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US Decadal Strategy to Accelerate Fusion to Commercialization 2
• “The DOE will launch an agency-wide initiative, coordinating across program offices, to develop a decadal 

strategy to accelerate the viability of commercial fusion energy in partnership with the private sector. The 
2021 National Academies of Sciences, Engineering, and Medicine (NASEM) report ’Bringing Fusion to the U.S. 
Grid’ serves as a guiding document for the new initiative.”  White House March 2022

Bringing Fusion to the U.S. Grid. “the Department of Energy and the private sector 
should produce net electricity in a fusion plant in the United States in the 2035-2040 timeframe.” 
 



Is this possible?  This talk. 3

• This is a declared plan to build a “Fusion Pilot Plant” – FPP, with “Net electricity” by 2035-
40. 

• What is a “Fusion Pilot Plant.”  “Net electricity,” how much?  Is this a prototype of a 
commercial plant?

• Can we build a plant with today’s knowledge?  With today’s materials?

• I will give you a personal view of the challenge. 

• This will be based on simple scaling – more accuracy is not often very possible. 

• The bottom line is that I believe that we must aim for a low power density FPP system to 
minimize the impact of the key unknowns. Chief unknown is material performance in the 
neutron flux.  

• Stellarators make better low power density Pilot Plants  



What is it?
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Which fusion?

Enough lithium in sea to supply 30 million years of world energy needs

Plasma at 200 miilion degrees

Blanket at ~ 600 degrees C

Self Heating
1/5 fusion power
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THERMONUCLEAR FUSION26

Natural abundance of isotopes:

hydrogen nD/nH = 1.5 × 10−4

helium nHe3/nHe4 = 1.3 × 10−6

lithium nLi6/nLi7 = 0.08

Mass ratios: me/mD = 2.72 × 10−4 = 1/3670

(me/mD)1/2= 1.65 × 10−2 = 1/60.6
me/mT = 1.82 × 10−4 = 1/5496

(me/mT )1/2= 1.35 × 10−2 = 1/74.1

Absorbed radiation dose is measured in rads: 1 rad = 102 erg g−1. The curie
(abbreviated Ci) is a measure of radioactivity: 1 curie = 3.7×1010 counts sec−1.

Fusion reactions (branching ratios are correct for energies near the cross section
peaks; a negative yield means the reaction is endothermic):27

(1a) D + D −−−−→
50%

T(1.01MeV) + p(3.02MeV)

(1b) −−−−→
50%

He3(0.82MeV) + n(2.45MeV)

(2) D + T −−−−→He4(3.5MeV) + n(14.1MeV)

(3) D + He3−−−−→He4(3.6MeV) + p(14.7MeV)

(4) T + T −−−−→He4 + 2n + 11.3MeV

(5a) He3 + T−−−−→
51%

He4 + p + n + 12.1MeV

(5b) −−−−→
43%

He4(4.8MeV) + D(9.5MeV)

(5c) −−−−→
6%

He5(1.89MeV) + p(9.46MeV)

(6) p + Li6 −−−−→He4(1.7MeV) + He3(2.3MeV)

(7a) p + Li7 −−−−→
20%

2 He4 + 17.3MeV

(7b) −−−−→
80%

Be7 + n − 1.6MeV

(8) D + Li6 −−−−→2He4 + 22.4MeV

(9) p + B11 −−−−→3 He4 + 8.7MeV

(10) n + Li6 −−−−→He4(2.1MeV) + T(2.7MeV)

The total cross section in barns (1 barn = 10−24 cm2) as a function of E, the
energy in keV of the incident particle [the first ion on the left side of Eqs.
(1)–(5)], assuming the target ion at rest, can be fitted by28a

σT (E) =
A5 +

[
(A4 − A3E)2 + 1

]−1
A2

E
[
exp(A1E−1/2) − 1

]
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RR

Reactions/m3 = nDnT(RR)

approximation



Deuterium Tritium reaction

Deuterium Deuterium

Plasma pressure in atmospheres.   For a 50-50 DT mix.

Simple approximation yields
the power generated in each 
cubic meter from 3.5MeV 
alpha particles.  

Reaction Rate – D-T

PFusion = 0.08P 2(MWm�3)C(T )
<latexit sha1_base64="9sJ6Lfvqxb/Fcg7K2a6VKRBcB6E="></latexit><latexit sha1_base64="9sJ6Lfvqxb/Fcg7K2a6VKRBcB6E="></latexit><latexit sha1_base64="9sJ6Lfvqxb/Fcg7K2a6VKRBcB6E="></latexit><latexit sha1_base64="9sJ6Lfvqxb/Fcg7K2a6VKRBcB6E="></latexit>

Fusion Power Density



Making Electricity?
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Neutrons to Electricity – Balance of Plant

Blankets: Breeding Tritium and Heat Exchange



Confining the plasma?
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Magnetic fusion – making a bottle

Magnetic pressure = PMagnetic ~  4 B2 (atmospheres)

Figure of merit b = P/Pmagnetic a few percent
Magnetic Field in Tesla





How does the heat get out?
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Supercomputing the Plasma

27/29
Thanks to Ron Waltz, Geoff Candy



Cartoon Physics of Instability 15

Temperature 
gradient.

vD

<latexit sha1_base64="MSNa8Dh9eHZeWrgnmmiukwPU574=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK/cI2lMl20y7dbMLuRiih/8KLB0W8+m+8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VZU0ai1h1AtRMcMmahhvBOoliGAWCtYPx3cxvPzGleSwbZpIwP8Kh5CGnaKz02JMYCCSNPu+XK27VnYOsEi8nFchR75e/eoOYphGThgrUuuu5ifEzVIZTwaalXqpZgnSMQ9a1VGLEtJ/NL56SM6sMSBgrW9KQufp7IsNI60kU2M4IzUgvezPxP6+bmvDGz7hMUsMkXSwKU0FMTGbvkwFXjBoxsQSp4vZWQkeokBobUsmG4C2/vEpaF1Xvqnr5cFmp3eZxFOEETuEcPLiGGtxDHZpAQcIzvMKbo50X5935WLQWnHzmGP7A+fwB/+uQfQ==</latexit>rTi

B

B

Toroidal ion drift

Hotter ions drift faster

<latexit sha1_base64="aDeu5X15qq5oAzSSuiZ0oeyksC0="></latexit>

vD ⇠ v2?
⌦i

b⇥r lnB ⇠ ⇢i
R
vthi



Cartoon Physics – Apply a density perturbation 16

The plasma must be almost neutral
Thus, ion density perturbation = 
electron density perturbation. 

