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      Fusion Nuclear Science and Technology  (FNST ) 

Fusion Power & Fuel Cycle Functions and 

Components 

From the edge of Plasma to TF Coils: 

1. Blanket Components (includ. FW) 

2. Plasma Interactive and High Heat Flux 

Components (divertor, limiter,  

rf, injector, diagnostics, etc. PFC elements) 

3. Vacuum Vessel & Shield Components 

4. Tritium Processing Systems 

5. Remote Maintenance Components 

 6. Heat Transport and Power Conversion 

Systems 

 Other Systems / Components affected  

by the Nuclear Environment: 

                

ARIES-AT  
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Fusion In-Vessel Components 

A. Power Extraction 

ï Convert energy of neutrons and 
secondary gammas/particles into heat 

ï Absorb plasma radiation and particles on 
the first wall 

ï Systems to Extract the heat (at high 
temperature, for energy conversion)  

B. Tritium Breeding 

ï Tritium breeding, must have lithium in 
some form, maybe multiplier  

ï Tritium extraction and control systems 

C. Radiation Shielding of the 
Vacuum Vessel 

D. Physical Boundary for the 
Plasma (inside VV, part of EM 
environment) 

 ARIES-AT  

Blanket and First Wall Functions 
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Blanket systems are complex and have many  

integrated functions, materials, and interfaces    

PbLi flow 

scheme 

PbLi 

breeder 

cooled by 

He 
Tritium Breeder  
Li2TiO3 (<2mm )  

First Wall  
(RAFS, F82H)  

Neutron Multiplier  
Be, Be 12Ti (<2mm )  

Surface Heat Flux  

Neutron Wall Load  

Ceramic 

breeder 

cooled by 

He 
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But, no blankets have ever been built or tested 

PbLi flow 

scheme 

PbLi 

breeder 

cooled by 

He 
Tritium Breeder  
Li2TiO3 (<2mm )  

First Wall  
(RAFS, F82H)  

Neutron Multiplier  
Be, Be 12Ti (<2mm )  

Surface Heat Flux  

Neutron Wall Load  

Ceramic 

breeder 

cooled by 

He 
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A. Power Extraction 
ïConvert kinetic energy of escaping plasma 

particles and neutrons into heat 

ïAbsorb plasma radiation 

ïExtract the heat (at high temperature, for 
energy conversion) 

B. Particle control 
ïNeutralize plasma particles so that 

impurities and helium can be pumped 

ïRecycle fuel particles to the edge 

C. Physical Boundary for the 
Plasma 

ïPhysical boundary surrounding the 
plasma, inside the vacuum vessel 

ïProvide access for pumping 

ïMust be compatible with plasma operation 

Divertor Functions 

Fusion In-vessel components 

ARIES-AT  
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A. Power Extraction 
ïConvert kinetic energy of escaping plasma 

particles and neutrons into heat 

ïAbsorb plasma radiation 

ïExtract the heat (at high temperature, for 
energy conversion) 

B. Particle control 
ïNeutralize plasma particles so that 

impurities and helium can be pumped 

ïRecycle fuel particles to the edge 

C. Physical Boundary for the 
Plasma 

ïPhysical boundary surrounding the 
plasma, inside the vacuum vessel 

ïProvide access for pumping 

ïMust be compatible with plasma operation 

Many say the divertor is the 
most difficult problem for 
fusion development 

Divertor Functions 

Fusion In-vessel components 



DEMO Helium Cooled Divertor Concepts,  

with Tungsten Armors and Heat Sinks  

W-Tube 

Cartridge 

FZK 

W/W brazed 

joint 

Jet holes  

W/Steel 

transition 

piece  

ARIES-CS T-Tube Helium Cooled Divertor 

20 mm  

Plate-divertor Concept 
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EU HEMJ Concept 
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Blanket/FW/Divertor Materials 

1. Tritium Breeding Material (Lithium in some form) 

  Liquid: Li, LiPb (Pb 15.7at%Li), lithium-containing molten salts (Flibe) 

  Solid: Li2O, Li4SiO4, Li2TiO3, Li2ZrO3 

2. Neutron Multiplier (for most blanket concepts) 

  Beryllium (Be, Be12Ti),        Lead (in LiPb) 

3. Coolant 

  ï Li, LiPb ï Molten Salt  ï Helium      ï Water 

4. Structural Material 

ïFerritic Steel (reference for DEMO) 

ïTungsten Alloys (for divertor, reference for DEMO) 

ï Longer-term: Vanadium alloy (compatible only with Li), and SiC/SiC, ODS 
ferritic steels 

