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Overview:
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• Introduction to nuclear fusion
• DT reaction and energetic 

distribution
• Fusion ignition and some devise 

types
• Inertial confinement and Magnetic 

(UKAEA approach)
• Tritium fuel production
• Neutron activation

• Inventory solutions – my area
• FISPACT-II introduction
• Fusion activation benchmark (FNS) Eurofusion
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Why nuclear fusion
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1. Clean (at the point of generation): helium is the by product of nuclear fusion

2. ‘Safe’: fusion does not rely on a chain reaction and therefore could be stopped 
rapidly

3. Fuel abundance: the fuels are abundant on earth. Deuterium can be found in sea 
water and tritium can be produced.

4. Baseload power generation: does not depend directly on environmental variables

5. Fuel efficiency: fusion produces a lot of energy per gram (c^2 is large!)

6. Shorter lived waste: fusion power plants are not expected to produce the very 
long lived, high level radioactive waste associated with nuclear fission



|

Nuclear fusion:
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Two nuclei react/merge together to form a single heavier nucleus:
• Reaction releases energy because the sum of masses of the two initial 

nuclei is greater than the mass of the final nucleus:

   

energy is distributed between the reaction
products.

<latexit sha1_base64="KgWEF0NVdLSuf9KIiMBqydqly8M="></latexit>

mI =
nX

i=1

mi, mF =
pX

j=1

mj

�E = (mI �mF )c
2

Wikipedia
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• Many types of nuclear fusion
-some aneutronic examples 

Nuclear fusion:

n_TOF winter school 20247

<latexit sha1_base64="95dq0mt21RT0i2MtpzpbYYV2NeU=">AAACMXicbVBJSwMxFM641rpVPXqJFqFSKDO1VL0VvfQiVLALdCOTvrahmYUkI5Zh/pIX/4l46UERr/4J0wWprQ8C3/IeL++zfc6kMs2RsbK6tr6xGduKb+/s7u0nDg4r0gsEhTL1uCdqNpHAmQtlxRSHmi+AODaHqj24HfvVRxCSee6DGvrQdEjPZV1GidJSO1FsXTQc23sKixClNT75ZbihPNzKzStpnJ2SUpSysplrPGV3UInO24mkmTEnhZeBNQNJNKtSO/Ha6Hg0cMBVlBMp65bpq2ZIhGKUQxRvBBJ8QgekB3UNXeKAbIaTiyN8ppUO7npCP1fhiTo/ERJHyqFj606HqL5c9Mbif149UN2rZshcP1Dg0umibsCxzmIcH+4wAVTxoQaECqb/immfCEKVDjmuQ7AWT14GlWzGymfy97lk4WYWRwwdo1OUQha6RAVURCVURhQ9ozf0jj6MF2NkfBpf09YVYzZzhP6U8f0DBaKoRw==</latexit>

3
He +

3
He !4

He + 2P(12.9MeV)

<latexit sha1_base64="8DHHIzZFuZ6VtWQAYE+5YQ63roo="></latexit>

D+
3
He !4

He(3.67MeV) + P(14.68MeV)

<latexit sha1_base64="8v/6TDVX5Vd28Ra9FaOm93OgIwQ="></latexit>

p +
11
B ! 3

4
He + (8.7MeV)

•  
 
 - low abundance of Helium-3

•  
 
-low abundance of Helium-3 and high ignition temperature

•  
-high ignition temperature

*aneutronic is when any neutrons carry away no more than 1% of the 
energy
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DT (deuterium – tritium) fusion

• Greatest cross section
• Deuterium is abundant and can be extracted from water (33 g in every cubic m of 

sea water)
• Tritium is not abundant, with a half life of ~12.3 years

• Tritium breeding
Task:
We know the masses:

What is the energy released per reaction?
Note: Atomic mass unit 

<latexit sha1_base64="wllWdjAEwgNNMFaIxvLY+yjS8j0=">AAACK3icbVDLTgIxFO3gC/GFunTTSExckRkgqAsTgi5cYsIrYSaTTinQ0HYmbceETPgfN/6KC134iFv/wwKzUPAmTc7j3tzeE0SMKm3bH1ZmbX1jcyu7ndvZ3ds/yB8etVUYS0xaOGSh7AZIEUYFaWmqGelGkiAeMNIJxjczv/NApKKhaOpJRDyOhoIOKEbaSH6+zv1beA1LRdupxNB1c9xvGl42vJpyF7FohIxYKdp2ORWF4Y7hVzD28wXboFnBVeCkoADSavj5F7cf4pgToTFDSvUcO9JegqSmmJFpzo0ViRAeoyHpGSgQJ8pL5rdO4ZlR+nAQSvOEhnP190SCuFITHphOjvRILXsz8T+vF+vBpZdQEcWaCLxYNIgZ1CGcBQf7VBKs2cQAhCU1f4V4hCTC2sSbMyE4yyevgnap6FSL1ftKoVZP48iCE3AKzoEDLkAN3IEGaAEMHsEzeAPv1pP1an1aX4vWjJXOHIM/ZX3/ABAfoEo=</latexit>