Electrons move so fast they set up 
thermal equilibrium along the 
Magnetic field lines

Therefore, density perturbation 
makes electric field

<latexit sha1_base64="bEtvoL7SPH1uPlByFzfkPdrX3FU=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXJVEiroRim5cVrAPaEOYTG7aoZNJmJkIJXTjr7hxoYhbP8Odf+O0DaKtBy6cOede5t4TpJwp7Thf1tLyyuraemmjvLm1vbNr7+23VJJJCk2a8ER2AqKAMwFNzTSHTiqBxAGHdjC8mfjtB5CKJeJej1LwYtIXLGKUaCP59mEvBK4JFj7DV/jnAb5dcarOFHiRuAWpoAIN3/7shQnNYhCacqJU13VS7eVEakY5jMu9TEFK6JD0oWuoIDEoL58eMMYnRglxlEhTQuOp+nsiJ7FSozgwnTHRAzXvTcT/vG6mo0svZyLNNAg6+yjKONYJnqSBQyaBaj4yhFDJzK6YDogkVJvMyiYEd/7kRdI6q7rn1dpdrVK/LuIooSN0jE6Riy5QHd2iBmoiisboCb2gV+vRerberPdZ65JVzBygP7A+vgE7jZWL</latexit>

�ni = �ne

<latexit sha1_base64="S9+qHDm7LgNtrEZRfrV5XKAReAU="></latexit>

ne = n0e
e�
Te ! �ne = n0

e�

Te

<latexit sha1_base64="g5Jzsb0TnZZAHIsa2ikLUeJW40o=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRvFgSKepFKIrgsYL9gCaUyXbTLt1swu5GKKHgX/HiQRGv/g5v/hu3bQ7a+mDg8d4MM/OChDOlHefbKiwtr6yuFddLG5tb2zv27l5TxakktEFiHst2AIpyJmhDM81pO5EUooDTVjC8mfitRyoVi8WDHiXUj6AvWMgIaCN17YPMC0J8O8ZX+NQTEHDwkgHr2mWn4kyBF4mbkzLKUe/aX14vJmlEhSYclOq4TqL9DKRmhNNxyUsVTYAMoU87hgqIqPKz6fljfGyUHg5jaUpoPFV/T2QQKTWKAtMZgR6oeW8i/ud1Uh1e+hkTSaqpILNFYcqxjvEkC9xjkhLNR4YAkczciskAJBBtEiuZENz5lxdJ86zinleq99Vy7TqPo4gO0RE6QS66QDV0h+qogQjK0DN6RW/Wk/VivVsfs9aClc/soz+wPn8Ao5CUqA==</latexit>
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ExB motion

Outer midplane

B

Hotter

COLDER



ExB motion

Density/Potential perturbations.

E

E

<latexit sha1_base64="GgbCaT/A3IyVljG2Kt6pjWINv+Y=">AAACCnicbVDLSsNAFL2pr1pfUZduRovgqiSlqBuh6MZlBfuAJpTJZNIOnTyYmQglZO3GX3HjQhG3foE7/8Zpm4W2Hhg4nHMPd+7xEs6ksqxvo7Syura+Ud6sbG3v7O6Z+wcdGaeC0DaJeSx6HpaUs4i2FVOc9hJBcehx2vXGN1O/+0CFZHF0ryYJdUM8jFjACFZaGpjHTiAwyRyuIz7Os3qOrlChJSzPxvnArFo1awa0TOyCVKFAa2B+OX5M0pBGinAsZd+2EuVmWChGOM0rTippgskYD2lf0wiHVLrZ7JQcnWrFR0Es9IsUmqm/ExkOpZyEnp4MsRrJRW8q/uf1UxVcuhmLklTRiMwXBSlHKkbTXpDPBCWKTzTBRDD9V0RGWPegdHsVXYK9ePIy6dRr9nmtcdeoNq+LOspwBCdwBjZcQBNuoQVtIPAIz/AKb8aT8WK8Gx/z0ZJRZA7hD4zPH5cpmto=</latexit>
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ExB motion

Potential causes flow.

E

E

<latexit sha1_base64="3hUjOk9mNxOLMzq+NSnvbKTrUnQ="></latexit>

Vflow = c
E⇥B

B2
/ ck�

B
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Vflow
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Vflow



Toroidal Drift perturbed

vD  + 𝛿vD 

vD  - 𝛿vD 
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�vD ⇠ vD
�Ti

Ti

com
pression

Hotter particles drift faster

<latexit sha1_base64="mNlNR3YsSFDN14nWJHVkfwegxXI="></latexit>
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�Ti
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For ITER N ~ 106.

Eddy turnover time = 

N random turbulent steps to leave machine,  Eddy size ρi – Larmor radius
Vthi = ion thermal velocity

⌧E = N⌧eddy / B2R3T�3/2
<latexit sha1_base64="4Zsno3OpUWXiwCWI/ahTD62cE8A=">AAACFXicbVDLSgMxFM3UV62vUZdugkVwoXWmFXQjlIrgSqr0BZ1pyWTSNjQzGZKMUIb+hBt/xY0LRdwK7vwb02kXWj0QOJxzLzfneBGjUlnWl5FZWFxaXsmu5tbWNza3zO2dhuSxwKSOOeOi5SFJGA1JXVHFSCsSBAUeI01veDnxm/dESMrDmhpFxA1QP6Q9ipHSUtc8chSKu1fwAt6kLCG+PxpDJxI8UhxWOsW7TqnWSY5LJ8Vx18xbBSsF/EvsGcmDGapd89PxOY4DEirMkJRt24qUmyChKGZknHNiSSKEh6hP2pqGKCDSTdJUY3igFR/2uNAvVDBVf24kKJByFHh6MkBqIOe9ifif145V79xNaBjFioR4eqgXM6jzTiqCPhUEKzbSBGFB9V8hHiCBsNJF5nQJ9nzkv6RRLNhWwb49zZcrszqyYA/sg0NggzNQBtegCuoAgwfwBF7Aq/FoPBtvxvt0NGPMdnbBLxgf3xZFnXs=</latexit><latexit sha1_base64="4Zsno3OpUWXiwCWI/ahTD62cE8A=">AAACFXicbVDLSgMxFM3UV62vUZdugkVwoXWmFXQjlIrgSqr0BZ1pyWTSNjQzGZKMUIb+hBt/xY0LRdwK7vwb02kXWj0QOJxzLzfneBGjUlnWl5FZWFxaXsmu5tbWNza3zO2dhuSxwKSOOeOi5SFJGA1JXVHFSCsSBAUeI01veDnxm/dESMrDmhpFxA1QP6Q9ipHSUtc8chSKu1fwAt6kLCG+PxpDJxI8UhxWOsW7TqnWSY5LJ8Vx18xbBSsF/EvsGcmDGapd89PxOY4DEirMkJRt24qUmyChKGZknHNiSSKEh6hP2pqGKCDSTdJUY3igFR/2uNAvVDBVf24kKJByFHh6MkBqIOe9ifif145V79xNaBjFioR4eqgXM6jzTiqCPhUEKzbSBGFB9V8hHiCBsNJF5nQJ9nzkv6RRLNhWwb49zZcrszqyYA/sg0NggzNQBtegCuoAgwfwBF7Aq/FoPBtvxvt0NGPMdnbBLxgf3xZFnXs=</latexit><latexit sha1_base64="4Zsno3OpUWXiwCWI/ahTD62cE8A=">AAACFXicbVDLSgMxFM3UV62vUZdugkVwoXWmFXQjlIrgSqr0BZ1pyWTSNjQzGZKMUIb+hBt/xY0LRdwK7vwb02kXWj0QOJxzLzfneBGjUlnWl5FZWFxaXsmu5tbWNza3zO2dhuSxwKSOOeOi5SFJGA1JXVHFSCsSBAUeI01veDnxm/dESMrDmhpFxA1QP6Q9ipHSUtc8chSKu1fwAt6kLCG+PxpDJxI8UhxWOsW7TqnWSY5LJ8Vx18xbBSsF/EvsGcmDGapd89PxOY4DEirMkJRt24qUmyChKGZknHNiSSKEh6hP2pqGKCDSTdJUY3igFR/2uNAvVDBVf24kKJByFHh6MkBqIOe9ifif145V79xNaBjFioR4eqgXM6jzTiqCPhUEKzbSBGFB9V8hHiCBsNJF5nQJ9nzkv6RRLNhWwb49zZcrszqyYA/sg0NggzNQBtegCuoAgwfwBF7Aq/FoPBtvxvt0NGPMdnbBLxgf3xZFnXs=</latexit><latexit sha1_base64="4Zsno3OpUWXiwCWI/ahTD62cE8A=">AAACFXicbVDLSgMxFM3UV62vUZdugkVwoXWmFXQjlIrgSqr0BZ1pyWTSNjQzGZKMUIb+hBt/xY0LRdwK7vwb02kXWj0QOJxzLzfneBGjUlnWl5FZWFxaXsmu5tbWNza3zO2dhuSxwKSOOeOi5SFJGA1JXVHFSCsSBAUeI01veDnxm/dESMrDmhpFxA1QP6Q9ipHSUtc8chSKu1fwAt6kLCG+PxpDJxI8UhxWOsW7TqnWSY5LJ8Vx18xbBSsF/EvsGcmDGapd89PxOY4DEirMkJRt24qUmyChKGZknHNiSSKEh6hP2pqGKCDSTdJUY3igFR/2uNAvVDBVf24kKJByFHh6MkBqIOe9ifif145V79xNaBjFioR4eqgXM6jzTiqCPhUEKzbSBGFB9V8hHiCBsNJF5nQJ9nzkv6RRLNhWwb49zZcrszqyYA/sg0NggzNQBtegCuoAgwfwBF7Aq/FoPBtvxvt0NGPMdnbBLxgf3xZFnXs=</latexit>

