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Monica, the Human Being
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In a fusion reaction, two hydrogen-like nuclei fuse to 
rtqfweg"jgnkwo"ҿTgngcukpi"nctig"coqwpvu"qh"gpgti{

Fusion ҭ The Basics

80% goes

to generate
electricity

20% goes

to sustain
reaction

Energy
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Fusion as an energy source

How do we get energy from fusion?

How do we sustain energy from fusion?

D+T Ą He (3.5 MeV) + n (14.1 MeV)

What are some key challenges in tritium breeding blankets?
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Generating Electricity from Fusion Energy Requires 
Meeting Three Scientific/Technological Challenges

Find materials 
that can handle extreme 

conditions of reactor

Control, sustain, and predict 
a high temperature 
ҵdwtpkpiҶ"rncuoc"vq"

produce neutrons/heat

Harness fusion power  
by capturing the energy, breeding 

sufficient tritium, and reliably 
producing net electricity

6Fusion Reactor Challenges
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Technical readiness must be advanced rapidly 
to meet goals

Imaginable Plausible Feasible Practical

Fusion 
pilot plant

Technical Readiness 

Level (TRL) 1 2 3 4 5 6 7 8 9

Approximate 

technical 
readiness today

Creating and 
sustaining a fusion 
power source

Materials to survive in 
the fusion 
environment

Fuel self-sufficiency 
and harnessing fusion 
power 
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Blanket 
Components

Structural Material 
Selection

Tritium Breeding 
Material Selection 

Neutron Multiplier 
Material Selection

Coolant Material 
Selection

General Challenges
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What is a blanket?

Functions
ÅTritium breeding

ÅHeat generation/removal

ÅShielding

ð magnets

ð diagnostics

ÅStructure
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What is a blanket?

Components
ÅStructural Material

ð Ocvgtkcnu"vjcv"fqpҲv"dgeqog"jkijn{"tcfkqcevkxg

ÅTritium breeding material

ð n + 6Li Ÿ 4He + T + 4.785 MeV

Å Large probability of interaction at lower neutron energies

Å Exothermic: produces additional energy!

ð n + 7Li Ÿ 4Jg"-"V"-"pҲ"- 2.5 MeV

Å Produces tritium and a neutron

ÅMultiplier material

ð Elements that produce more neutrons when hit with a 
neutron

ð Gngogpvu"vjcv"fqpҲv"cduqtd"pgwvtqpu

ÅCoolant
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What is a blanket?

Components
ÅStructural Material

ð Reduced activation materials

ÅTritium breeding material

ð n + 6Li Ÿ 4He + T + 4.785 MeV

Å Large cross section at thermal energies

Å Exothermic: produces additional energy!

ð n + 7Li Ÿ 4Jg"-"V"-"pҲ"- 2.5 MeV

Å Produces tritium and a neutron

ÅMultiplier material

ð Elements that undergo (n,2n) reactions

ð High (n,2n) cross section and low total absorption 
cross section

Å Be and Pb are best

ÅCoolant
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Structural Materials

T. Muroga, 3/29/2022
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Activation of Structural Materials

ÅD-T fusion creates waste

ðGoal: Below Class C Low-Level 
Waste

ÅCommon alloying elements 
with long-lived radioisotopes

ðAvoid Ni, Co, Mo, Nb, etc.

P. W. Humrickhouse, Fusion Science and Technology (2024, submitted)

7-12 MW at 1 s

Dominated by tungsten 
components, not blankets
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= V alloy, Li2O

= RAFM steel, PbLi

= RAFM steel, Li4SiO4

= SiC composite, PbLi

= RAFM steel, PbLi

= SiC composite, Li4SiO4

Activation of Structural Materials

ÅLow-activation Materials

Å Reduced-Activation 
Ferritic/Martensitic Steel ҭ most 
mature fusion material

Å Vanadium Alloys ҭ need development

Å Silicon Carbide ҭ need development

M. Zucchetti, Fusion Engineering and Design 136 (2018) 1529-1533.
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Decay Heat

RAFM Steel
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Alloy concentrations to meet Class C disposal

From:  Piet, et al., ҵKpkvkcn Integration of Accident Safety, Waste Management, Recycling, Effluent, and Maintenance 

Considerations for Low-Activation  OcvgtkcnuҶ. Fusion Technology , Vol. 19, Jan. 1991, pp. 146-161.   
Assumes 5 MW/m 2 for 4 years; and E. T. Cheng, ҵEqpegpvtcvkqp Limits  of  Natural Elements 
in Low Activation  OcvgtkcnuҶ. presented at ICFRM-8, Sendai, Japan,October 1997
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Alloy concentrations to meet Class C disposal

From:  Piet, et al., ҵKpkvkcn Integration of Accident Safety, Waste Management, Recycling, Effluent, and Maintenance 

Considerations for Low-Activation  OcvgtkcnuҶ. Fusion Technology , Vol. 19, Jan. 1991, pp. 146-161.   
Assumes 5 MW/m 2 for 4 years; and E. T. Cheng, ҵEqpegpvtcvkqp Limits  of  Natural Elements 
in Low Activation  OcvgtkcnuҶ. presented at ICFRM-8, Sendai, Japan,October 1997
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Alloy concentrations to meet Class C disposal

From:  Piet, et al., ҵKpkvkcn Integration of Accident Safety, Waste Management, Recycling, Effluent, and Maintenance 

Considerations for Low-Activation  OcvgtkcnuҶ. Fusion Technology , Vol. 19, Jan. 1991, pp. 146-161.   
Assumes 5 MW/m 2 for 4 years; and E. T. Cheng, ҵEqpegpvtcvkqp Limits  of  Natural Elements 
in Low Activation  OcvgtkcnuҶ. presented at ICFRM-8, Sendai, Japan,October 1997
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What is a blanket?