mD = 2.014u

mT = 3.016u

m↵ = 4.003u

mn = 1.009u
<latexit sha1_base64="PxsqwkAxscU3FWW3TCHbZ7Hc5Ts=">AAACCXicbVDLSsNAFJ34rPUVdelmsAhuDEmR1I1QdOOygn1AE8tkOmmHTiZhZiKWkK0bf8WNC0Xc+gfu/BunbRbaeuDC4Zx7ufeeIGFUKtv+NpaWV1bX1ksb5c2t7Z1dc2+/JeNUYNLEMYtFJ0CSMMpJU1HFSCcRBEUBI+1gdDXx2/dESBrzWzVOiB+hAachxUhpqWfC9MKxXNeBnqIRkdCx77LTai33oiB+yEaDvGdWbMueAi4SpyAVUKDRM7+8fozTiHCFGZKy69iJ8jMkFMWM5GUvlSRBeIQGpKspR3qtn00/yeGxVvowjIUuruBU/T2RoUjKcRTozgipoZz3JuJ/XjdV4bmfUZ6kinA8WxSmDKoYTmKBfSoIVmysCcKC6lshHiKBsNLhlXUIzvzLi6RVtRzXcm/OKvXLIo4SOARH4AQ4oAbq4Bo0QBNg8AiewSt4M56MF+Pd+Ji1LhnFzAH4A+PzB8bbmIs=</latexit>

u = 1.661⇥ 10�27kg

<latexit sha1_base64="md9DCuIaDijl/tpYfsknGUpUtwM=">AAACKnicbVBJTwIxFO64Im6oRy9VYmJCQmaQoBcTXA4cMWFLGCCdUqChM520HSOZzO/x4l/xwkFDvPpDLAxxAV/S5Fvea/s+x2dUKtOcGCura+sbm4mt5PbO7t5+6uCwJnkgMKlizrhoOEgSRj1SVVQx0vAFQa7DSN0Z3k39+iMRknKvokY+abmo79EexUhpqZO6sV2HP4X3USYGlQhew3bOPolpKcq0L36IrXg7/01JBDNQ35E2s+as4DKw5iAN5lXupMZ2l+PAJZ7CDEnZtExftUIkFMWMREk7kMRHeIj6pKmhh1wiW+Fs1QieaaULe1zo4yk4U39PhMiVcuQ6utNFaiAXvan4n9cMVO+qFVLPDxTxcPxQL2BQcTjNDXapIFixkQYIC6r/CvEACYSVTjepQ7AWV14GtVzWKmQLD/l08XYeRwIcg1NwDixwCYqgBMqgCjB4Bq/gDbwbL8bYmBgfceuKMZ85An/K+PwC9O6mXA==</latexit>

D+T =
2
H+

3
H !4

He + n

Nuclear fusion - UKAEA
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Energy:

This is the Q-value for DT fusion.

DT fusion energy

n_TOF winter school 20249

<latexit sha1_base64="H3Njd9K+yF6Rl/ZEGmmxx5AuR8c="></latexit>

E = �mc2

= (mD +mT �m↵ �mn)c
2

= 2.818⇥ 10�12J

= 17.6MeV

D T

a n
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Distribution:
• Fusion particles are slow (10 keV ) – nonrelativistic

• Kinetic energy

• Momentum is conserved 

DT fusion energy distribution
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<latexit sha1_base64="7tYpxaGmF4SMYEK8ebY4TzS7bKs=">AAACJHicbVDLSsNAFJ3UV62vqEs3g0UQhJIEqYIIRTcuW7APaNowmU7aoZNJmJkUSujHuPFX3LjwgQs3fovTNgvbemDgcM653LnHjxmVyrK+jdza+sbmVn67sLO7t39gHh41ZJQITOo4YpFo+UgSRjmpK6oYacWCoNBnpOkP76d+c0SEpBF/VOOYdELU5zSgGCkteeZNDd5CNxAIp/YkdSah5yIWDxAcZaTrwIvFANce7zqu65lFq2TNAFeJnZEiyFD1zA+3F+EkJFxhhqRs21asOikSimJGJgU3kSRGeIj6pK0pRyGRnXR25ASeaaUHg0joxxWcqX8nUhRKOQ59nQyRGshlbyr+57UTFVx3UsrjRBGO54uChEEVwWljsEcFwYqNNUFYUP1XiAdIF6J0rwVdgr188ippOCW7XCrXLouVu6yOPDgBp+Ac2OAKVMADqII6wOAJvIA38G48G6/Gp/E1j+aMbOYYLMD4+QXxnKPN</latexit>

Q =
1

2
m↵v

2
↵ +

1

2
mnv

2
n

<latexit sha1_base64="5lLsCBTkwpIqu8RGcYTPAwJdFNc=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqsyIVDdC0Y3LCvYBbRnupGkbmmSGJFMoQxdu/BU3LhRx60e4829M21lo64ELJ+fcy809YcyZNp737eTW1jc2t/LbhZ3dvf0D9/CooaNEEVonEY9UKwRNOZO0bpjhtBUrCiLktBmObmd+c0yVZpF8MJOYdgUMJOszAsZKgVsUgcRjW9dYBB3g8RDsc0ECt+SVvTnwKvEzUkIZaoH71elFJBFUGsJB67bvxaabgjKMcDotdBJNYyAjGNC2pRIE1d10fsQUn1qlh/uRsiUNnqu/J1IQWk9EaDsFmKFe9mbif147Mf2rbspknBgqyWJRP+HYRHiWCO4xRYnhE0uAKGb/iskQFBBjcyvYEPzlk1dJ47zsV8qV+4tS9SaLI4+K6ASdIR9doiq6QzVURwQ9omf0it6cJ+fFeXc+Fq05J5s5Rn/gfP4AfbiXYw==</latexit>mnvn = m↵v↵