⌧eddy ⇠ R

vthi
<latexit sha1_base64="V5R7q669rRsqdwDXJDW5KyJtS6o=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiQi6LLoxmUV+4CmhMlk0g6dPJi5KYSQvRt/xY0LRdz6A+78G6dtFtp64MLhnHu59x4vEVyBZX0blbX1jc2t6nZtZ3dv/8A8POqqOJWUdWgsYtn3iGKCR6wDHATrJ5KR0BOs501uZn5vyqTicfQAWcKGIRlFPOCUgJZcs+4ASd2c+X5WYEfxEDuBJDS/L/Kpm8OYF4VrNqymNQdeJXZJGqhE2zW/HD+macgioIIoNbCtBIY5kcCpYEXNSRVLCJ2QERtoGpGQqWE+/6XAp1rxcRBLXRHgufp7IiehUlno6c6QwFgtezPxP2+QQnA1zHmUpMAiulgUpAJDjGfBYJ9LRkFkmhAqub4V0zHRWYCOr6ZDsJdfXiXd86ZtNe27i0bruoyjik5QHZ0hG12iFrpFbdRBFD2iZ/SK3own48V4Nz4WrRWjnDlGf2B8/gBFQpvT</latexit><latexit sha1_base64="V5R7q669rRsqdwDXJDW5KyJtS6o=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiQi6LLoxmUV+4CmhMlk0g6dPJi5KYSQvRt/xY0LRdz6A+78G6dtFtp64MLhnHu59x4vEVyBZX0blbX1jc2t6nZtZ3dv/8A8POqqOJWUdWgsYtn3iGKCR6wDHATrJ5KR0BOs501uZn5vyqTicfQAWcKGIRlFPOCUgJZcs+4ASd2c+X5WYEfxEDuBJDS/L/Kpm8OYF4VrNqymNQdeJXZJGqhE2zW/HD+macgioIIoNbCtBIY5kcCpYEXNSRVLCJ2QERtoGpGQqWE+/6XAp1rxcRBLXRHgufp7IiehUlno6c6QwFgtezPxP2+QQnA1zHmUpMAiulgUpAJDjGfBYJ9LRkFkmhAqub4V0zHRWYCOr6ZDsJdfXiXd86ZtNe27i0bruoyjik5QHZ0hG12iFrpFbdRBFD2iZ/SK3own48V4Nz4WrRWjnDlGf2B8/gBFQpvT</latexit><latexit sha1_base64="V5R7q669rRsqdwDXJDW5KyJtS6o=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiQi6LLoxmUV+4CmhMlk0g6dPJi5KYSQvRt/xY0LRdz6A+78G6dtFtp64MLhnHu59x4vEVyBZX0blbX1jc2t6nZtZ3dv/8A8POqqOJWUdWgsYtn3iGKCR6wDHATrJ5KR0BOs501uZn5vyqTicfQAWcKGIRlFPOCUgJZcs+4ASd2c+X5WYEfxEDuBJDS/L/Kpm8OYF4VrNqymNQdeJXZJGqhE2zW/HD+macgioIIoNbCtBIY5kcCpYEXNSRVLCJ2QERtoGpGQqWE+/6XAp1rxcRBLXRHgufp7IiehUlno6c6QwFgtezPxP2+QQnA1zHmUpMAiulgUpAJDjGfBYJ9LRkFkmhAqub4V0zHRWYCOr6ZDsJdfXiXd86ZtNe27i0bruoyjik5QHZ0hG12iFrpFbdRBFD2iZ/SK3own48V4Nz4WrRWjnDlGf2B8/gBFQpvT</latexit><latexit sha1_base64="V5R7q669rRsqdwDXJDW5KyJtS6o=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiQi6LLoxmUV+4CmhMlk0g6dPJi5KYSQvRt/xY0LRdz6A+78G6dtFtp64MLhnHu59x4vEVyBZX0blbX1jc2t6nZtZ3dv/8A8POqqOJWUdWgsYtn3iGKCR6wDHATrJ5KR0BOs501uZn5vyqTicfQAWcKGIRlFPOCUgJZcs+4ASd2c+X5WYEfxEDuBJDS/L/Kpm8OYF4VrNqymNQdeJXZJGqhE2zW/HD+macgioIIoNbCtBIY5kcCpYEXNSRVLCJ2QERtoGpGQqWE+/6XAp1rxcRBLXRHgufp7IiehUlno6c6QwFgtezPxP2+QQnA1zHmUpMAiulgUpAJDjGfBYJ9LRkFkmhAqub4V0zHRWYCOr6ZDsJdfXiXd86ZtNe27i0bruoyjik5QHZ0hG12iFrpFbdRBFD2iZ/SK3own48V4Nz4WrRWjnDlGf2B8/gBFQpvT</latexit>
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R ⇠
p
N⇢i ! N ⇠ (

R

⇢i
)2

<latexit sha1_base64="A+pKrymDnnoe6/kZYtL6hXhvvi0="></latexit><latexit sha1_base64="A+pKrymDnnoe6/kZYtL6hXhvvi0="></latexit><latexit sha1_base64="A+pKrymDnnoe6/kZYtL6hXhvvi0="></latexit><latexit sha1_base64="A+pKrymDnnoe6/kZYtL6hXhvvi0="></latexit>

Work at constant temperature the community
defines an enhancement factor H such that

