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Fusion T The Basics

In a fusion reaction, two hydrogen-like nuclei fuse to
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Fusion as an energy source

D+TA He (3.5 MeV) + n (14.1 MeV)
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How do we get energy from fusion?

How do we sustain energy from fusion?
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What are some key challenges in tritium breeding blankets?



Generating Electricity from Fusion Energy Requires
Meeting Three Scientific/Technological Challenges

SOLENOID COIL Find materials
e ————— that can handle extreme
conditions of reactor

POLOIDAL FIELD COIL

MAINTENANCE l l} .

VACUUM VESSEL

HEATING & CURRENT DRIVE DIVERTOR |D+T + ASHES

PUMPING
1
D"'b T ISOTOPE SEPARATION
Control, sustain, and predict —0D B .
a high temperature Hle Har.ness fusion power |
ndwt pkpi 4" rncuoc LI.\B q" by captyrlng _tr_le energy, b_reedlng
produce neutrons/heat sufficient tritium, and reliably

producing net electricity
Fusion Reactor Challenges 6



Technical readiness must be advanced rapidly
to meet goals

Creating and
sustaining a fusion
power source

Materials to survive in
the fusion
environment

N WO,

@ Fusion

pilot plant

Fuel self-sufficiency
and harnessing fusion
power

y

Imaginable Plausible Feasible Practical
Technical Readiness

Level (TRL) ® 0 6 66 6 66 0 © o0 O technical

Approximate

readiness today
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Blanket Structural Material Tritium Breeding
Components Selection Material Selection

Neutron Multiplier Coolant Material General Challenges
Material Selection Selection
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What is a blanket?

Functions
A Tritium breeding

A Heat generation/removal
A Shielding

& magnets

0 diagnostics

A Structure
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What is a blanket?

Components
A Structural Material

d Ocvgtkcnu"vjcv"fgpXv"dgeqog"j ki]
A Tritium breeding material
d n+6LiY “He + T +4.785 MeV
A Large probability of interaction at lower neutron energies

A Exothermic: produces additional energy!
d n+7LiY 4Jg" - " V2'5Mep X"
A Produces tritium and a neutron
A Multiplier material

0 Elements that produce more neutrons when hit with a
neutron

d Gngogpvu"vjcv"fgpXv"cduqtd"pgwvtqgpu
A Coolant
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What is a blanket?

Components
A Structural Material

d Reduced activation materials

A Tritium breeding material
8 n+6LiY “He + T + 4.785 MeV
A Large cross section at thermal energies
A Exothermic: produces additional energy!
d n+7LiY 4 g" - " V2'5Mep X"
A Produces tritium and a neutron
A Multiplier material
8 Elements that undergo (n,2n) reactions

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

A Be and Pb are best

A Coolant
% OAK RIDGE
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Structural Materials

History of Candidate Blanket Structural Materials

Non-
Steels Refractory General Metal
1970 316SS V || NbTaMoWTi |[Cu | Al
||
e 1980 | High Ni Ferritic
v \/ b
g-: ; ! : ! '
9_)5 1990 | High Mn l Low Research
c l *y AFM Activation reactor___
~ V_a”o L 4 L4 SiC/SiC
©| 2000 *: !
'4§ 5 Ti-Al
i Y ODSS =
S 2010 \  ITER ¥ v ,
=7 material
Shield  Out of ATF PFM Heat sink  ATF
2020 vessel ‘ Combustion
DEMO__ % Design people refused =~ A°sPace

% 0AK RIDGE T. Muroga, 3/29/2022
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Activation of Structural Materials

A D-T fusion creates waste

d Goal: Below Class C LowlLevel

Waste

A Common alloying elements

with long-lived radioisotopes

d Avoid Ni, Co, Mo, Nb, etc.

