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Multiple technology facilities are needed to qualify materials 
and components for use in fusion power plants

• Material Plasma Exposure eXperiment (MPEX) – Plasma Material Interaction for 
neutron damaged materials (under construction)

• Blanket Component Test Facility (BCTF) – Testing of blanket components in 
nuclear and non-nuclear environments

• Fuel Cycle Test Facility (FCTF) – Handling of sufficient amounts of tritium and 
allow for full scale processing rates that are orders of magnitude higher than state 
of the art

• Fusion Prototypic Neutron Source (FPNS) – Exploring whether materials retain 
adequate properties and integrity for damage levels greater than 20–50 
displacements per atom (dpa) in a fusion neutron environment 

• Volumetric Neutron Source (VNS) – Examine components at scale for 
performance in the fusion nuclear environment
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Why don’t these facilities already exist?

• Many of these facilities are under construction internationally 
(UNITY-1 & 2, CHIMERA, LIBERTI, H3AT, IFMIF-DONES, etc.)

• The facilities are expensive, and many require the development 
of first-time use critical technologies.  All require challenging 
integration of complex systems.

• The development of a Fusion Pilot Plant (FPP) without 
verification of materials and components that can survive the 
integrated fusion environment carries significant risk.  

• This verification and qualification will be needed well beyond 
the development of an FPP.

• It is too expensive and takes to long to develop these facilities.  
It is too risky and costly to not develop these facilities.



Motivation: We have no way to test materials and components in a neutron 
environment that represents the harsh conditions of a fusion power plant



The evolution of PFC armor and structural materials (and thus property 
changes) in extreme radiation environments is highly complex, dynamic and 
difficult to predict
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Prior reports & recent events informed our discussions

2022 Whitehouse event to launch ‘Bold Decadal Vision’ and 
milestone-based public-private partnerships
2022 & 2023 demonstrations of fusion scientific gain from IFE 
in the US & 69 MJ fusion heating over 6 seconds in the UK



Criteria to Identify Facilities that: 

‘Best Serve Fusion and the Bold Decadal Vision’
- Urgency of timeline with decadal impact on fusion industry/science;
- Alignment with FESAC LRP and BDV;
- Response to Charge Questions: “potential to contribute to world-leading 

science & fusion technology” and “readiness for construction”
- Opportunities for partnerships that could accelerate timeline and/or reduce 

costs;
- Technology gaps that would be closed by a facility and/or contribution to 

world-leading fusion science

These criteria were applied holistically to our evaluation 
and also incorporated a preference for facilities that 
supported multiple fusion power plant concepts

No predetermined number of facilities in this category



US Consensus on Facilities that Best Serve Fusion

A strong consensus was developed in the Subcommittee that four facilities ‘Best Serve Fusion’ (in 
alphabetical order): Blanket Component Test Facility (BCTF), Fuel Cycle Test Facility (FCTF), Fusion 
Prototypic Neutron Source, and ITER. 

- Each of these facilities support multiple pathways to fusion energy, including ITER which 
has/will provide knowledge transfer about fusion technology & engineering experience at 
reactor scale, including system integration, precision engineering and quality control

The other eight facilities were all deemed ‘important’. Many of these facilities were associated 
with single-concept fusion confinement approaches

 These facilities are highly important and well-deserving of FES support

The readiness for construction varied significantly between all facilities



Evaluation of options for an FPNS: fusion neutron spectrum 
considerably harder than fission – introduces substantial gaseous and 
solid transmutant elements in structural materials closes to fusion 
engine



Fusion materials current readiness



Fusion materials current readiness: Radiation effects

0 – 5 years 5 – 15 years >15 years

• Table focuses on structural materials for first wall/vacuum vessel, but radiation stability & 

degradation of magnet (conducting coils & insulators) and on diagnostics (optical/electronic 

properties) are needed in the near term (< 10 dpa, up to 109 Gy)

Note:  He levels are for RAF/M, lower and higher values for other materials



Fusion materials current readiness

Note:  He levels are for RAF/M, lower and higher values for other materials

0 – 5 years 5 – 15 years >15 years

• Corrosion/compatibility knowledge to data largely based on isothermal exposures 

- Significant need for flowing loop testing + coupled MHD/E-M effects

Green = Adequate Knowledge Base Exists

Yellow = Partial Knowledge Base Exists

Red = Knowledge Base Does Not Exist or Completely Inadequate



Fusion materials database: Current readiness

0 – 5 years 5 – 15 years >15 years

Note:  He levels are for RAF/M, lower and higher values for other materials



Fusion Prototypic Neutron Source (FPNS)

• The need for an irradiation source to test and qualify materials has been recognized since 
the 1970s.