⌧E / H
3
B

2
R

3
<latexit sha1_base64="LBuzsMa/6Y8ZyT0SUE8kRpCQRnU=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCqzLTCrosFaHLKvYBnemQSdM2NJMJSUYoQ934K25cKOLWv3Dn35i2s9DWA4HDOfdyc04oGFXacb6tldW19Y3N3FZ+e2d3b98+OGyqOJGYNHDMYtkOkSKMctLQVDPSFpKgKGSkFY6up37rgUhFY36vx4L4ERpw2qcYaSMF9rGnURLcQE/IWOgY1rrlard01y0HdsEpOjPAZeJmpAAy1AP7y+vFOIkI15ghpTquI7SfIqkpZmSS9xJFBMIjNCAdQzmKiPLTWYIJPDNKD/ZjaR7XcKb+3khRpNQ4Cs1khPRQLXpT8T+vk+j+lZ9SLhJNOJ4f6icMmqjTOmCPSoI1GxuCsKTmrxAPkURYm9LypgR3MfIyaZaKrlN0by8KlWpWRw6cgFNwDlxwCSqgBuqgATB4BM/gFbxZT9aL9W59zEdXrGznCPyB9fkDpIaVsw==</latexit><latexit sha1_base64="LBuzsMa/6Y8ZyT0SUE8kRpCQRnU=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCqzLTCrosFaHLKvYBnemQSdM2NJMJSUYoQ934K25cKOLWv3Dn35i2s9DWA4HDOfdyc04oGFXacb6tldW19Y3N3FZ+e2d3b98+OGyqOJGYNHDMYtkOkSKMctLQVDPSFpKgKGSkFY6up37rgUhFY36vx4L4ERpw2qcYaSMF9rGnURLcQE/IWOgY1rrlard01y0HdsEpOjPAZeJmpAAy1AP7y+vFOIkI15ghpTquI7SfIqkpZmSS9xJFBMIjNCAdQzmKiPLTWYIJPDNKD/ZjaR7XcKb+3khRpNQ4Cs1khPRQLXpT8T+vk+j+lZ9SLhJNOJ4f6icMmqjTOmCPSoI1GxuCsKTmrxAPkURYm9LypgR3MfIyaZaKrlN0by8KlWpWRw6cgFNwDlxwCSqgBuqgATB4BM/gFbxZT9aL9W59zEdXrGznCPyB9fkDpIaVsw==</latexit><latexit sha1_base64="LBuzsMa/6Y8ZyT0SUE8kRpCQRnU=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCqzLTCrosFaHLKvYBnemQSdM2NJMJSUYoQ934K25cKOLWv3Dn35i2s9DWA4HDOfdyc04oGFXacb6tldW19Y3N3FZ+e2d3b98+OGyqOJGYNHDMYtkOkSKMctLQVDPSFpKgKGSkFY6up37rgUhFY36vx4L4ERpw2qcYaSMF9rGnURLcQE/IWOgY1rrlard01y0HdsEpOjPAZeJmpAAy1AP7y+vFOIkI15ghpTquI7SfIqkpZmSS9xJFBMIjNCAdQzmKiPLTWYIJPDNKD/ZjaR7XcKb+3khRpNQ4Cs1khPRQLXpT8T+vk+j+lZ9SLhJNOJ4f6icMmqjTOmCPSoI1GxuCsKTmrxAPkURYm9LypgR3MfIyaZaKrlN0by8KlWpWRw6cgFNwDlxwCSqgBuqgATB4BM/gFbxZT9aL9W59zEdXrGznCPyB9fkDpIaVsw==</latexit><latexit sha1_base64="LBuzsMa/6Y8ZyT0SUE8kRpCQRnU=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCqzLTCrosFaHLKvYBnemQSdM2NJMJSUYoQ934K25cKOLWv3Dn35i2s9DWA4HDOfdyc04oGFXacb6tldW19Y3N3FZ+e2d3b98+OGyqOJGYNHDMYtkOkSKMctLQVDPSFpKgKGSkFY6up37rgUhFY36vx4L4ERpw2qcYaSMF9rGnURLcQE/IWOgY1rrlard01y0HdsEpOjPAZeJmpAAy1AP7y+vFOIkI15ghpTquI7SfIqkpZmSS9xJFBMIjNCAdQzmKiPLTWYIJPDNKD/ZjaR7XcKb+3khRpNQ4Cs1khPRQLXpT8T+vk+j+lZ9SLhJNOJ4f6icMmqjTOmCPSoI1GxuCsKTmrxAPkURYm9LypgR3MfIyaZaKrlN0by8KlWpWRw6cgFNwDlxwCSqgBuqgATB4BM/gFbxZT9aL9W59zEdXrGznCPyB9fkDpIaVsw==</latexit>

Ignoring subtleties of the geometry

Energy Confinement -- Random walk of heat/particles.

Time for energy/heat to leave plasma 𝛕E

<latexit sha1_base64="t0xtluPrqKLuN4f6cSO20Qjbdyc=">AAACEHicbVA7T8MwGHTKq4RXgJHFokIwRUkLlLEqQupYEH1ITRo5rtNadR6yHaQq6k9g4a+wMIAQKyMb/wb3MUDLSZZPd98n+85PGBXSsr613Mrq2vpGflPf2t7Z3TP2D5oiTjkmDRyzmLd9JAijEWlIKhlpJ5yg0Gek5Q+vJ37rgXBB4+hejhLihqgf0YBiJJXkGae67kiUejfQSXicyBjWulnJLJbG1W5mm+XxXTcrqsszCpZpTQGXiT0nBTBH3TO+nF6M05BEEjMkRMe2EulmiEuKGRnrTipIgvAQ9UlH0QiFRLjZNNAYniilB4OYqxNJOFV/b2QoFGIU+moyRHIgFr2J+J/XSWVw5WY0SlJJIjx7KEgZVLkn7cAe5QRLNlIEYU7VXyEeII6wVB3qqgR7MfIyaRZN+9K8uD0vVKrzOvLgCByDM2CDMqiAGqiDBsDgETyDV/CmPWkv2rv2MRvNafOdQ/AH2ucP8fGaqg==</latexit>

⌧E / H
3.23

B
1.7

R
2.7

Empirical Scaling (ITER 1998).     
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Burning – self heated plasma (heated by alpha particles)

P↵ =
energy density

⌧E
=

3P

2⌧E
� self heated

<latexit sha1_base64="biumE/6oKDctdb2R3dXFAg6zCp8="></latexit><latexit sha1_base64="biumE/6oKDctdb2R3dXFAg6zCp8="></latexit><latexit sha1_base64="biumE/6oKDctdb2R3dXFAg6zCp8="></latexit><latexit sha1_base64="biumE/6oKDctdb2R3dXFAg6zCp8="></latexit>

H and beta depends on shape profiles etc.  Physics!
SCALING FOR SELF SIMILAR TOKAMAKS

P ⌧E > 10(atmopsphere, s) “Lawson Triple Product”
<latexit sha1_base64="eLT9j/l4TPBCbtsdHsiBCSYPbxk="></latexit><latexit sha1_base64="eLT9j/l4TPBCbtsdHsiBCSYPbxk="></latexit><latexit sha1_base64="eLT9j/l4TPBCbtsdHsiBCSYPbxk="></latexit><latexit sha1_base64="eLT9j/l4TPBCbtsdHsiBCSYPbxk="></latexit>