%QAK RIDGE
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Decay heat generation (MW)
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AMCR steel

7-12 MW at 1 s

-/—-..
I —
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RAFM steel
~ V-4Cr-4Ti

Dominated by tungsten
components, not blankets

SiC ——— |

10m 1h 6h 1d 7d 30d
Time after shutdown

1s 10s 1m

P. W. Humrickhousef;usion Science and Technolo@024, submitted)
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Activation of Structural Materials

A Low-activation Materials

A Reduced-Activation
Ferritic/Martensitic Steel T most
mature fusion material

A Vanadium Alloys T need development

A Silicon Carbide T need development

Total radiotoxity (Sv/GW)
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A comparison of total radiotoxicity of PWR, Fusion, and GEN IV reactors
1.00E+11

1.00E+10

1.00E+09
~&— MSFR

—e—rus1 = Valloy, L}O
—a—FUs2 = RAFM steel,PbLi

1.00E+08
®

1.00E+07 &
FUs3 = RAFM steel, LiSIO,
1.00E+06 —e—rusa = SiCcomposite, PbLi
-0, = RAFM steel,PbLi
1.00E+05 g RO . . .
—e—Fuse = SiCcomposite, LisSIO,
1.00E+04 —8—PWR
—e— COAL
1.00E+03
1.00E+02
1 10 100 1000 10000

Years after shutdown

M. Zucchetti, Fusion Engineering and Desigri36 (2018) 1529-1533.



Decay Heat

DH<104 104<DH<103103<DH<10-2102<DH<10?! 101<DH<10° 10°<DH<10!

kW/kg

Top half of box:  at 10 years
Bottom half of box:  at 102 years

316 Stainless Steel

stable
isotopes

stable

Based on C. B. A. Forty, et al., Handbook of Fusion Activation Data; Part 1.
Elements Hydrogen to Zirconium, AEA FUS 180, May, 1992. Assumes 4.15
MW/m 2 for 25 years
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Decay Heat

DH<104 104<DH<103103<DH<10-2102<DH<10?! 101<DH<10° 10°<DH<10!

kW/kg

Top half of box:  at 10 years

Bottom half of box:  at 102 years
Inconel 718

no

stable

Based on C. B. A. Forty, et al., Handbook of Fusion Activation Data; Part 1.
Elements Hydrogen to Zirconium, AEA FUS 180, May, 1992. Assumes 4.15
MW/m 2 for 25 years

%OAK RIDG

National Laboratory



Decay Heat

DH<104 104<DH<103103<DH<10-2102<DH<10?! 10'<DH<10° 10°<DH<10!

kW/kg

Top half of box:  at 10 years
Bottom half of box:  at 102 years

RAFM Steel

stable

Based on C. B. A. Forty, et al., Handbook of Fusion Activation Data; Part 1.
Elements Hydrogen to Zirconium, AEA FUS 180, May, 1992. Assumes 4.15
MW/m 2 for 25 years
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Alloy concentrations to meet Class C disposal

unlimited 10% 1% 1% .01% .001% .0001% .00001%

Top half of box: hard spectrum
Bottom half of box: soft spectrum

316 Stainless
Steel

stable
isotopes

no
stable
isotopes

From: Piet,et al., 74 K p ktedration of Accident Safety, Waste Management, Recycling, Effluent, and Maintenance
Considerations for Low-Activation Oc v g t kusianureéchnology, Vol. 19, Jan. 1991, pp. 146-161.
Assumes 5 MW/m 2 for 4 years;and E. T. Cheng, T, E q p e g p kirhits of Ngtyral Elements

%OAK RIDGE in Low Activation Oc v g t kresented|at ICFRM-8, Sendai, Japan,October 1997
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Alloy concentrations to meet Class C disposal

unlimited 10% 1% 1% .01% .001% .0001% .00001%

-
Top half of box: hard spectrum ..
Bottom half of box: soft spectrum

41 | 42 o
stable
N b M 0 isotopes

Inconel 718

35

no
stable
isotopes

From: Piet,et al., 74 K p ktedration of Accident Safety, Waste Management, Recycling, Effluent, and Maintenance
Considerations for Low-Activation Oc v g t kusianureéchnology, Vol. 19, Jan. 1991, pp. 146-161.
Assumes 5 MW/m 2 for 4 years;and E. T. Cheng, T, E q p e g p kirhits of Ngtyral Elements
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Alloy concentrations to meet Class C disposal