Components
ÅStructural Material

ð Reduced activation materials

ÅTritium breeding material ҭ Tritium Breeding Ratio 
>1

ð n + 6Li Ÿ 4He + T + 4.785 MeV

Å Large cross section at thermal energies

Å Exothermic: produces additional energy

ð n + 7Li Ÿ 4Jg"-"V"-"pҲ"- 2.5 MeV

Å Produces tritium and a neutron

ÅMultiplier material

ð Elements that undergo (n,2n) reactions

ð High (n,2n) cross section and low total absorption 
cross section

Å Be and Pb are best

ÅCoolant
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Tritium Breeding Materials

ÅLiquid Metals
ð Li

ð PbLi

ÅSolid Ceramics

ð Li2TiO3, Li4SiO4, and many others possible

ÅMolten Salts
ð FLiBe (2LiF + BeF2)

ð FLiNaBe (LiF + NaF + BeF2)

https:// www.psfc.mit.edu /news/2022/tu
rning -neutrons -into -fusion-fuel

S. Sharafat et al., Fusion Engineering and 
Design 109-111 (2016) 119-127

High melt temperature ṋ

ă Highly Corrosive ṋ

X. R. Wang et al., Fusion Science and Technology, vol. 67, no. 1, 

(2017) 193-219

 

ă Magnetohydrodynamic  
challenges

Relatively low melt temperature ṉ

ă More structure required

Lower TBR ṋ
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Tritium Breeding Ratio for Different Materials

L. El-Guebaly."kp"ҵHwukqp"Gpgti{"cpf"Rqygt<"Crrnkecvkqpu."
Vgejpqnqikgu"cpf"EjcnngpiguҶ"*4237+

These go higher 
with multiplier 
addition

2m

solid breeder: helium is separate from coolant stream
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Lithium Enrichment

n + 6Li Ÿ 4He + T + 4.785 MeV

Å Large cross section at thermal energies

Å Exothermic: produces additional energy

Å Li6 is only 7.5% of natural lithium

n + 7Li Ÿ 4Jg"-"V"-"pҲ"- 2.5 MeV
Å Produces tritium and a neutron 

How do you get desirable quantities of Li6? 
 Ą Enrichment!
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Methods of Breeding Tritium

Good TBR; may not need 
6Li enrichment

Low Tmelt = 180 °C

Traditionally paired with 
Vanadium alloy or 
RAFM steel structure

Very high chemical 
reactivity with H 2O and 
air (safety issue)

High tritium 
solubility/inventory, 
different extraction 
techniques needed

Electrical insulators 
required for MFE

Good TBR, but with 6Li 
enrichment

Low Tmelt = 235 °C

Traditionally paired with 
RAFM steel or SiC 
structure

Much lower chemical 
reactivity than pure Li

Low T/high T design 
options

Material compatibility at 
high T may require 
coatings

Electrical insulators 
required for MFE

Good TBR requires Be 
multiplier addition, 
structure minimization

Traditionally paired with 
RAFM steel structure 
and He or H2O coolant

Better material 
compatibility than 
liquids

Simpler & more mature 
tritium extraction

Require replacement

Evolution under irradiation 
important

Good TBR may require Be 
multiplier addition

High Tmelt = 460 °C

Corrosion a significant 
concern

Structural material solution 
unclear

Low electrical conductivity

High heat capacity

Low thermal conductivity

High viscosity

Liquid Metal - Li Liquid Metal - PbLi Solid Ceramic Molten Salt - FLiBe
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What is a blanket?

Components
ÅStructural Material

ð Reduced activation materials

ÅTritium breeding material

ð n + 6Li Ÿ 4He + T + 4.785 MeV

Å Large cross section at thermal energies

Å Exothermic: produces additional energy!

ð n + 7Li Ÿ 4Jg"-"V"-"pҲ"- 2.5 MeV

Å Produces tritium and a neutron

ÅMultiplier material

ð Elements that undergo (n,2n) reactions

ð High (n,2n) cross section and low total absorption 
cross section

Å Be and Pb are best

ÅCoolant
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Multiplier Materials

ÅTBR = 1 Ą every fusion neutron produces tritium (unlikely)

ð Need more neutrons!

F. Hernandez, Fusion Engineering and Design 137 (2018) 243-256.M. Nakamichi, in Comprehensive Nuclear Materials 2nd ed (2020).