<latexit sha1_base64="0sXQ1rNZ65oGVv1bdBmxRv6O9ik="></latexit>

Ken =
m↵

mn +m↵
Q ⇡ 14.1MeV
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<latexit sha1_base64="dlWCeJWODstfEubJYrsoPdNlteQ=">AAACLHicbVDLSgMxFM34tr6qLt0EiyAIZcb3Rih2I4igYKvQKUMmvWNDk8yQZMQyzAe58VcEcaGIW7/DtB3E14HA4ZxzubknTDjTxnVfnbHxicmp6ZnZ0tz8wuJSeXmlqeNUUWjQmMfqOiQaOJPQMMxwuE4UEBFyuAp79YF/dQtKs1hemn4CbUFuJIsYJcZKQbnuizC+y04hD3zCky7BR9iPFKGZKIT8i+EtEcgcX9jITnVvNHgGzTwoV9yqOwT+S7yCVFCB86D85HdimgqQhnKidctzE9POiDKMcshLfqohIbRHbqBlqSQCdDsbHpvjDat0cBQr+6TBQ/X7REaE1n0R2qQgpqt/ewPxP6+VmuiwnTGZpAYkHS2KUo5NjAfN4Q5TQA3vW0KoYvavmHaJrcrYfku2BO/3yX9Jc7vq7Vf3L3YrteOijhm0htbRJvLQAaqhE3SOGoiie/SIXtCr8+A8O2/O+yg65hQzq+gHnI9PaNCnqw==</latexit>

Ke↵ =
m↵

m↵ +mn
Q = 3.5MeV

DT fusion energy distribution

n_TOF winter school 202411

<latexit sha1_base64="0sXQ1rNZ65oGVv1bdBmxRv6O9ik="></latexit>

Ken =
m↵

mn +m↵
Q ⇡ 14.1MeV

<latexit sha1_base64="hRWU15tJlPfxZXzKtYpybfUEFQ4="></latexit>

D+T =
2
H+

3
H !4

He(3.5MeV) + n(14.1MeV)

• Neutrons leave the plasma with 14.1 MeV
• Alphas stay in the plasma and deposit 3.5 MeV



|

A plasma is defined as ignited when the energy lost is less than the fusion energy.
• Neutrons (to a good approximation) do not heat the plasma
• Alpha interaction heats the plasma:

• Fusion rate:
• is the Maxwellian average of the cross section multiplied by the 

relative velocity

• are the deuterium and tritium number densities 
• Alpha-heating rate: 

Ignition condition:

n_TOF winter school 202412

<latexit sha1_base64="XYLYzZ5mvrtly04k7/OK4Qng400="></latexit>

PH =fV E↵, nD = nT =
1

2
n,

=
1

4
n2h�⌫iV E↵

<latexit sha1_base64="e5txRiY0l0kDXGgoca9rPq4xjeU=">AAACA3icbVBNS8NAEJ3Ur1q/ot70slgETyURqR6LXjxWsB/QhLLZbtqlm03Y3QglFLz4V7x4UMSrf8Kb/8ZtmoO2Phh4vDfDzLwg4Uxpx/m2Siura+sb5c3K1vbO7p69f9BWcSoJbZGYx7IbYEU5E7Slmea0m0iKo4DTTjC+mfmdByoVi8W9niTUj/BQsJARrI3Ut488jsWQU+QpNoww8kSKPJlLfbvq1JwcaJm4BalCgWbf/vIGMUkjKjThWKme6yTaz7DUjHA6rXipogkmYzykPUMFjqjys/yHKTo1ygCFsTQlNMrV3xMZjpSaRIHpjLAeqUVvJv7n9VIdXvkZE0mqqSDzRWHKkY7RLBA0YJISzSeGYCKZuRWREZaYaBNbxYTgLr68TNrnNbdeq99dVBvXRRxlOIYTOAMXLqEBt9CEFhB4hGd4hTfryXqx3q2PeWvJKmYO4Q+szx9ySZdq</latexit>

h�⌫i

<latexit sha1_base64="yuoyoFXoxtCassv+I5aBO4dllUc=">AAAB73icbVBNSwMxEJ34WetX1aOXYBE8SNkVqR6LevBYoV/QLks2zbah2eyaZIWy9E948aCIV/+ON/+NabsHbX0w8Hhvhpl5QSK4No7zjVZW19Y3Ngtbxe2d3b390sFhS8epoqxJYxGrTkA0E1yypuFGsE6iGIkCwdrB6Hbqt5+Y0jyWDTNOmBeRgeQhp8RYqSP9u3Ms/YZfKjsVZwa8TNyclCFH3S999foxTSMmDRVE667rJMbLiDKcCjYp9lLNEkJHZMC6lkoSMe1ls3sn+NQqfRzGypY0eKb+nshIpPU4CmxnRMxQL3pT8T+vm5rw2su4TFLDJJ0vClOBTYynz+M+V4waMbaEUMXtrZgOiSLU2IiKNgR38eVl0rqouNVK9eGyXLvJ4yjAMZzAGbhwBTW4hzo0gYKAZ3iFN/SIXtA7+pi3rqB85gj+AH3+AAZvj1M=</latexit>nD, nT

<latexit sha1_base64="m7vc7gVN/Y03ERC07xik2023utA=">AAACE3icbVDLSsNAFJ34rPUVdelmsAjVRUlEqhuhqAuXFfqCJoTJdNIOnZmEmYlQQv/Bjb/ixoUibt2482+ctllo64ELh3Pu5d57woRRpR3n21paXlldWy9sFDe3tnd27b39lopTiUkTxyyWnRApwqggTU01I51EEsRDRtrh8Gbitx+IVDQWDT1KiM9RX9CIYqSNFNinEbyCIrg11YAeQ6LPCPQU7XMEPZFCT86kcuMksEtOxZkCLhI3JyWQox7YX14vxiknQmOGlOq6TqL9DElNMSPjopcqkiA8RH3SNVQgTpSfTX8aw2Oj9GAUS1NCw6n6eyJDXKkRD00nR3qg5r2J+J/XTXV06WdUJKkmAs8WRSmDOoaTgGCPSoI1GxmCsKTmVogHSCKsTYxFE4I7//IiaZ1V3Gqlen9eql3ncRTAITgCZeCCC1ADd6AOmgCDR/AMXsGb9WS9WO/Wx6x1ycpnDsAfWJ8/nGWcJA==</latexit>

f = nDnT h�⌫i(T )
<latexit sha1_base64="KCeeoCFlujRV1DS8wDx+iireow0="></latexit>

h�⌫i =
Z 1

0
⌫2exp

✓
�m⌫2

2kT

◆
�(⌫)⌫d⌫
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Energy in the plasma

Rate of energy loss from the plasma

is the ‘energy confinement time’. The time energy is confined in the plasma.