5. MHD insulators (for concepts with self-cooled liquid metals) 

6. Thermal insulators (only in some concepts with dual coolants) 

7. Tritium Permeation Barriers (in some concepts) 

8. Neutron Attenuators and Reflectors 

9. Armors / plasma facing surface (W, Be) 



Neutrons  (fluence, spectrum, gradients, pulses) 

- Radiation Effects  - Tritium Production 

- Bulk Heating - Activation and Decay Heat 

Combined Loads, Multiple Environmental Effects  
- Thermal-chemical-mechanical-electrical-magnetic-nuclear 
interactions and synergistic effects 

- Interactions among physical elements of components  

Magnetic Fields  (3-components, gradients) 

-  Steady and Time-Varying Field 

Mechanical Forces  
-  Normal (steady, cyclic) and Off-Normal (pulsed) 

Heat Sources  (thermal gradients, pulses) 

-  Bulk (neutrons) - Surface (particles, radiation) 

Particle/Debris Fluxes  (energy, density, gradients) 

Fusion Nuclear Environment is complex & unique 
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And impossible to completely simulate 
 



12 

Theory/Modeling/Data 

Basic 
Separate 

Effects 

Multiple  

Interactions 

Partially  

Integrated 
Integrated 

Property 

Measurement 
Phenomena Exploration 

Non-Fusion Facilities 

Science-Based Framework for FNST R&D involves modeling 

and experiments in non-fusion and fusion facilities 

Design Codes 

Component 

ÅFusion Env. Exploration 

ÅConcept Screening 

ÅPerformance Verification 

Design 

Verification & 

Reliability Data 

Testing in Fusion Facilities 

(non neutron test stands, theory, computing 

fission reactors and accelerator-based 

neutron sources) 

ÅExperiments in non-fusion facilities are essential and are prerequisites to testing in 

fusion facilities 

ÅTesting in Fusion Facilities is NECESSARY to uncover new phenomena, validate 

the science, establish engineering feasibility, and develop components 
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Theory/Modeling/Data 

Basic 
Separate 

Effects 

Multiple  

Interactions 

Partially  

Integrated 
Integrated 

Property 

Measurement 
Phenomena Exploration 

Non-Fusion Facilities 

Where, How, and When can fusion testing be done?  

Design Codes 

Component 

ÅFusion Env. Exploration 

ÅConcept Screening 

ÅPerformance Verification 

Design 

Verification & 

Reliability Data 

Testing in Fusion Facilities 

(non neutron test stands, theory, computing 

fission reactors and accelerator-based 

neutron sources) 

ÅEspecially given that a fusion test device requires the successful operation of the 

components it is designed to test? 



14 

Theory/Modeling/Data 

Basic 
Separate 

Effects 

Multiple  

Interactions 

Partially  

Integrated 
Integrated 

Property 

Measurement 
Phenomena Exploration 

Non-Fusion Facilities 

ITER-TBM and FNSF can provide such a testing environment 

Design Codes 

Component 

ÅFusion Env. Exploration 

ÅConcept Screening 

ÅPerformance Verification 

Design 

Verification & 

Reliability Data 

Testing in Fusion Facilities 

(non neutron test stands, theory, computing, 

fission reactors and accelerator-based 

neutron sources) 

ITER TBM  

FNSF(s)  (CTF, VNS, ETFé) 



Use STAGES of development to  

bootstrap FNST Development 

ÁStage 0: Exploratory and qualification R&D 

ïUnderstand blanket and divertor single and multiple effects through 

modeling and experiments in simulated fusion conditions 

ïEnable and license Stage I testing  

ÁStage I Fusion Testing: Scientific Feasibility (.1-.3 MW.a/m2) 

ïEstablish scientific feasibility of basic functions under prompt responses 

and under the impact of rapid property changes in early life 

ïEnable and license Stage II testing 

ÁStage II Fusion Testing: Engineering Feasibility (~1-3 MW.a/m2) 

ïsatisfy basic functions & performance up to 10-20% of MTBF and Lifetime 

ïEnable and license Stage III testing 

ÁStage III Fusion Testing: Engineering Development (4-6 MW.a/m2) 

ïReliability Growth: Failure modes, effects, and rates and mean time to 

replace/fix components up to ~50% of Lifetime. 