0.018P 2
<latexit sha1_base64="e2NC54PBlXZjbsiM0slB2blAOt0=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbB07IphdZb0YvHCvYD2rVk02wbms2uSVYopX/CiwdFvPp3vPlvTNsFtfpg4PHeDDPzgkRwbTzv08mtrW9sbuW3Czu7e/sHxcOjlo5TRVmTxiJWnYBoJrhkTcONYJ1EMRIFgrWD8dXcbz8wpXksb80kYX5EhpKHnBJjpY7nerjWuCv3iyXPvahVcLmKrLbAN8EZKUGGRr/40RvENI2YNFQQrbvYS4w/JcpwKtis0Es1SwgdkyHrWipJxLQ/Xdw7Q2dWGaAwVrakQQv158SURFpPosB2RsSM9Ko3F//zuqkJa/6UyyQ1TNLlojAVyMRo/jwacMWoERNLCFXc3oroiChCjY2oYEPAqy//Ja2yiz0X31RK9cssjjycwCmcA4Yq1OEaGtAECgIe4RlenHvnyXl13patOSebOYZfcN6/ADCZjsA=</latexit><latexit sha1_base64="e2NC54PBlXZjbsiM0slB2blAOt0=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbB07IphdZb0YvHCvYD2rVk02wbms2uSVYopX/CiwdFvPp3vPlvTNsFtfpg4PHeDDPzgkRwbTzv08mtrW9sbuW3Czu7e/sHxcOjlo5TRVmTxiJWnYBoJrhkTcONYJ1EMRIFgrWD8dXcbz8wpXksb80kYX5EhpKHnBJjpY7nerjWuCv3iyXPvahVcLmKrLbAN8EZKUGGRr/40RvENI2YNFQQrbvYS4w/JcpwKtis0Es1SwgdkyHrWipJxLQ/Xdw7Q2dWGaAwVrakQQv158SURFpPosB2RsSM9Ko3F//zuqkJa/6UyyQ1TNLlojAVyMRo/jwacMWoERNLCFXc3oroiChCjY2oYEPAqy//Ja2yiz0X31RK9cssjjycwCmcA4Yq1OEaGtAECgIe4RlenHvnyXl13patOSebOYZfcN6/ADCZjsA=</latexit><latexit sha1_base64="e2NC54PBlXZjbsiM0slB2blAOt0=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbB07IphdZb0YvHCvYD2rVk02wbms2uSVYopX/CiwdFvPp3vPlvTNsFtfpg4PHeDDPzgkRwbTzv08mtrW9sbuW3Czu7e/sHxcOjlo5TRVmTxiJWnYBoJrhkTcONYJ1EMRIFgrWD8dXcbz8wpXksb80kYX5EhpKHnBJjpY7nerjWuCv3iyXPvahVcLmKrLbAN8EZKUGGRr/40RvENI2YNFQQrbvYS4w/JcpwKtis0Es1SwgdkyHrWipJxLQ/Xdw7Q2dWGaAwVrakQQv158SURFpPosB2RsSM9Ko3F//zuqkJa/6UyyQ1TNLlojAVyMRo/jwacMWoERNLCFXc3oroiChCjY2oYEPAqy//Ja2yiz0X31RK9cssjjycwCmcA4Yq1OEaGtAECgIe4RlenHvnyXl13patOSebOYZfcN6/ADCZjsA=</latexit><latexit sha1_base64="e2NC54PBlXZjbsiM0slB2blAOt0=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbB07IphdZb0YvHCvYD2rVk02wbms2uSVYopX/CiwdFvPp3vPlvTNsFtfpg4PHeDDPzgkRwbTzv08mtrW9sbuW3Czu7e/sHxcOjlo5TRVmTxiJWnYBoJrhkTcONYJ1EMRIFgrWD8dXcbz8wpXksb80kYX5EhpKHnBJjpY7nerjWuCv3iyXPvahVcLmKrLbAN8EZKUGGRr/40RvENI2YNFQQrbvYS4w/JcpwKtis0Es1SwgdkyHrWipJxLQ/Xdw7Q2dWGaAwVrakQQv158SURFpPosB2RsSM9Ko3F//zuqkJa/6UyyQ1TNLlojAVyMRo/jwacMWoERNLCFXc3oroiChCjY2oYEPAqy//Ja2yiz0X31RK9cssjjycwCmcA4Yq1OEaGtAECgIe4RlenHvnyXl13patOSebOYZfcN6/ADCZjsA=</latexit>

⌧E / H
3
B
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3
<latexit sha1_base64="LBuzsMa/6Y8ZyT0SUE8kRpCQRnU=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCqzLTCrosFaHLKvYBnemQSdM2NJMJSUYoQ934K25cKOLWv3Dn35i2s9DWA4HDOfdyc04oGFXacb6tldW19Y3N3FZ+e2d3b98+OGyqOJGYNHDMYtkOkSKMctLQVDPSFpKgKGSkFY6up37rgUhFY36vx4L4ERpw2qcYaSMF9rGnURLcQE/IWOgY1rrlard01y0HdsEpOjPAZeJmpAAy1AP7y+vFOIkI15ghpTquI7SfIqkpZmSS9xJFBMIjNCAdQzmKiPLTWYIJPDNKD/ZjaR7XcKb+3khRpNQ4Cs1khPRQLXpT8T+vk+j+lZ9SLhJNOJ4f6icMmqjTOmCPSoI1GxuCsKTmrxAPkURYm9LypgR3MfIyaZaKrlN0by8KlWpWRw6cgFNwDlxwCSqgBuqgATB4BM/gFbxZT9aL9W59zEdXrGznCPyB9fkDpIaVsw==</latexit><latexit sha1_base64="LBuzsMa/6Y8ZyT0SUE8kRpCQRnU=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCqzLTCrosFaHLKvYBnemQSdM2NJMJSUYoQ934K25cKOLWv3Dn35i2s9DWA4HDOfdyc04oGFXacb6tldW19Y3N3FZ+e2d3b98+OGyqOJGYNHDMYtkOkSKMctLQVDPSFpKgKGSkFY6up37rgUhFY36vx4L4ERpw2qcYaSMF9rGnURLcQE/IWOgY1rrlard01y0HdsEpOjPAZeJmpAAy1AP7y+vFOIkI15ghpTquI7SfIqkpZmSS9xJFBMIjNCAdQzmKiPLTWYIJPDNKD/ZjaR7XcKb+3khRpNQ4Cs1khPRQLXpT8T+vk+j+lZ9SLhJNOJ4f6icMmqjTOmCPSoI1GxuCsKTmrxAPkURYm9LypgR3MfIyaZaKrlN0by8KlWpWRw6cgFNwDlxwCSqgBuqgATB4BM/gFbxZT9aL9W59zEdXrGznCPyB9fkDpIaVsw==</latexit><latexit sha1_base64="LBuzsMa/6Y8ZyT0SUE8kRpCQRnU=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCqzLTCrosFaHLKvYBnemQSdM2NJMJSUYoQ934K25cKOLWv3Dn35i2s9DWA4HDOfdyc04oGFXacb6tldW19Y3N3FZ+e2d3b98+OGyqOJGYNHDMYtkOkSKMctLQVDPSFpKgKGSkFY6up37rgUhFY36vx4L4ERpw2qcYaSMF9rGnURLcQE/IWOgY1rrlard01y0HdsEpOjPAZeJmpAAy1AP7y+vFOIkI15ghpTquI7SfIqkpZmSS9xJFBMIjNCAdQzmKiPLTWYIJPDNKD/ZjaR7XcKb+3khRpNQ4Cs1khPRQLXpT8T+vk+j+lZ9SLhJNOJ4f6icMmqjTOmCPSoI1GxuCsKTmrxAPkURYm9LypgR3MfIyaZaKrlN0by8KlWpWRw6cgFNwDlxwCSqgBuqgATB4BM/gFbxZT9aL9W59zEdXrGznCPyB9fkDpIaVsw==</latexit><latexit sha1_base64="LBuzsMa/6Y8ZyT0SUE8kRpCQRnU=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCqzLTCrosFaHLKvYBnemQSdM2NJMJSUYoQ934K25cKOLWv3Dn35i2s9DWA4HDOfdyc04oGFXacb6tldW19Y3N3FZ+e2d3b98+OGyqOJGYNHDMYtkOkSKMctLQVDPSFpKgKGSkFY6up37rgUhFY36vx4L4ERpw2qcYaSMF9rGnURLcQE/IWOgY1rrlard01y0HdsEpOjPAZeJmpAAy1AP7y+vFOIkI15ghpTquI7SfIqkpZmSS9xJFBMIjNCAdQzmKiPLTWYIJPDNKD/ZjaR7XcKb+3khRpNQ4Cs1khPRQLXpT8T+vk+j+lZ9SLhJNOJ4f6icMmqjTOmCPSoI1GxuCsKTmrxAPkURYm9LypgR3MfIyaZaKrlN0by8KlWpWRw6cgFNwDlxwCSqgBuqgATB4BM/gFbxZT9aL9W59zEdXrGznCPyB9fkDpIaVsw==</latexit>