Thermal energy lost from the plasma

n_TOF winter school 202413

<latexit sha1_base64="AJIHWAw4kFQCGmob2tOreE2i9c8="></latexit>

W =
3

2
(nD + nT + ne)kT, nD = nT = ne,

= 3nkT

<latexit sha1_base64="2T3v8OYUGYw9oOHskA/i9Df62l8=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1gEVyURqW6EogguXFSwD2hCmEwn7dDJg5mJUGIW/oobF4q49Tfc+TdO2yy09cCFwzn3cu89fsKZVJb1bSwsLi2vrJbWyusbm1vb5s5uS8apILRJYh6Ljo8l5SyiTcUUp51EUBz6nLb94dXYbz9QIVkc3atRQt0Q9yMWMIKVljxzv+HdogvkBAKTrJ1njsKpd517ZsWqWhOgeWIXpAIFGp755fRikoY0UoRjKbu2lSg3w0IxwmledlJJE0yGuE+7mkY4pNLNJvfn6EgrPRTEQlek0ET9PZHhUMpR6OvOEKuBnPXG4n9eN1XBuZuxKEkVjch0UZBypGI0DgP1mKBE8ZEmmAimb0VkgHUUSkdW1iHYsy/Pk9ZJ1a5Va3enlfplEUcJDuAQjsGGM6jDDTSgCQQe4Rle4c14Ml6Md+Nj2rpgFDN78AfG5w8kNZWT</latexit>

PL =
W

⌧E
<latexit sha1_base64="nLUFSCrmwLDdtx2SaGUqm7beAK0=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KolI9VgUwWMF+wFtKJvtpl262cTdiVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuLaiFg94DjhfkQHSoSCUbRSO+siTXu3k16p7FbcGcgy8XJShhz1Xumr249ZGnGFTFJjOp6boJ 9RjYJJPil2U8MTykZ0wDuWKhpx42ezeyfk1Cp9EsbalkIyU39PZDQyZhwFtjOiODSL3lT8z+ukGF75mVBJilyx+aIwlQRjMn2e9IXmDOXYEsq0sLcSNqSaMrQRFW0I3uLLy6R5XvGqler9Rbl2ncdRgGM4gTPw4BJqcAd1aAADCc/wCm/Oo/PivDsf89YVJ585gj9wPn8AMmKQFw==</latexit>⌧E
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Alpha heating rate needs to be greater than or 
equal to the energy loss rate by neutrons.

Lawson Criterion

For D-T fusion 

Lawson Criterion

n_TOF winter school 202414

<latexit sha1_base64="rZ6vf0AsCVH6fhmAH0yF5/F2p8E=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseilx48RLAf0ISw2W7apZtN3N0IJfRvePGgiFf/jDf/jds2B219MPB4b4aZeWHKmdK2/W2V1tY3NrfK25Wd3b39g+rhUUclmSS0TRKeyF6IFeVM0LZmmtNeKimOQ0674fh25nefqFQsEQ96klI/xkPBIkawNpLnBi3kDekjcoO7oFqz6/YcaJU4BalBATeofnmDhGQxFZpwrFTfsVPt51hqRjidVrxM0RSTMR7SvqECx1T5+fzmKTozygBFiTQlNJqrvydyHCs1iUPTGWM9UsveTPzP62c6uvZzJtJMU0EWi6KMI52gWQBowCQlmk8MwUQycysiIywx0SamignBWX55lXQu6k6j3ri/rDVvijjKcAKncA4OXEETWuBCGwik8Ayv8GZl1ov1bn0sWktWMXMMf2B9/gCe8pDI</latexit>

PH � PL

L. Packer

<latexit sha1_base64="JHR/gNDgelaZ8GFj4ajkzfjsOrU=">AAACEXicbVC7TsMwFHXKq5RXgZHFokLqQpQUKIwVCImxSPQhNWnkuE5r1XGC7SBVUX+BhV9hYQAhVjY2/ga3zQAtR7J07jn36voeP2ZUKsv6NnJLyyura/n1wsbm1vZOcXevKaNEYNLAEYtE20eSMMpJQ1HFSDsWBIU+Iy1/eDXxWw9ESBrxOzWKiRuiPqcBxUhpySuWOXQUSrxr6PTJPbTNM13TkEhoW920Yo1h2E2PT8bSK5Ys05oCLhI7IyWQoe4Vv5xehJOQcIUZkrJjW7FyUyQUxYyMC04iSYzwEPVJR1OO9FI3nV40hkda6cEgEvpxBafq74kUhVKOQl93hkgN5Lw3Ef/zOokKLtyU8jhRhOPZoiBhUEVwEg/sUUGwYiNNEBZU/xXiARIIKx1iQYdgz5+8SJoV066a1dvTUu0yiyMPDsAhKAMbnIMauAF10AAYPIJn8ArejCfjxXg3PmatOSOb2Qd/YHz+ALu2mxg=</latexit>

