
well-understood. 
•  Fabricate remaining components, e.g. 

PF coils, cryostat, support base. 
•  Complete assembly and 

commissioning. 
•  Equip for research, including plasma 

heating, fueling, diagnostics, controls. 
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The largest risks have been retired. 
•  The 3D coils, vacuum vessel, and TF coils have been fabricated. 
•  Risky assembly operations have been demonstrated. 



NCSX 
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Divertors in Bean-tips 
divertor"

vacuum vessel"

• 	  Strong flux-expansion always"
  observed in bean-shaped     "
  cross-section.  Allows isolation of "
  PFC interaction."

•  Similar to expanded "
  boundary shaped-tokamak "
  configurations"
"
•   Possible divertor plate & liner  "
   geometries being studied"

pumps"

Field-line tracing in SOL"
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J.	  Lore,	  ORNL	  



J.	  Lore,	  ORNL	  



A Possible QS Program Centered on QUASAR 
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Re-plan ($5M, 1 year). 
•  Consider, e.g., re-packaging of project scope, new partnering arrangements, re-

evaluation of legacy equipment assumptions 
Facility Construction ($128M) 
•  Complete component fabrication, complete assembly, equip for research. 
•  Partnership with China, including in-kind contributions, could reduce U.S. 

construction costs by as much as ~30%.  
Facility Ops ($23 – 29M / year).  Similar to NSTX 
Upgrade equipment (after 1st plasma, ~$7-10M/year) 
•  Additional heating, diagnostics, PFC coverage, magnet power, etc. 
QS Stellarator Research  ($6 à 29M / year) 
•  NCSX research prep. à research operations. 
•  QS design improvement research. 
•  Design / planning for next step and roadmap to DEMO. 
•  Stellarator theory and international collaboration. 



Summary 
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•  Magnetic Fusion has entered the “DEMO era.”  Succeeding 
with ITER is the first imperative. 

•  There may be multiple next step Fusion Nuclear Facilities. 
How close will they come to a commercial power plant? 

•  Readiness for an FNF depends on large R&D investments, 
particularly in materials and fusion nuclear science and 
technology. 

•  A stellarator could be the lowest-risk path to an MFE DEMO. 
•  With QUASAR, we may have an opportunity to develop 

quasi-symmetric stellarators. 