unlimited 10% 1% 1% .01% .001% .0001% .00001%

Top half of box: hard spectrum
Bottom half of box: soft spectrum

RAFM Steel

stable
isotopes

stable
isotopes

From: Piet,et al., 74 K p ktedration of Accident Safety, Waste Management, Recycling, Effluent, and Maintenance
Considerations for Low-Activation Oc v g t kusianureéchnology, Vol. 19, Jan. 1991, pp. 146-161.
Assumes 5 MW/m 2 for 4 years;and E. T. Cheng, T, E q p e g p kirhits of Ngtyral Elements

%OAK RIDGE in Low Activation Oc v g t kresented|at ICFRM-8, Sendai, Japan,October 1997
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What is a blanket?

Components
A Structural Material

d Reduced activation materials

A Tritium breeding material T Tritium Breeding Ratio
>1

& n+8LiY “He + T + 4.785 MeV
A Large cross section at thermal energies

A Exothermic: produces additional energy
d n+7LiY 4J g" - " V2'5Mep X"
A Produces tritium and a neutron
A Multiplier material

d Elements that undergo (n,2n) reactions

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

A Be and Pb are best

‘é !S ation;(li Laboratory



Tritium Breeding Materials

He Manifolds Ph-Li

Grid Plate S'$ FC!

A qu u Id M etaIS a MagnetOhyd rOdynamIC X. R. Wanget al., Fusion Science and Technologyol. 67, no. 1,
5 Li challenges (2017) 193-219

5 PbLij Relatively low melt temperature n

A Solid Ceramics & More structure required :
o " ’

o Li,TiOg, LKSIO,, and many others possible S.Sharafat etal,, Fusion Engifte
Design 109-111 (2016) 119-127

A Molten Salts 3 Highly Corrosive n

6 FLiBe (2LIF + Bek) High melt temperature n

8 FLiNaBe(LiF + NaF + BeR) Lower TBRn

%OAK RIDGE https:// www.psfc.mit.edu /news/2022/tu
National Laboratory rning -neutrons -into -fusion-fuel



Tritium Breeding Ratio for Different Materials

2 T T T = 3
: ® | B
| These go higher = .__I"-"
| with multiplier ) '
| addi . 32

15 135,
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Local Tritium Breeding Ratio
(==Y
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Ceramic Breeders Liquid Breeders

L. EFGuebaly. " k p " uHwukqgp" Gpgti {"cpf"Rqyagt
Vgej pgnqgi kgu"cpf "Ejcnngpigu4y"*4237

solid breeder: helium is separate from coolant stream
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Lithium Enrichment

n+6LiY “He + T + 4.785 MeV

A Large cross section at thermal energies
A Exothermic: produces additional energy

A Li®is only 7.5% of natural lithium

N+7LY 43 g" - " \2'5Me\Vp X"

A Produces tritium and a neutron

How do you get desirable quantities of Li®?
A Enrichment!

%OAK RIDGE
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(barns)

Cross Section

104

102

10-2

10-4

10-%

102 1

¢ w— JEFF-3.2: LI-6(N,T)HE-4
¢ == TENDL-2015: LI-7(H,T)HE-5
. - =—— JEFF-3.2: BE-9(N,T)LI-7

== TENDL-2815: B-16(H,T)BE-8
¢+ = JEFF-3.2: B-11(H,T)BE-9

= JEFF-3.2: F-19(N,T)0-17 -

~ JEFF-3.2: N-14(N,T)C-12

102 1
Incident Energy (MeU)



Methods of Breeding Tritium

Liquid Metal - Li Liquid Metal - PbLi Solid Ceramic Molten Salt - FLiBe

Good TBR;may not need
6Li enrichment

Low T,o; = 180°C

Traditionally paired with
Vanadium alloy or
RAFM steel structure

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

High tritium
solubility/inventory,
different extraction
techniques needed

Electrical insulators
required for MFE
%OAK RIDGE

National Laboratory

Good TBR,but with SLi
enrichment

Low T,o = 235 °C

Traditionally paired with
RAFM steel orSiC
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 TBRrequires Be
multiplier addition,
structure minimization