n⌧E � 1.5⇥ 1020m�3s

<latexit sha1_base64="rjL83eSp3vkA+ywz0Mg21FyNFEk="></latexit>

n⌧E � 12nkT

E↵h�⌫i(T )
<latexit sha1_base64="dmbCE+2aFigo5qHCR49CASQ7j6c=">AAACGHicbZDLSgMxFIYz9VbrbdSlm2ARXNUZL9WNUBRBEKGCvUCnlEx62oZmLiQZsQzzGG58FTcuFHHbnW9j2s6itv4Q+PnOOZyc3w05k8qyfozMwuLS8kp2Nbe2vrG5ZW7vVGUQCQoVGvBA1F0igTMfKoopDvVQAPFcDjW3fz2q155ASBb4j2oQQtMjXZ91GCVKo5Z5dNOKHcLDHknwJXY8N3iO7yCZhieFswm/h2rSMvNWwR oLzxs7NXmUqtwyh047oJEHvqKcSNmwrVA1YyIUoxySnBNJCAntky40tPWJB7IZjw9L8IEmbdwJhH6+wmM6PRETT8qB5+pOj6ienK2N4H+1RqQ6F82Y+WGkwKeTRZ2IYxXgUUq4zQRQxQfaECqY/iumPSIIVTrLnA7Bnj153lSPC3axUHw4zZeu0jiyaA/to0Nko3NUQreojCqIohf0hj7Qp/FqvBtfxvekNWOkM7voj4zhL8aNn58=</latexit>

E↵ = Ke↵ = 3.5MeV

G Bailey



|

Inertial confinement
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1. Laser beam rapidly, uniformly heats the DT cryogenic target surface.
2. Ablation (energetic evaporation, rocket like) of external layer (~108 cm/s) 

generates an imploding shock-wave travelling towards the centre.
3. Thermonuclear DT ignition, producing energy.

1 2 3
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Inertial confinement fusion fuel 
microcapsule

n_TOF winter school 202416

Source: LLNL 
and L Packer
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Currently there are two approaches:
• Direct drive:

• Laser focused directly onto the DT capsule
• Indirect drive:

• DT fuel is placed in a ‘hohlraum’ – a high Z container
• Laser is focused inside of the hohlraum, which creates a plasma that 

produces x-rays
1GW Power plant:
• Require 10 to 20 laser pulses each second
• Heat will produce steam to dive a turbine.

Wire array Z-Pinch is another technique.

Inertial confinement fusion

n_TOF winter school 202417
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Tokamak

Magnetic confinement

n_TOF winter school 202418

Some examples:

Stellarator

http://www.ipp.mpg.de/16900/w7x

Eurofusion

Wendelstein 7-X

• Plasma – a fully ionized homogeneous mix of 
ions and electrons (electrons no longer bound 
to nuclei)

• Primary transformer induces a current, which 
induces a poloidal magnetic field. This with the 
toroidal field makes a helical magnetic field.

• Fuel spirals along the helical field
• Beam shaped by outer poloidal fields
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JET: Joint European Torus

n_TOF winter school 202419 Eurofusion

JET
Record-breaking
Pulse 99,971
59MJ fusion energy
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JET record

n_TOF winter school 202420
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R=25 cm        
a=3 cm

Kink instability XR picture [UKAEA].

Plasma disruption at JET [source: EFDA].

Tokamak Instabilities
• Current driven instabilities

• Often the result of the twist being too 
large in a region

• Common example is the kink instability
• Density driven instabilities

• Changes in density cause increase in 
radiation 

• This causes cooling which in turn 
changes the conductivity of the plasma, 
this squeezes the current in the plasma 
core.

• The result is to change the twist of the 
magnetic field causing instability

• Common examples are ballooning and 
ELMS

• Micro-instabilities
• Consequence of turbulence rather than 

MHD effects
L. Packer
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Edge Localised modes (ELMs)
• Analogous to solar flares
• Reduce confinement and damage walls
• First observed on MAST
• Active research area
• Need to mitigate the ELMS

ELMs

L. Packer
UKAEA Mega Ampere 
Spherical Tokamak



|

Computational approach - UKAEA 

n_TOF winter school 202423

Graph presenting the 
production of tritium from 
Lithium

J Hagues

Monte Carlo neutron 
transport to create 
the neutron 
environment.
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The tokamak requires deuterium and tritium.
• Deuterium is stable
• Tritium has a half life of ~12.3 years

• 1 GW fusion power plant requires 
55.6 kg per full power year

Where does the tritium come from?
• CANDU reactors produce about 130 g per 

year (~25kg in stock)
• Need to produce tritium.

• Breeding blankets

Fuel

n_TOF winter school 202424

Neutronic performance issues of the breeding blanket options 
for the European DEMO fusion power plant. U. Fischer et al 

2016. Fusion Engineering and Design
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Tritium breeding

n_TOF winter school 202425
Neutronic performance issues of the breeding blanket options 
for the European DEMO fusion power plant. U. Fischer et al 

2016. Fusion Engineering and Design

• 14.1MeV neutrons are leaving the plasma

• Natural lithium ~95% Li-7 and 5% Li-6

<latexit sha1_base64="zrxElLe0E/D68429KtwkdxqEKbk="></latexit>

6
Li + n !4

He + T + (4.8MeV)

7
Li + n !4

He + T + n(-2.3MeV)

<latexit sha1_base64="hRWU15tJlPfxZXzKtYpybfUEFQ4="></latexit>

D+T =
2
H+

3
H !4

He(3.5MeV) + n(14.1MeV)
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Lithium-7

n_TOF winter school 202426 JANISWEB - OECD
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Lithium-6

n_TOF winter school 202427 JANISWEB - OECD
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Neutron spectrum inside of Lithium

n_TOF winter school 202428

Li
th

iu
m14 MeV 

neutrons

Simple OpenMC Monte Carlo simulation
- Not a large number of neutron histories
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Neutron down scattering by lithium

n_TOF winter school 202429
Not all cross sections JANIS
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Tritium production

n_TOF winter school 202430

G Bailey
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Tritium production

n_TOF winter school 202431
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• Natural lithium ~95% Li-7 
and 5% Li-6
• Approximately 19 times 

more Lithium-7 than 
Lithium-6

• Down scattering is 
dominated by Lithium-7 
due to its natural 
abundance

• Down scattered neutrons 
are ‘mopped-up’ by 
~200keV Li6(n,a)T peak.