ïVerify design and predict availability of components in DEMO 
15 
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ITER Provides Substantial Hardware Capabilities 

 for Testing of Blanket Systems 

Vacuum Vessel  

Bio-shield  

A PbLi loop Transporter 

located in the Port Cell 

Area  

He pipes to 

TCWS 

2.2 m 

TBM System (TBM + T-Extrac, 

Heat Transport/Exchangeé) 

Equatorial Port Plug 

Assy. 

TBM 

Assy 

Port 

Frame 

ÁITER has allocated 3  
equatorial ports  
(1.75 x 2.2 m2) for TBM testing 
ÁEach port can accommodate two 

modules (i.e. 6 TBMs max) 

ÁSpace and services in the port cell, 
TCWS building, tritium building and hot 
cells are also allocated 
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ITER Provides Substantial Hardware Capabilities 

 for Testing of Blanket Systems 

Vacuum Vessel  

Bio-shield  

A PbLi loop Transporter 

located in the Port Cell 

Area  

He pipes to 

TCWS 

2.2 m 

TBM System (TBM + T-Extrac, 

Heat Transport/Exchangeé) 

Equatorial Port Plug 

Assy. 

TBM 

Assy 

Port 

Frame 

ÁFluence in ITER is limited to 0.3 MW-y/m2 and ~300 

sec pulses at full power 

ÁITER can help with Stage I Fusion Testing 

ÁITER TBM is the most effective and least expensive to 

do Stage I but the time scale is long (DT 2027?) 

ÁWe need another facility for Stages II & III, if in parallel 

with ITER it can accelerate FNST development 
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Fusion Nuclear  

Science Facility  

(FNSF) MISSION  

The mission of FNSF is to test, 

develop, and qualify Fusion  

Nuclear Components (fusion 

power and fuel cycle technologies) in 

prototypical fusion power conditions. 

 

The FNSF facility will provide the 

necessary integrated testing 

environment of: 

Áhigh neutron and surface fluxes, 

steady state plasma (or long pulse 

with short dwell time),  

Áelectromagnetic fields,  

Álarge test area and volume, and  

Áhigh ñcumulative" neutron fluence. 

 

GA  

ORNL 
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Fusion Nuclear  

Science Facility  

(FNSF) CONCEPT 

Build a small size, low fusion power DT 

plasma-based device in which Fusion 

Nuclear Science and Technology 

(FNST) experiments can be performed 

in the relevant fusion environment:  

1- at the smallest possible scale, 

cost, and risk, and  

2- with practical strategy for 

solving the tritium consumption 

and supply issues for FNST 

development. 

 In MFE: small-size, low fusion power 

can be obtained in a low-Q (driven) 

plasma device, with normal 

conducting Cu magnets 

- Tokamak with Standard Aspect Ratio, 

A ~ 2.8 - 4 

- ST with Small Aspect Ratio, A ~ 1.5 



Regulator 

FNSF 

Fusion Nuclear  

Science Facility  

(FNSF) TARGETS AND REQUIREMENTS 

ÁPerformance (from past VNS studies) 

-1-2 MW/m2 neutron wall load  

-Long pulse (COT >2 weeks) 

->10 m2 test area for blanket/FW (divertor?) 

-30% availability for base machine 

ÁOperational strategy/capabilities 

-Tritium supply, e.g. base breeding blankets 

-Replacement of in-vessel components 

-Licensable for test component failures  

-Examination of tested components 

ÁOther possible capabilities/conditions 

-Typical magnetic field strength/gradients 

-Disruption conditions 

-Liquid Lithium  in blanket or divertor 

How to license such an 

experimental nuclear facility? 



Licensing an FNSF for Stage II and Stage II 

 via bootstrap methodology 

Á Having ITER TBM test results can help make the licensing case for 

an FNSF, but the timeline is not short (DT in 2027?) 

Á Possible Strategy to concurrently license an FNSF facility with ITER 

ï Vacuum vessel made from conventional material is main safety barrier 

ï All components inside the VV are designed to be robust, but can fail 

with acceptable safety consequences and replacement procedures (e.g. 

worker dose) 

ï Staged deployment and licensing to greater fluences based on results 

of previous stages of operation 

Á Issues and uncertainties with such a strategy 

ï VV has many windows, waveguides, pumping ducts, cooling loops, 

other extensions. Can ALL be made to survive full pressurization with 

He? Or is a large expansion tank viable? Containment building? 