Traditionally paired with
RAFM steel structure
and He or H,O coolant

Better material
compatibility than
liquids

Simpler & more mature
tritium extraction

Require replacement

Evolution under irradiation
important

Good TBRmay require Be
multiplier addition

High T, = 460 °C

Corrosion a significant
concern

Structural material solution
unclear

Low electrical conductivity
High heat capacity
Low thermal conductivity

High viscosity



What is a blanket?

Components
A Structural Material

d Reduced activation materials

A Tritium breeding material
8 n+6LiY “He + T + 4.785 MeV
A Large cross section at thermal energies
A Exothermic: produces additional energy!
d n+7LiY 4 g" - " V2'5Mep X"
A Produces tritium and a neutron
A Multiplier material
d Elements that undergo (n,2n) reactions

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

A Be and Pb are best

A Coolant
% OAK RIDGE
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Multiplier Materials

A TBR = 1A every fusion neutron produces tritium (unlikely)

d Need more neutrons!

L] ' L L L] L) | / L} LJ L) ' Ll 0 |
X 10 5 9mﬂﬁC€§
—: %Be (n, 2n) reaction | 4 PP T g e Ji
— : 208Ph (n, 2n) reaction 1. CZ:O% ece o e8eod 300‘
1+ | > < © 0o © 0® (P
— 10 O © © O ©
@ ® o eiill® o L
g 19 = : 03 ¢ «
c _ 107 oo © 0% &
£ 107 o £ ¢ oo T
o o e | &
0 o % © ©
@ = 10 P
o 3 - % e
E HLBOFNAPCKSYHC (u!(;a!A!s Br Rb Y l:b Tc!lih A!g I!n S!b!l G la Pr!PmE!u I!b!Hon!Lu!T!a R!e! I!r!Au I Bi
510_‘_ 34 104 HeBe C N NeMgSi S ArCa Ti Cr Fe Ni In Ge Se Kr Sr Ir Mo Ru Pd (d Sn Te Xe Ba Ce Nd Sm Gd Dy Er Yb Hf W Os Pt Hg Pb
< % .
© (n,2n) reaction rates
10° © (n,y) reaction rates
10.6- -4 T l Ll Ll Al i | l Ll Al L) L) l L) L) Ll Ll l L) Ll L) L) l L) Ll L) Ll l T Ll L) L) l L) L) L) L] l L) L)
1 1 1 1 1 1
1 - 1 1 ' 10 1 0 Be 10 20 30 40 50 60 70 80 Pb
Neutron incident energy (MeV) Z
M. Nakamichj in Comprehensive Nuclear Materids? ed (2020). F. HemandezFusion Engineering and Desidi37(2018) 243256.
%OAK RIDGE
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Lead, Beryllium and Beryllides

Must be in liquid form Solid T high melt temperature Solid T high melt temperature
Low radiation damage Toxic Toxic
Toxic Swelling due to irradiation Limits swelling
Impurities (Bismuth) Tritium breeding; low tritium Limits chemical reactions
o diffusivity (retention) - _ _
A Activation products Tritium breeding; no retention
_ _ Highly exothermic reaction with air _ _
High (n, 2n) cross section and water Large number of different beryllide
_ _ _ compounds; some hard to work with
Relatively high total absorption cross Impurities (Uranium)
section Impurities (Uranium)

High (n, 2n) cross section _ _ _
Higher total absorption cross section

Low total absorption cross section than Be

Decreased atom density of Be

%OAK RIDGE
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What is a blanket?