• Many facilities have been proposed, but in the U.S., only RTNS (I & II) were built and 
operated at < 0.1 dpa between 1979 and 1987

• IFMIF is being designed and technology prototyped by the Japan/EU (IFMIF EVEDA)
    - IFMIF cost estimated at >$1.25B 
    - DONES (essentially half-IFMIF) currently being pursued, estimated at ~$700M

• Multiple FESAC & community reports (e.g., RENEW, Gaps and Priorities, etc.) have 
promoted material testing in a prototypic fusion neutron spectrum 
  - More recently, the US APS-DPP Community Planning Process reiterated that FPNS is 
needed and assigned a high(est) priority ranking among needed new start facilities
  - In summer/fall 2022, EPRI hosted a 2-part workshop series to further discuss 
requirements for an FPNS and build consensus on timeline, with the emergence of private 
fusion companies



Operational performance requirements of FPNS 
relative to IFMIF (Fe equivalent)



Broad community evaluation of concepts submitted to RFI on FPNS 
has been completed

13 university, private industry, and national lab 
participants are working with every concept 
proposer to understand the merits.

Final report completed and submitted to DOE 
in April 2025
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In addition to the complete report, 
each subcommittee wrote a report 
with significantly more detailed 
information.



US FPNS Concepts



Summary of Technology Facilities & Research Needs
• New fusion facilities addressing critical technology and science gaps are urgently needed to 
meet the timelines of the private industry to provide economically-attractive fusion energy to 
the U.S. grid
 - FESAC Subcommittee developed a strong consensus that four facilities ‘Best Serve 

Fusion’ - BCTF, FCTF, FPNS and ITER. Each of these facilities support multiple pathways to 
fusion energy, including ITER which has/will provide knowledge transfer about fusion 
technology 

• FPNS risk reduction activity funded by DOE identified promising approaches and concluded 
that D-Li6 stripping source option (e.g., IFMIF, DONES, etc.) provides sufficiently prototypic 
testing environment for fusion 
• Recent community prioritization has emphasized the need, and the urgency, for expanding 
efforts in fusion technology related to materials development for applications in PMI, blankets, 
structural components – Note that many aspects of the materials & technology required for IFE 
shares strong commonality with MFE
• Most significant development needs include: Blanket technology, structural materials 
development for blankets, including environmental degradation and tritium 
permeation/retention, and 14 MeV prototypic neutron source
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The Special Competitiveness Studies Project (SCSP) 
recommends substantial investment in fusion

• “Fusion Forward: Powering America’s Future” was released in October 
2025.

• The SCSP report recommends that the U.S. “make a One-Time 
Investment of $10 Billion to Enable and Accelerate U.S. Fusion 
Commercialization.”

o “The DOE fusion program’s mission and budget should evolve into one that 
accelerates fusion R&D and industry-led demonstration activities.”

o “Building on existing FES funding levels, $10 billion in new funding should go 
towards a multi-pronged approach of . . . [b]uilding commercialization-
relevant R&D facilities to close scientific and technological gaps in key fusion 
components and systems needed to enable the National Fusion Goal and 
then build reliable power plants thereafter.”
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The U.S. DOE Fusion Science & Technology Roadmap 
proposes developments to close key fusion gaps

• “The U.S. will: 

o Build key infrastructure to address critical fusion 
materials and technology (FM&T) gaps;

o Innovate and advance the science and 
engineering of fusion; and 

o Grow the U.S. fusion ecosystem through 
domestic and international public-private 
partnerships, fostering new regional consortia, 
building research FS&T infrastructure and supply 
chains and fusion manufacturing networks.”

https://www.energy.gov/fusion-energy 

https://www.energy.gov/fusion-energy
https://www.energy.gov/fusion-energy
https://www.energy.gov/fusion-energy
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The U.S. Fusion Roadmap identifies 6 
core challenge areas and 8 infrastructure 
streams to close technology gaps
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The U.S. Fusion Roadmap proposes an aggressive approach to 
public and private sector facility development
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Multiple technology facilities are needed to qualify materials 
and components for use in fusion power plants

• Material Plasma Exposure eXperiment (MPEX) – Plasma Material Interaction for 
neutron damaged materials

• Blanket Component Test Facility (BCTF) – Testing of blanket components in 
nuclear and non-nuclear environments