Lithium

n_TOF winter school 202432
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When the lithium is behind a shield.
• Tungsten shield
• Increase thermalization
• Reduced neutron flux

Tritium production

n_TOF winter school 202433

Li
th

iu
m

14 MeV 
neutrons

- Not a large number of neutron histories
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• Facility (building, active gas handling, shielded
bunker, neutron source, cooling loops and
diagnostics)

• portfolio of research projects under parallel
workstreams

• physical and digital experiments

• portfolio of research projects under parallel
workstreams

LIBRTI aims to pave the way for fusion powerplant-
scale tritium breeding. It will demonstrate that for a
given neutron flux and lithium substrate, the
amount of bred tritium can be quantitatively
predicted and accurately, and reproducibly,
achieved.

• PhD and Postdoc positions in the future

LIBRTI
Lithium Breeding Tritium Innovation (LIBRTI) Program

n_TOF winter school 202434
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We have discussed that neutrons can transmutation Lithium to produce tritium.

Neutrons can transmute other materials, causing activation.

Where
is the number of nuclides of type i

is the cross section for i to j, as a function of energy
is the decay constant

is the neutron flux, as a function of energy

Neutron activation

n_TOF winter school 202435
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• Inventory equation can be rewritten in the form:

• Where N is a vector of nuclides
• A is a matrix of coefficients
• Collapsed cross section

• Solution would be of the form:

• How do we calculate the matrix exponential

Neutron activation – solutions

n_TOF winter school 202436
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Bateman solution
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The inventory equation can be solved with a Laplace transformation yielding 
the Bateman type solutions.

- expansion of exponentials
- here lambda can be decay or reaction (collapse of cross section with spectrum)
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Decay solutions:

Inventory equation solutions
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Task

What is the Bateman solution for this system?
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Caution if 
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Inventory equation solutions
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<latexit sha1_base64="WT/N+P4GoqwquxeiFTkN96guru4="></latexit>

lim
b!0

NB(t,�1, b) = NA(t = 0)�1e
��1tt
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Inventory equation solutions
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<latexit sha1_base64="WT/N+P4GoqwquxeiFTkN96guru4="></latexit>

lim
b!0

NB(t,�1, b) = NA(t = 0)�1e
��1tt
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Deviations from chains

n_TOF winter school 202441
Graph presenting the production of tritium from Lithium
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Activation loop
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<latexit sha1_base64="kdmAuj5qrBajJLDq+C27O1IFwzM="></latexit>

Ṅ1(t) = �N1�1 + �2N2

Ṅ2(t) = �N2�2 + �1N1

<latexit sha1_base64="FRt93Dgl506xl+bXvzQJ5j9ZI1k=">AAAB+XicbVDLSgMxFM3UV62vUZdugkWomzIjUt0IVTeuSgX7gHYomTTThmYyQ3KnUIb+iRsXirj1T9z5N6btLLT1QMLhnHtvbo4fC67Bcb6t3Nr6xuZWfruws7u3f2AfHjV1lCjKGjQSkWr7RDPBJWsAB8HasWIk9AVr+aP7md8aM6V5JJ9gEjMvJAPJA04JGKln291+BGltWoLzm9uauXt20Sk7c+BV4makiDLUe/aXGUGTkEmggmjdcZ0YvJQo4FSwaaGbaBYTOiID1jFUkpBpL51vPsVnRunjIFLmSMBz9XdHSkKtJ6FvKkMCQ73szcT/vE4CwbWXchknwCRdPBQkAkOEZzHgPleMgpgYQqjiZldMh0QRCiasggnBXf7yKmlelN1KufJ4WazeZXHk0Qk6RSXkoitURQ+ojhqIojF6Rq/ozUqtF+vd+liU5qys5xj9gfX5A/XtkpU=</latexit>

Ṅ(t) = AN(t)
<latexit sha1_base64="KcShbah2kZIT23Y7PuRrWDvt33E="></latexit>

A =


��1 �2

�1 ��2

�

<latexit sha1_base64="J/2Tdv193zWBFF46yka44gr1opM="></latexit>

�1 = 0, v1 = (�2,�1)

�2 = �(�1 + �2), v2 = (�1, 1)
<latexit sha1_base64="/OnA7ddY20Mx8W3rxeoOHTXVsHw=">AAACH3icbZDLSgMxFIYz9VbrrerSTbAIFaHMFKluhKIbV1LBXqCtQybNtKGZzJCcKZShb+LGV3HjQhFx17cxvSxq64EDP/93Dsn5vUhwDbY9tlJr6xubW+ntzM7u3v5B9vCopsNYUValoQhVwyOaCS5ZFTgI1ogUI4EnWN3r3014fcCU5qF8gmHE2gHpSu5zSsBYbrb0kIdzfIOp6+CBafactDTvBsRoGOELA4oGFBdA0QA3m7ML9rTwqnDmIofmVXGzP61OSOOASaCCaN107AjaCVHAqWCjTCvWLCK0T7qsaaQkAdPtZHrfCJ8Zp4P9UJmWgKfu4kZCAq2HgWcmAwI9vcwm5n+sGYN/3U64jGJgks4e8mOBIcSTsHCHK0ZBDI0gVHHzV0x7RBEKJtKMCcFZPnlV1IoFp1QoPV7myrfzONLoBJ2iPHLQFSqje1RBVUTRC3pDH+jTerXerS/rezaasuY7x+hPWeNf3D+f2g==</latexit>