ïHighly detailed ñFailure Modes and Effects Analysisò will be necessary, 

with supporting R&D in code development, testing and validation 

ï Timescale for licensing approval to higher fluence level may be long, 

including PIE on previous tests and delays to deploying new hardware. 
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FNST R&D needs in the near term  

ÁStage 0: Exploratory and qualification R&D 

ïUnderstand blanket and divertor single and multiple effects through 

modeling and experiments in simulated conditions 

ïEnable, qualify, license Stage I operations of the FNSF/ITER TBMs 

 

ÁA significantly expanded program of FNST experiments 

and simulation is needed  

ïExpansion in fusion nuclear scientists and research programs 

(~3x) 

ïMajor upgraded and new test facilities 

ïTheory and ñBlanket + Divertorò Simulation Project, failure modes 

and effects 

ïMainline concepts and fundamental research 
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It makes sense to support a US participation in TBM as a  

Ánear term driver for FNST research  

Áopportunity for international collaboration/benefit from world programs 

Áscreen multiple blankets and to get multiple data-sets  

from different machines  

Á to learn for FNSF from the ITER  

qualification and licensing  

process 

  

FNSF needs the same R&D already identified for 

US involvement in the ITER-TBM, and much more 

US TBM (from US study 2007) 

DCLL + CB modules 

Test Modules 

Predicative Capability Integration 

Tritium Systems 

1.  Thermofluid MHD    

2.  SiC FCI Fabrication and Properties   

3.  SiC/FS/PbLi Compatibility & Chemistry   

4.  RAFS Fabrication & Materials Prop. 

5.  Be Joining to FS for First Wall 

6.  Helium System Subcomponents Tests   

7.  PbLi/H2O Hydrogen Production Rates 

8.  TBM Diagnostics   

9. Ceramic Breeder Thermomechanics 

10.  Breeder/Multiplier Pebble Specifications 

11.  Partially Integrated Mockups Testing  

 

1. Transport Model Development  

2. Tritium Extraction from PbLi 

3. Tritium Extraction from He 

4. Purge gas composition & flow conditions 

 

System Integration 

Even if a US TBM was 

never installed and 

the US switches fully 

to FNSF at some 

point ï   not much of 

this effort could be 

considered wasted 



We need to move more rapidly toward more multiple and 

synergistic effects experiments for blanket/FW systems 
24 

PbLi Based Blanket 
Phenomena & Behavior 

Helium cooling of high 
heat flux surfaces 

(Blanket/FW & divertor) 

Functional Materials and  

Structural Materials 
Engineering 

Tritium Fuel Cycle and 
Tritium Production, 

control and accountancy 

R&D thrusts proposed by 
FNST working group in 
current FNS-PA activity 
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What is needed in the Medium Term? 

 An Integrated Thermofluid MHD Facility 

 
Synthesize separate effects 

knowledge into multiple effects 

 

Prepare for TBM and FNSF  
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Integrated multi-physics Simulation Basis  

Å A platform to streamline plasma chamber component design 

Å Utilizing a CAD-based solid component model as the common element 

across physical disciplines  

Å The multi-physical phenomena occurring in a fusion nuclear chamber 

system are modeled centering on CAD 

Å Many interfaces must be designed to facilitate information transfer, 

execution control, and post-processing visualization 

Validation/Verification  

CAD- 

Geometry  

Mesh services  

Adaptive mesh/ 

mesh refinement  

Visualization  

Neutronics 

Radiation 

damage rates  

Thermo-

fluid 

Structure/ 

thermo-

mechanics  

Species 

(e.g. T2) 

transport 

Electro-

magnetics 

Data 

Management: 

Interpolation  
Neutral format 

MHD 

Coupled effect 

Special 

module 

Database/Constitutive equations  

Radioactivity 
Transmutation 

Time step 

control for 

transient 

analysis  

Partitioning 

Parallelism  

 Safety  



Concluding Remarks  

ÁUpgrade/build test and capability in many areas of FNST 
 upgrade high heat flux test stand; multiple PbLi flow loops to study MHD, 

tritium transport and extraction, corrosion, chemistry control, He cooling 
concepts for FW and liquid metal divertors   

 

ÁInitiate structural/functional materials engineering 
  Joining, forming, testing for ferritic steel, SiC flow channel inserts, W-based 

PFCs and coatings, ceramic breeder and multiplier materials 
 

ÁEnhance and integrate key simulation capabilities 
 plasma-surface interactions, thermofluids, liquid metal MHD, tritium cycle 
and transport, corrosion é disruption survivability and safety impacts 
 

ÁPlan for major multiple-effects tests 
 Facilities/testing - unit cell PbLi, Ceramic breeder mockups test, blanket sub-

modules in fission reactors, ITER TBM 
 

ÁStart exploring designs, investigating engineering and safety 
challenges, and planning for early construction of FNSF. 