Be Pb
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Lead, Beryllium and Beryllides

Must be in liquid form

Low radiation damage

Toxic

Impurities (Bismuth)

ÅActivation products

High (n, 2n) cross section

Relatively high total absorption cross 
section

Solid ҭ high melt temperature

Toxic

Swelling due to irradiation

Tritium breeding; low tritium 
diffusivity (retention)

Highly exothermic reaction with air 
and water

Impurities (Uranium)

High (n, 2n) cross section

Low total absorption cross section

Solid ҭ high melt temperature

Toxic

Limits swelling

Limits chemical reactions

Tritium breeding; no retention

Large number of different beryllide 
compounds; some hard to work with

Impurities (Uranium)

Higher total absorption cross section 
than Be

Decreased atom density of Be

Lead Beryllium Beryllides (eg, Be12Ti)
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What is a blanket?

Components
ÅStructural Material

ð Reduced activation materials

ÅTritium breeding material

ð n + 6Li Ÿ 4He + T + 4.785 MeV

Å Large cross section at thermal energies

Å Exothermic: produces additional energy!

ð n + 7Li Ÿ 4Jg"-"V"-"pҲ"- 2.5 MeV

Å Produces tritium and a neutron

ÅMultiplier material

ð Elements that undergo (n,2n) reactions

ð High (n,2n) cross section and low total absorption 
cross section

Å Be and Pb are best

ÅCoolant
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Blanket Cooling

Heat Removal
ÅRemove heat from First Wall

ð plasma

ð neutrons

ÅRemove heat due to volumetric heating

ð heating in structural materials

ð heat produced in exothermic reactions

ð decay heat

ÅUse for power conversion

First wall heat flux

Volumetric Heating
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Cooling mechanisms

Dual-Cooled
ÅUses a separate coolant and breeding material

ÅExamples:

ð Dual-Cooled Lead Lithium (DCLL)

ð Helium-Cooled Ceramic Breeder (HCCB)

ð Water-Cooled Ceramic Breeder (WCCB)

M. Abdou (2015). Blanket/first wall challenges and required R&D on the pathway to DEMO. 
Fusion Engineering and Design. 

M. S. Tillack and S. Malang, "High performance PbLi blanket," 17th IEEE/NPSS Symposium 
Fusion Engineering 
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Cooling mechanisms

Self-Cooled
ÅUses the same coolant and breeding material

ÅExamples

ð Self-Cooled Lead Lithium (SCLL)

ð Self-Cooled Molten Salt

C. Wong, Fusion Eng. Des. 72 (2004) 245-275.
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Coolants and Their Challenges

(+) Inert

(-) Low thermal 
conductivity

(+) High specific heat 
capacity

(-) High pressure system

(-) Bad neutron shield

(-) Steam reactions bad 

(-) Tritiated water bad

(-) High pressure system

(+) High specific heat 
capacity

(+) Well-known pumping 
systems

(+) Neutron shield

(-) MHD pressure drop

(+) High thermal conductivity

(-) Corrosive

(+) Reasonable melt 
temperature

Reactivity

Å (-) Lithium highly reactive 
with water and air

Å (+) PbLi Less reactive

Specific Heat Capacity

Å (-) Low specific heat 
capacity (PbLi) 

Å (+) High specific heat 
capacity (Li)

(+) Breeding Material

(-) High viscous pressure 
drop

(-) Somewhat poor thermal 
conductivity

(-) Highly Corrosive

(-) High melt temperature

(+) High specific heat 
capacity

(+) Breeding material

(+) Neutron shield

Helium Water Liquid Metal Molten Salt
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As we are making tritium, tritium migration is occurring 

Tritium 
management is 
a key challenge 
in fusion 
reactors

Use tools such 
as TMAP8 to 
model tritium 
permeation 
through 
materials

Tritium 
retention and 
transport in 
materials 
affects fuel 
cycle and safety

Use component-
scale modeling 
to understand 
tritium transport 
conditions
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How do we get and sustain energy from 
fusion?

ÅBreeding tritium from lithium

ð solid ceramic 

ð liquid metal 

ð molten salt

ÅMake more neutrons with neutron multipliers

ð Pb

ð Be/Beryllides

ÅHeating for power conversion

What are some main challenges?

ÅMaterial activation and decay heat

ð Requires careful material selection

ÅDamage to solid structures

ð need to shield sensitive components

ÅLarge heat load

ð Careful selection of Breeding/Multiplier/Coolant 
material combinations

ð Magnetohydrodynamic effects with electrically 
conductive liquids

ÅTritium management
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ORNL is working on these problems

Leverage design 
expertise and 
world-leading 

computation to 
advance private 

sector FPP designs

Coordinate with 
foundational R&D 

issues through 
experiments  and 

simulation

Resolve key 
feasibility  and 

integration issues 
through integral 

scale experiments

Build Blanket and Fuel 
Cycle Test Stands in 

collaboration with 
public  and private 
sector partners to 

support a Blanket and 
Fuel Cycle Test 

Facility
Knowledge 

Transfer 
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Questions?
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