N(t) = c1v1e
�1t + c2v2e

�2t

<latexit sha1_base64="pu4laqsU1QSKTeJaG5sslP8ebFI="></latexit>

N(t) =
n1 + n2

�1 + �2


�1

�2

�
+

�2n2 � �1n1

�1 + �2
e�(�1+�2)t


�1
1

�

where
<latexit sha1_base64="KjaiLX8ig1P2rrDnrsY732KW4uY=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqV6EqhePFewHtEvJptk2NMmuSXahLP0dXjwo4tUf481/Y9ruQasPBh7vzTAzL4g508Z1v5zCyura+kZxs7S1vbO7V94/aOkoUYQ2ScQj1QmwppxJ2jTMcNqJFcUi4LQdjG9nfjulSrNIPphJTH2Bh5KFjGBjJf86RVeop9lQYJT2yxW36s6B/hIvJxXI0eiXP3uDiCSCSkM41rrrubHxM6wMI5xOS71E0xiTMR7SrqUSC6r9bH70FJ1YZYDCSNmSBs3VnxMZFlpPRGA7BTYjvezNxP+8bmLCSz9jMk4MlWSxKEw4MhGaJYAGTFFi+MQSTBSztyIywgoTY3Mq2RC85Zf/ktZZ1atVa/fnlfpNHkcRjuAYTsGDC6jDHTSgCQQe4Qle4NVJnWfnzXlftBacfOYQfsH5+AZqfpE+</latexit>

Av = �v
Eigen equation
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Activation triangles

n_TOF winter school 202443

<latexit sha1_base64="QtfQUo6HakWqIpZ2DiD4Epal5sg="></latexit>

PAsubPT =

0

@
�a 0 c
a �b 0
0 b �c

1

A

<latexit sha1_base64="dRESOtSUp7USI/xE+xzYbsf/IoQ=">AAACFXicbVDLSgMxFM34rPU16tJNsAgupMyIVDdC1Y3LCvYBnWHIpGkbmmSGJFMoY3/Cjb/ixoUibgV3/o2ZdgRtPRBycs693NwTxowq7Thf1sLi0vLKamGtuL6xubVt7+w2VJRITOo4YpFshUgRRgWpa6oZacWSIB4y0gwH15nfHBKpaCTu9CgmPkc9QbsUI22kwD72FO1xBC+gl05pQOE9vByay2g/Svb0xoFdcsrOBHCeuDkpgRy1wP70OhFOOBEaM6RU23Vi7adIaooZGRe9RJEY4QHqkbahAnGi/HSy1RgeGqUDu5E0R2g4UX93pIgrNeKhqeRI99Wsl4n/ee1Ed8/9lIo40UTg6aBuwqCOYBYR7FBJsGYjQxCW1PwV4j6SCGsTZNGE4M6uPE8aJ2W3Uq7cnpaqV3kcBbAPDsARcMEZqIIbUAN1gMEDeAIv4NV6tJ6tN+t9Wrpg5T174A+sj29HWJ2o</latexit>

� = {�i|Avi = �ivi}
Which has one complex eigenvalue if a≈b and c<<1
• This is significant for initial time step estimate and error propagation of a 

numerical integrator
• Deviates away from conventional Bateman type solution

<latexit sha1_base64="GQrjLukltk+B7c57SlgS/vuDbcw=">AAACH3icbZDJSgNBEIZ7XGPcoh69NAZBEcJMkOhFCHrxJBHMApkx9HQqsbF7ZuiuEcKQN/Hiq3jxoIh4y9vYWQ5uBQU//1dFd/1hIoVB1x05c/MLi0vLuZX86tr6xmZha7th4lRzqPNYxroVMgNSRFBHgRJaiQamQgnN8P5izJsPoI2IoxscJBAo1o9ET3CG1uoUKlcHeEjPKO949ME23Ga+EX3FrMYhPbKgbEF5DAT1YwV9ZkGnUHRL7qToX+HNRJHMqtYpfPrdmKcKIuSSGdP23ASDjGkUXMIw76cGEsbvWR/aVkZMgQmyyX1Dum+dLu3F2naEdOJ+38iYMmagQjupGN6Z32xs/sfaKfZOg0xESYoQ8elDvVRSjOk4LNoVGjjKgRWMa2H/Svkd04yjjTRvQ/B+n/xXNMolr1KqXB8Xq+ezOHJkl+yRA+KRE1Ill6RG6oSTR/JMXsmb8+S8OO/Ox3R0zpnt7JAf5Yy+AMInn8o=</latexit>

N(t) = c1v1e
�1t + c2v2e

i!t
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• Linear chains
• Automate the Bateman linear chains solution

• CRAM (CHEBYSHEV RATIONAL APPROXIMATION 
METHOD )
• Approximates exp(At) on the the negative complex 

plan.