P = 4�B2
<latexit sha1_base64="Jze9+5y0v/dxDuAc54WOk6SVFok=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgF6EEC8eI5gHJGuYncwmQ2YfzvQGwpLv8OJBEa9+jDf/xkmyB00saCiquunu8mIpNNr2t5Xb2Nza3snvFvb2Dw6PiscnLR0livEmi2SkOh7VXIqQN1Gg5J1YcRp4kre98e3cb0+40iIKH3Aaczegw1D4glE0ktu4IdWex5GS+mOlXyzZZXsBsk6cjJQgQ6Nf/OoNIpYEPEQmqdZdx47RTalCwSSfFXqJ5jFlYzrkXUNDGnDtpoujZ+TCKAPiR8pUiGSh/p5IaaD1NPBMZ0BxpFe9ufif103Qv3ZTEcYJ8pAtF/mJJBiReQJkIBRnKKeGUKaEuZWwEVWUocmpYEJwVl9eJ61K2bHLzn21VKtnceThDM7hEhy4ghrcQQOawOAJnuEV3qyJ9WK9Wx/L1pyVzZzCH1ifP8ILkMc=</latexit><latexit sha1_base64="Jze9+5y0v/dxDuAc54WOk6SVFok=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgF6EEC8eI5gHJGuYncwmQ2YfzvQGwpLv8OJBEa9+jDf/xkmyB00saCiquunu8mIpNNr2t5Xb2Nza3snvFvb2Dw6PiscnLR0livEmi2SkOh7VXIqQN1Gg5J1YcRp4kre98e3cb0+40iIKH3Aaczegw1D4glE0ktu4IdWex5GS+mOlXyzZZXsBsk6cjJQgQ6Nf/OoNIpYEPEQmqdZdx47RTalCwSSfFXqJ5jFlYzrkXUNDGnDtpoujZ+TCKAPiR8pUiGSh/p5IaaD1NPBMZ0BxpFe9ufif103Qv3ZTEcYJ8pAtF/mJJBiReQJkIBRnKKeGUKaEuZWwEVWUocmpYEJwVl9eJ61K2bHLzn21VKtnceThDM7hEhy4ghrcQQOawOAJnuEV3qyJ9WK9Wx/L1pyVzZzCH1ifP8ILkMc=</latexit><latexit sha1_base64="Jze9+5y0v/dxDuAc54WOk6SVFok=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgF6EEC8eI5gHJGuYncwmQ2YfzvQGwpLv8OJBEa9+jDf/xkmyB00saCiquunu8mIpNNr2t5Xb2Nza3snvFvb2Dw6PiscnLR0livEmi2SkOh7VXIqQN1Gg5J1YcRp4kre98e3cb0+40iIKH3Aaczegw1D4glE0ktu4IdWex5GS+mOlXyzZZXsBsk6cjJQgQ6Nf/OoNIpYEPEQmqdZdx47RTalCwSSfFXqJ5jFlYzrkXUNDGnDtpoujZ+TCKAPiR8pUiGSh/p5IaaD1NPBMZ0BxpFe9ufif103Qv3ZTEcYJ8pAtF/mJJBiReQJkIBRnKKeGUKaEuZWwEVWUocmpYEJwVl9eJ61K2bHLzn21VKtnceThDM7hEhy4ghrcQQOawOAJnuEV3qyJ9WK9Wx/L1pyVzZzCH1ifP8ILkMc=</latexit><latexit sha1_base64="Jze9+5y0v/dxDuAc54WOk6SVFok=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgF6EEC8eI5gHJGuYncwmQ2YfzvQGwpLv8OJBEa9+jDf/xkmyB00saCiquunu8mIpNNr2t5Xb2Nza3snvFvb2Dw6PiscnLR0livEmi2SkOh7VXIqQN1Gg5J1YcRp4kre98e3cb0+40iIKH3Aaczegw1D4glE0ktu4IdWex5GS+mOlXyzZZXsBsk6cjJQgQ6Nf/OoNIpYEPEQmqdZdx47RTalCwSSfFXqJ5jFlYzrkXUNDGnDtpoujZ+TCKAPiR8pUiGSh/p5IaaD1NPBMZ0BxpFe9ufif103Qv3ZTEcYJ8pAtF/mJJBiReQJkIBRnKKeGUKaEuZWwEVWUocmpYEJwVl9eJ61K2bHLzn21VKtnceThDM7hEhy4ghrcQQOawOAJnuEV3qyJ9WK9Wx/L1pyVzZzCH1ifP8ILkMc=</latexit>