 Each major world fusion program must build its own FNSF prior to 
DEMOéor collaborate on ours. Licensing is a challenge, Time lines are long 
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PbLi based breeder blanket R&D 

ÁUpgraded MHD flow studies test loops  

ïhigher fields (4-6 T), temperatures ( 700C)  

ï larger test volume/dimensions (~1 m3),  

ÁCharacteristic loop and test articles  

fabricated from prototypic fusion materials:  

FS, SiC FCIs 

ÁCorrosion, tritium studies and chemistry 

ïtest loops focused on specific effects 

 (e.g. multi-materials, B-field) 

ï In pile experiments on PbLi interface effects 

ÁImproved Measurement techniques in  

PbLi at high temperature and in pile. 

ÁEffective CFD and thermalhydraulic codes  

for 3D blanket geometry at high field 

ÁAccurate database on fundamental  

transport, thermophysical, and  

thermomechanical properties 
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UCLA MTOR Thermofluid/MHD facility 

MTOR PbLi loop extension 



Functional Materials - SiC Research Needs  

for Flow Channel Insert in PbLi blankets 

Á Fabrication of reduced thermal, electrical  

conductivity SIC structures, without overly  

degrading mechanical properties 

Á Thermomechanical behavior/cracking of  

inserts under significant thermal gradients  

(component failure definition) 

Á PbLi contact, wetting and infiltration in SiC  

structure porosity 

Á SiC tritium transport and barrier  

characteristics 

Á Interplay of creep and swelling and thermal  

expansion in complex ceramic structures 

Á Thermomechanical simulation capability taking into account above factors 

Á Impact of helium and conducting transmutation product buildup in SiC 

 

Less international work on this FCI aspect of SiC than on SiC structural materials 

and PbLi alloy development 



30 

Functional materials - Solid Breeder Material Research  

Á Thermomechanics of ceramic breeder and beryllium pebble 

materials and beds 

Á Breeder/Multiplier/structure interactive effects under nuclear heating 

and irradiation ï cycling, mass transfer, others 

Á Fabrication / improvement of ceramic breeder and multiplier 

materials: advanced forms (foams), advanced alloys (Be12Ti) 

Á Tritium transport in breeders, multipliers, purges and structures 

 
 

0.6 ï 0.8 mm Li2TiO3 pebbles (CEA) 0.2- 0.4 mm Li4SiO4 pebbles (FZK)   

US is not developing breeder materials, should we?  

but US industry involved in Be production  



Helium cooling of high heat 

flux surfaces (divertor /FW)  

31 

Above ï testing of EU HEMJ concept with 

helium coolant  

Below ï estimated maximum surface 

temperature of liquid metal divertor surfaces 

He is the main candidate for fusion reactor 

divertors and blanket coolant with W alloy 

divertors and FS blankets and FWs 

Basic science that needs to be strengthened 
ï Determining window of acceptable heat removal / flow rate 

/ pressure drop with flow configurations, heat sink surface 

texturing, other novel techniquesé 

ï Understanding helium flow instabilities in non-isothermal, 

complex geometry blanket and diverter cooling systems 

ï Impact of He impurities on evolution of material properties 

in conjunction with thermomechanical load 

ï Permeation/removal of tritium in high T / high P He  

ï (fabrication and joining issues discussed earlier) 

 

LM free surfaces should also be looked at.  
ï Significant progress could be made in understanding 

compatibility with plasma operations and impact of real 

MHD effects on flow and surface mobility 

 



R&D Thrust on Structural 

Materials Engineering 

Structural materials response in the fusion  

environment is key to operation, performance,  

reliability and safety of components (blankets,  

FW, divertors) 

Urgently need Materials Engineering focused on  

understanding fabrication, joining, and  

thermo-mechanical loading 

ï Key deficiency in US program, canôt  build mockups /  

test channels for research, certainly not an FSNF 

ï EU / Japan moving ahead with current RAFS steels  

while continuing long term research on advanced  

nano-composited F/M steels and other options (SiC, V in Japan) 

Basic science that needs to be strengthened or initiated 
ï Understanding the variables involved in joining/fabrication technologies that affect resultant material 

properties 

ï Development of non-destructive diagnostic techniques for similar and dissimilar joints 

ï Impact of thermomechanical loads, LM contact, and other in-service conditions on material behavior 

ï Novel techniques to investigate helium effects and other transmutation products on material properties 

300 

200 

Japanese Mockup 

300 

200 

JA RAFS Mockup 

JA RAFS Mockup 
W brush mockup 