Components
A Structural Material

d Reduced activation materials

A Tritium breeding material
8 n+6LiY “He + T + 4.785 MeV
A Large cross section at thermal energies
A Exothermic: produces additional energy!
d n+7LiY 4 g" - " V2'5Mep X"
A Produces tritium and a neutron
A Multiplier material
8 Elements that undergo (n,2n) reactions

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

A Be and Pb are best

A Coolant
%OAK RIDGE
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Blanket Cooling

Heat Removal
A Remove heat from First Walll

d plasma
d neutrons

A Remove heat due to volumetric heating
0 heating in structural materials
0 heat produced in exothermic reactions
0 decay heat

A Use for power conversion

%OAK RIDGE

National Laboratory

First wall heat flux

Volumetric Heating



PbLi Flow

Cooling mechanisms .

S-mim_SiC FCI

He-cooled

Dual-Cooled First Wall
A Uses a separate coolant and breeding material

*

484 mm
A

A Examples:
0 Dual-Cooled Lead Lithium (DCLL)
0 Helium-Cooled Ceramic Breeder (HCCB) | Trtium Breeder
0 Water-Cooled Ceramic Breeder (WCCB) : N

M. S.Tillack and S. Malang, "High performancePbLi blanket,” 17th IEEE/NPSS Symposium
Fusion Engineering

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

First Wall
(RAFS, F82H)

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

FLiNaBe

Poloidal
View

Self-Cooled

A Uses the same coolant and breeding material

Be pebble bed

A Examples FLINaBe In

C. Wong,Fusion Eng. Des72 (2004) 245-275.

0 Self-Cooled Lead Lithium (SCLL)
o Self-Cooled Molten Salt

%OAK RIDGE
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Coolants and Their Challenges

(+) Inert (-) Steam reactions bad (-) MHD pressure drop (-) High viscous pressure

. . dro
() Low thermal (-) Tritiated water bad (+) High thermal conductivity g
conductivity () High pressure system (9) Corrosive é()) nSdouTt?\\;\i/tf;at poor thermal
(+) High specific heat : - +) Reasonable melt
capacity é?p';'cgit@wec'f'c heat t(eanerature (-) Highly Corrosive
(-) High pressure system (+) Wellknown pumping Reactivity (-) High melt temperature
(-) Bad neutron shield systems A (-) Lithium highly reactive (+) High specific heat

with water and air capacity

(+) Neutron shield A (+) PbLiLess reaciive | |
(+) Breeding material

Specific Heat Capacity

(+) Neutron shield
A (9 Low specific heat
capacity (PbLi)

A (+) High specific heat
capacity (Li)

(+) Breeding Material

%OAK RIDGE
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As we are making tritium, tritium migration is occurring

8E-4

Tritium
management is
a key challenge

Tritium
retention and
transport in

Desorption Flux (mol/m?/s)
&
.

In fusion UEVEHELS 264
reactors affects fuel , . |
R CyCIe and Safety 0 200 400 600 800

Temperature (C)

Temperature distribution of
outboard blanket (midplane)

%OAK RIDGE
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How do we get and sustain energy from
fusion?

A Breeding tritium from lithium
0 solid ceramic
0 liquid metal
0 molten salt
A Make more neutrons with neutron multipliers
o Pb
o0 Be/Beryllides

A Heating for power conversion

%OAK RIDGE

National Laboratory

What are some main challenges?

A Material activation and decay heat
0 Requires careful material selection
A Damage to solid structures
0 need to shield sensitive components
A Large heat load

0 Careful selection of Breeding/Multiplier/Coolant
material combinations

0 Magnetohydrodynamic effects with electrically
conductive liquids

A Tritum management



ORNL Is working on these problems

!ﬁ S P
g

Build Blanket and Fuel

Leverage design Cycle Test Stands in | R
) expertise and collaboration with
| : world-leading public and private
| f 3 computation to sector partners to

advance private support a Blanket and

B=0,0,10 sector FPP des sel Cycle Test

10T toroidal mag, ficld FaCIIIty
Knowledge

Transfer

Coordinate wi Resolve key
foundational R&D teasibility and
Issues through integration issues
experiments and through integral
simulation scale experiments
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Questions?
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