CONDITION TO BE SELF HEATED

�H
3
B

4
R

3 � constant
<latexit sha1_base64="Yx57psNdZWzI+w/FiIkHbjzpbM0=">AAACBnicbVDJSgNBEO1xjXGLehShMQiewowJ6DHES45RzALZ6OlUkiY9PWN3jRBCTl78FS8eFPHqN3jzb+wsB018UPB4r4qqen4khUHX/XZWVtfWNzYTW8ntnd29/dTBYcWEseZQ5qEMdc1nBqRQUEaBEmqRBhb4Eqr+4HriVx9AGxGqOxxG0AxYT4mu4Ayt1E6dNHxARoutbKGVu21laaMH95SHyiBT2E6l3Yw7BV0m3pykyRylduqr0Ql5HIBCLpkxdc+NsDliGgWXME42YgMR4wPWg7qligVgmqPpG2N6ZpUO7YbalkI6VX9PjFhgzDDwbWfAsG8WvYn4n1ePsXvVHAkVxQiKzxZ1Y0kxpJNMaEdo4CiHljCuhb2V8j7TjKNNLmlD8BZfXiaVi4znZrybXDpfmMeRIMfklJwTj1ySPCmSEikTTh7JM3klb86T8+K8Ox+z1hVnPnNE/sD5/AFCSZe4</latexit><latexit sha1_base64="Yx57psNdZWzI+w/FiIkHbjzpbM0=">AAACBnicbVDJSgNBEO1xjXGLehShMQiewowJ6DHES45RzALZ6OlUkiY9PWN3jRBCTl78FS8eFPHqN3jzb+wsB018UPB4r4qqen4khUHX/XZWVtfWNzYTW8ntnd29/dTBYcWEseZQ5qEMdc1nBqRQUEaBEmqRBhb4Eqr+4HriVx9AGxGqOxxG0AxYT4mu4Ayt1E6dNHxARoutbKGVu21laaMH95SHyiBT2E6l3Yw7BV0m3pykyRylduqr0Ql5HIBCLpkxdc+NsDliGgWXME42YgMR4wPWg7qligVgmqPpG2N6ZpUO7YbalkI6VX9PjFhgzDDwbWfAsG8WvYn4n1ePsXvVHAkVxQiKzxZ1Y0kxpJNMaEdo4CiHljCuhb2V8j7TjKNNLmlD8BZfXiaVi4znZrybXDpfmMeRIMfklJwTj1ySPCmSEikTTh7JM3klb86T8+K8Ox+z1hVnPnNE/sD5/AFCSZe4</latexit><latexit sha1_base64="Yx57psNdZWzI+w/FiIkHbjzpbM0=">AAACBnicbVDJSgNBEO1xjXGLehShMQiewowJ6DHES45RzALZ6OlUkiY9PWN3jRBCTl78FS8eFPHqN3jzb+wsB018UPB4r4qqen4khUHX/XZWVtfWNzYTW8ntnd29/dTBYcWEseZQ5qEMdc1nBqRQUEaBEmqRBhb4Eqr+4HriVx9AGxGqOxxG0AxYT4mu4Ayt1E6dNHxARoutbKGVu21laaMH95SHyiBT2E6l3Yw7BV0m3pykyRylduqr0Ql5HIBCLpkxdc+NsDliGgWXME42YgMR4wPWg7qligVgmqPpG2N6ZpUO7YbalkI6VX9PjFhgzDDwbWfAsG8WvYn4n1ePsXvVHAkVxQiKzxZ1Y0kxpJNMaEdo4CiHljCuhb2V8j7TjKNNLmlD8BZfXiaVi4znZrybXDpfmMeRIMfklJwTj1ySPCmSEikTTh7JM3klb86T8+K8Ox+z1hVnPnNE/sD5/AFCSZe4</latexit><latexit sha1_base64="Yx57psNdZWzI+w/FiIkHbjzpbM0=">AAACBnicbVDJSgNBEO1xjXGLehShMQiewowJ6DHES45RzALZ6OlUkiY9PWN3jRBCTl78FS8eFPHqN3jzb+wsB018UPB4r4qqen4khUHX/XZWVtfWNzYTW8ntnd29/dTBYcWEseZQ5qEMdc1nBqRQUEaBEmqRBhb4Eqr+4HriVx9AGxGqOxxG0AxYT4mu4Ayt1E6dNHxARoutbKGVu21laaMH95SHyiBT2E6l3Yw7BV0m3pykyRylduqr0Ql5HIBCLpkxdc+NsDliGgWXME42YgMR4wPWg7qligVgmqPpG2N6ZpUO7YbalkI6VX9PjFhgzDDwbWfAsG8WvYn4n1ePsXvVHAkVxQiKzxZ1Y0kxpJNMaEdo4CiHljCuhb2V8j7TjKNNLmlD8BZfXiaVi4znZrybXDpfmMeRIMfklJwTj1ySPCmSEikTTh7JM3klb86T8+K8Ox+z1hVnPnNE/sD5/AFCSZe4</latexit>

(�1/4
H

3/4) BR
3/4 � constant

<latexit sha1_base64="yC9//0RqSaQnZ4n6vDg9VwM3OEY=">AAACF3icbZDLSgMxFIYzXmu9VV26CRahbuqMCgpupG66rGJV6ExLJj2toZnMmJwRytC3cOOruHGhiFvd+Taml4W3AyEf/38OyfnDRAqDrvvpTE3PzM7N5xbyi0vLK6uFtfVLE6eaQ53HMtbXITMghYI6CpRwnWhgUSjhKuydDv2rO9BGxOoC+wkEEesq0RGcoZVahXLJDwFZM/N2Dwa02sz27b3jH9PK+Zip34VbymNlkClsFYpu2R0V/QveBIpkUrVW4cNvxzyNQCGXzJiG5yYYZEyj4BIGeT81kDDeY11oWFQsAhNko70GdNsqbdqJtT0K6Uj9PpGxyJh+FNrOiOGN+e0Nxf+8RoqdoyATKkkRFB8/1EklxZgOQ6JtoYGj7FtgXAv7V8pvmGYcbZR5G4L3e+W/cLlX9tyyd3ZQPKlM4siRTbJFSsQjh+SEVEmN1Akn9+SRPJMX58F5cl6dt3HrlDOZ2SA/ynn/AjH6nXg=</latexit><latexit sha1_base64="yC9//0RqSaQnZ4n6vDg9VwM3OEY=">AAACF3icbZDLSgMxFIYzXmu9VV26CRahbuqMCgpupG66rGJV6ExLJj2toZnMmJwRytC3cOOruHGhiFvd+Taml4W3AyEf/38OyfnDRAqDrvvpTE3PzM7N5xbyi0vLK6uFtfVLE6eaQ53HMtbXITMghYI6CpRwnWhgUSjhKuydDv2rO9BGxOoC+wkEEesq0RGcoZVahXLJDwFZM/N2Dwa02sz27b3jH9PK+Zip34VbymNlkClsFYpu2R0V/QveBIpkUrVW4cNvxzyNQCGXzJiG5yYYZEyj4BIGeT81kDDeY11oWFQsAhNko70GdNsqbdqJtT0K6Uj9PpGxyJh+FNrOiOGN+e0Nxf+8RoqdoyATKkkRFB8/1EklxZgOQ6JtoYGj7FtgXAv7V8pvmGYcbZR5G4L3e+W/cLlX9tyyd3ZQPKlM4siRTbJFSsQjh+SEVEmN1Akn9+SRPJMX58F5cl6dt3HrlDOZ2SA/ynn/AjH6nXg=</latexit><latexit sha1_base64="yC9//0RqSaQnZ4n6vDg9VwM3OEY=">AAACF3icbZDLSgMxFIYzXmu9VV26CRahbuqMCgpupG66rGJV6ExLJj2toZnMmJwRytC3cOOruHGhiFvd+Taml4W3AyEf/38OyfnDRAqDrvvpTE3PzM7N5xbyi0vLK6uFtfVLE6eaQ53HMtbXITMghYI6CpRwnWhgUSjhKuydDv2rO9BGxOoC+wkEEesq0RGcoZVahXLJDwFZM/N2Dwa02sz27b3jH9PK+Zip34VbymNlkClsFYpu2R0V/QveBIpkUrVW4cNvxzyNQCGXzJiG5yYYZEyj4BIGeT81kDDeY11oWFQsAhNko70GdNsqbdqJtT0K6Uj9PpGxyJh+FNrOiOGN+e0Nxf+8RoqdoyATKkkRFB8/1EklxZgOQ6JtoYGj7FtgXAv7V8pvmGYcbZR5G4L3e+W/cLlX9tyyd3ZQPKlM4siRTbJFSsQjh+SEVEmN1Akn9+SRPJMX58F5cl6dt3HrlDOZ2SA/ynn/AjH6nXg=</latexit><latexit sha1_base64="yC9//0RqSaQnZ4n6vDg9VwM3OEY=">AAACF3icbZDLSgMxFIYzXmu9VV26CRahbuqMCgpupG66rGJV6ExLJj2toZnMmJwRytC3cOOruHGhiFvd+Taml4W3AyEf/38OyfnDRAqDrvvpTE3PzM7N5xbyi0vLK6uFtfVLE6eaQ53HMtbXITMghYI6CpRwnWhgUSjhKuydDv2rO9BGxOoC+wkEEesq0RGcoZVahXLJDwFZM/N2Dwa02sz27b3jH9PK+Zip34VbymNlkClsFYpu2R0V/QveBIpkUrVW4cNvxzyNQCGXzJiG5yYYZEyj4BIGeT81kDDeY11oWFQsAhNko70GdNsqbdqJtT0K6Uj9PpGxyJh+FNrOiOGN+e0Nxf+8RoqdoyATKkkRFB8/1EklxZgOQ6JtoYGj7FtgXAv7V8pvmGYcbZR5G4L3e+W/cLlX9tyyd3ZQPKlM4siRTbJFSsQjh+SEVEmN1Akn9+SRPJMX58F5cl6dt3HrlDOZ2SA/ynn/AjH6nXg=</latexit>
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Fusion
Power 
(MW)