• Fuel Cycle Test Facility (FCTF) – Handling of sufficient amounts of tritium and 
allow for full scale processing rates that are orders of magnitude higher than state 
of the art

• Fusion Prototypic Neutron Source (FPNS) – Exploring whether materials retain 
adequate properties and integrity for damage levels greater than 20–50 
displacements per atom (dpa) in a fusion neutron environment 

• Volumetric Neutron Source (VNS) – Examine components at scale for 
performance in the fusion nuclear environment
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DRGA

Unique Capabilities

• Full-reactor–lifetime exposure in 2 weeks

• Variable plasma density and 
temperature
Irradiated materials

• Liquid metals

Upstream 
dump region

Helicon 
region
Density
control

ECH region
Electron
temperature
control

ICH region
Ion 
temperature
control

PMI region
Material
exposure

Target Exchange Cart (TEC)
Transports target in-vacuum 
to analysis station

MPEX: World-class Plasma-
Material-Interaction facility underway
Operational in 2028



However, fusion structural materials have significant 

synergies with fission neutron damage*
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H. Tanigawa, E.Wakai  2012

❑“Only” the first few centimeters
 have  a high He/dpa ratio

❑ In addition this part of the blanket
 carries the highest thermo-
  mechanical loads

❑ Therefore, 
- fission reactor irradiations are
  still meaningful for a significant 
  fraction of  in-vessel components and 
the fusion blanket

❑Nevertheless, a dedicated fusion
  neutron source is indispensable,
  but has to focus on plasma-near
  materials and loading conditions 
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* A. Möslang, PFMC (2015) 
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Materials Science Evaluation: from neutronics to 
thermodynamics

Team: Jaime Marian (UCLA), Ying Yang (ORNL), Jason Trelewicz (SBU), Wahyu Setyawan (PNNL), Ethan Peterson (MIT), Lance 
Snead (SBU/MIT), and B.D. Wirth (UTK)



Materials Science Evaluation: from neutronics to 
thermodynamics

Concepts under consideration:
- ‘14-MeV’: ideal single-peaked 14-MeV neutron source
- ‘ITER-wc’: water-cooled equatorial plane first wall in 

ITER
- ’DEMO-hcll’: He-cooled Li-Pb blanket DEMO design.
- ’DEMO-hcpb’: He-cooled solid ceramic breeder DEMO 

design.
- ‘DONES-hftm’: D/Li-stripping source (high flux test 

module)



Damage production*

* J. Marian, W. Setyawan, Y. Yang, … and B.D. Wirth, Current Opinion in Solid State Materials Science 38 (2025) 101231. 



Defect production in high-energy displacement cascades*

Large scale molecular dynamics simulations to quantify defect 
production as a function of PKA energy 

V-4Cr-4Ti

SiC

W

Fe-9Cr

ITER 14-MeV sourceDONES

DEMO-hcll
DEMO-hcpb

* J. Marian, W. Setyawan, Y. Yang, … and B.D. Wirth, Current Opinion in 
Solid State Materials Science 38 (2025) 101231. 



Transmutation/Thermodynamic analysis* 

* J. Marian, W. Setyawan, Y. Yang, … and B.D. Wirth, Current Opinion in 
Solid State Materials Science 38 (2025) 101231. 

Includes calculation of solid transmutants, and thermodynamic phases

Eurofer97

10–6  10–5
 10–4

 10–3  10–2  >10–1

Molar fraction

Tungsten



Transmutation/Thermodynamic analysis* 

V-4Cr-4Ti

SiC

10–6  10–5
 10–4

 10–3  10–2  >10–1

Molar fraction

* J. Marian, W. Setyawan, Y. Yang, … and B.D. Wirth, Current Opinion in 
Solid State Materials Science 38 (2025) 101231. 

Includes calculation of solid transmutants, and thermodynamic phases



Materials – tritium issues require additional research



Status of vanadium alloys in fusion blankets*

• Corrosion, MHD and tritium barrier coatings 
require substantial R&D effort, and lack of stable 
coating technology led U.S. Fusion Materials 
Program to de-prioritize V-4Cr-4Ti alloys (shifted to 
dual-cooled lead-lithium blanket with SiC flow 
channel inserts and RAF/M structure)

*Ref: T. Muroga, J.M. Chen, V.M. Chernov, R.J. Kurtz, M. Le Flem, J. Nucl. Mater. 455 (2014) 263-286.
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