Computational inventory approaches
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<latexit sha1_base64="FRt93Dgl506xl+bXvzQJ5j9ZI1k=">AAAB+XicbVDLSgMxFM3UV62vUZdugkWomzIjUt0IVTeuSgX7gHYomTTThmYyQ3KnUIb+iRsXirj1T9z5N6btLLT1QMLhnHtvbo4fC67Bcb6t3Nr6xuZWfruws7u3f2AfHjV1lCjKGjQSkWr7RDPBJWsAB8HasWIk9AVr+aP7md8aM6V5JJ9gEjMvJAPJA04JGKln291+BGltWoLzm9uauXt20Sk7c+BV4makiDLUe/aXGUGTkEmggmjdcZ0YvJQo4FSwaaGbaBYTOiID1jFUkpBpL51vPsVnRunjIFLmSMBz9XdHSkKtJ6FvKkMCQ73szcT/vE4CwbWXchknwCRdPBQkAkOEZzHgPleMgpgYQqjiZldMh0QRCiasggnBXf7yKmlelN1KufJ4WazeZXHk0Qk6RSXkoitURQ+ojhqIojF6Rq/ozUqtF+vd+liU5qys5xj9gfX5A/XtkpU=</latexit>

Ṅ(t) = AN(t)

<latexit sha1_base64="mBEOglSJnIYa6KU3ma9/ajOvpw4="></latexit>

✏k,k = sup
x2R�

|rk,k(x)� ex| = inf
rk,k2⇡k,k

✓
sup
x2R�

|rk,k � ex|
◆

<latexit sha1_base64="H2PBlFLw2p07YHb3PxZXMYCSqu4="></latexit>

r̂kk(z) = ↵0 +
kX

i=1

↵i

z � ✓i
• Used in the fission industry
• Assumes eigen values of A are distributed near the negative real axis.
• Coefficients are available in M. Pusa’s thesis ‘Numerical methods for nuclear fuel 

burnup calculations’  (Recommend to read)
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FISPACT-II performs a full finite difference numerical integration of the inventory 
equation:

UKAEA Inventory approach
FISPACT-II
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• Variable is discretized on a lattice
• FISPACT-II discretizes in time

• Differentials are represented as a truncation of Taylor series on the lattice

• Backwards differential approximation
• A-stable

• Stable for large spectral range
• Coefficients are available online 
• Further details in the FISPACT-II manual

<latexit sha1_base64="2gUKM8xh6wWEJDe6v1gIyww8gmo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+x7/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6l1Wa/e1Sv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifPwiGjaU=</latexit>

t1
<latexit sha1_base64="VfQlbjz14oEvJ+wNqJlCEmczKxA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2lpoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/DEY38z8xyeujYjVA04S7kd0qEQoGEUr3WO/1i9X3Ko7B1klXk4qkKPZL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uwys/EypJkSu2WBSmkmBMZn+TgdCcoZxYQpkW9lbCRlRThjadkg3BW355lbRrVe+iWr+rVxrXeRxFOIFTOAcPLqEBt9CEFjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AEKCo2m</latexit>

t2
<latexit sha1_base64="gH6o9CeD6KKpOTNn4AxUghU0fxA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTSPfbP++WKW3XnIH+Jl5MK5Gj0y5+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiUnVhmQMNa2FJK5+nMio5ExkyiwnRHFkVn2ZuJ/XjfF8MrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll/+S1pnVe+iWrurVerXeRxFOIJjOAUPLqEOt9CAJjAYwhO8wKsjnWfnzXlftBacfOYQfsH5+AYLjo2n</latexit>

t3
<latexit sha1_base64="jTnJlG7rt+TGFMfMEiDd6yoxGvc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+yrfrniVt05yCrxclKBHI1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NTp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YYXvuZUEmKXLHFojCVBGMy+5sMhOYM5cQSyrSwtxI2opoytOmUbAje8surpHVR9S6rtftapX6Tx1GEEziFc/DgCupwBw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hD5zPH2T6jeI=</latexit>

tn
<latexit sha1_base64="R7WdwgZRGUxzXjyysgTvB+lOUes="></latexit>

y0(t) = f(t, y)
sX

k=0

akyn+k = h�f(tn+s, yn+s)
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• UKAEA nuclear burnup code
• Availed to download from the NEA-DB
• Free to use for research

FISPACT-II
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Irradiation scenario
• Time, spectrum 

Material definition
• Atomic composition

Nuclear data
• JENDL, TENDL, 

ENDF/B-VIII

FISPACT-II

Burnup
• New material definition

Dose
• Ingestion and contact

Heat

Displacement per atom 
(DPA)



| DPA

FISPACT-II
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Irradiation of Cobalt
Much more outputs
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Materials
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• Displacements per atom (DPA/dpa) is an atomic-level measure of neutron dose
• DPA is an integral measure that loses much of the information available from nuclear 
data?

The energy delivered to materials by the neutron bombardment is more severe 
than from fission
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FNS decay-heat
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• The Japan Atomic Energy Agency (JAEA) used their Fusion Neutron Source 
(FNS) to irradiate several materials.

• 2 mA deuteron beam onto a tritium target producing a fusion neutron flux 
(14MeV peak) ~10^10 n/cm2/s
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FISPACT-II FNS benchmark
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Tungsten example

M. R. Gilbert and J.C. Sublet (2018) used the FNS heat results to validate FISPACT-II for 73 materials.

• 73 different materials
• Developed into a simulation 

benchmark
• Tests:

• FISPACT-II
• Nuclear data libraries

• Fundamental for nuclear 
engineering 

• Waste predictions
• Material performance
• Service schedule

• Technician dose
• Tritium production
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Complex example:
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Latest Insights From EU-DEMO Activation Assessments, 
FEC 2023. G. Bailey et al
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• Introduction to nuclear fusion
• DT reaction and energetic distribution

• Fusion ignition and some devise types
• Inertial confinement and Magnetic (UKAEA approach)

• Tritium fuel production
• Neutron activation

• Inventory solutions – my area
• FISPACT-II introduction
• Fusion activation benchmark (FNS)

Summary

n_TOF winter school 202452
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Eurofusion

Thank you very much