Simulation by Bob Budny:   Based on JET results from 2008-2013

Heating 
Power (MW)

Criterion for “ignition” 
B4R3 > 1.6X105 ?
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Tom Brown, Jon Menard PPPL

National Academy of Sciences calls for Pilot Plant by 2040

High field compact
Designs from 
MIT “SPARC” – “ARC”

And this Princeton 
one shown in NAS
report.

High Tc at ~ 200
Superconductors
~25T on coil
 

SELF SIMILAR SCALING AT CONSTANT GAIN, ”H” AND SHAPE
ITER: R= 6.2m, B = 5.3T    BR3/4 = 20.8 

MIT + COMMONWEALTH FUSION SYSTEMS

SPARC: R = 1.78m B = 12.5T  BR3/4 = 19.2  



Self Similar Power and Stored Energy

FUSION POWER FROM DEVICE =

�H
3
B

4
R

3 = constant
<latexit sha1_base64="o0S2N/JEDtvFR4+TFjB/rreF/jA=">AAACA3icbVDLSgNBEJz1GeNr1ZteBoPgKeyagF6EEC85RjEPSDZhdjKbDJmdXWZ6hbAEvPgrXjwo4tWf8ObfOHkcNLGgoajqprvLjwXX4Djf1srq2vrGZmYru72zu7dvHxzWdZQoymo0EpFq+kQzwSWrAQfBmrFiJPQFa/jDm4nfeGBK80jewyhmXkj6kgecEjBS1z5u+wwIrnQK5U7xrlPA15hGUgOR0LVzTt6ZAi8Td05yaI5q1/5q9yKahEwCFUTrluvE4KVEAaeCjbPtRLOY0CHps5ahkoRMe+n0hzE+M0oPB5EyJQFP1d8TKQm1HoW+6QwJDPSiNxH/81oJBFdeymWcAJN0tihIBIYITwLBPa4YBTEyhFDFza2YDogiFExsWROCu/jyMqlf5F0n794Wc6XyPI4MOkGn6By56BKVUAVVUQ1R9Iie0St6s56sF+vd+pi1rljzmSP0B9bnD6Yslj4=</latexit><latexit sha1_base64="o0S2N/JEDtvFR4+TFjB/rreF/jA=">AAACA3icbVDLSgNBEJz1GeNr1ZteBoPgKeyagF6EEC85RjEPSDZhdjKbDJmdXWZ6hbAEvPgrXjwo4tWf8ObfOHkcNLGgoajqprvLjwXX4Djf1srq2vrGZmYru72zu7dvHxzWdZQoymo0EpFq+kQzwSWrAQfBmrFiJPQFa/jDm4nfeGBK80jewyhmXkj6kgecEjBS1z5u+wwIrnQK5U7xrlPA15hGUgOR0LVzTt6ZAi8Td05yaI5q1/5q9yKahEwCFUTrluvE4KVEAaeCjbPtRLOY0CHps5ahkoRMe+n0hzE+M0oPB5EyJQFP1d8TKQm1HoW+6QwJDPSiNxH/81oJBFdeymWcAJN0tihIBIYITwLBPa4YBTEyhFDFza2YDogiFExsWROCu/jyMqlf5F0n794Wc6XyPI4MOkGn6By56BKVUAVVUQ1R9Iie0St6s56sF+vd+pi1rljzmSP0B9bnD6Yslj4=</latexit><latexit sha1_base64="o0S2N/JEDtvFR4+TFjB/rreF/jA=">AAACA3icbVDLSgNBEJz1GeNr1ZteBoPgKeyagF6EEC85RjEPSDZhdjKbDJmdXWZ6hbAEvPgrXjwo4tWf8ObfOHkcNLGgoajqprvLjwXX4Djf1srq2vrGZmYru72zu7dvHxzWdZQoymo0EpFq+kQzwSWrAQfBmrFiJPQFa/jDm4nfeGBK80jewyhmXkj6kgecEjBS1z5u+wwIrnQK5U7xrlPA15hGUgOR0LVzTt6ZAi8Td05yaI5q1/5q9yKahEwCFUTrluvE4KVEAaeCjbPtRLOY0CHps5ahkoRMe+n0hzE+M0oPB5EyJQFP1d8TKQm1HoW+6QwJDPSiNxH/81oJBFdeymWcAJN0tihIBIYITwLBPa4YBTEyhFDFza2YDogiFExsWROCu/jyMqlf5F0n794Wc6XyPI4MOkGn6By56BKVUAVVUQ1R9Iie0St6s56sF+vd+pi1rljzmSP0B9bnD6Yslj4=</latexit><latexit sha1_base64="o0S2N/JEDtvFR4+TFjB/rreF/jA=">AAACA3icbVDLSgNBEJz1GeNr1ZteBoPgKeyagF6EEC85RjEPSDZhdjKbDJmdXWZ6hbAEvPgrXjwo4tWf8ObfOHkcNLGgoajqprvLjwXX4Djf1srq2vrGZmYru72zu7dvHxzWdZQoymo0EpFq+kQzwSWrAQfBmrFiJPQFa/jDm4nfeGBK80jewyhmXkj6kgecEjBS1z5u+wwIrnQK5U7xrlPA15hGUgOR0LVzTt6ZAi8Td05yaI5q1/5q9yKahEwCFUTrluvE4KVEAaeCjbPtRLOY0CHps5ahkoRMe+n0hzE+M0oPB5EyJQFP1d8TKQm1HoW+6QwJDPSiNxH/81oJBFdeymWcAJN0tihIBIYITwLBPa4YBTEyhFDFza2YDogiFExsWROCu/jyMqlf5F0n794Wc6XyPI4MOkGn6By56BKVUAVVUQ1R9Iie0St6s56sF+vd+pi1rljzmSP0B9bnD6Yslj4=</latexit>

PFusion ⇥ V olume / �
2
B

4
R

3 / �

H3
<latexit sha1_base64="b2qzz2bLgiCvs8qnxlvtTMn/DbU="></latexit><latexit sha1_base64="b2qzz2bLgiCvs8qnxlvtTMn/DbU="></latexit><latexit sha1_base64="b2qzz2bLgiCvs8qnxlvtTMn/DbU="></latexit><latexit sha1_base64="b2qzz2bLgiCvs8qnxlvtTMn/DbU="></latexit>

Total power essentially independent of size/field
Small high field devices have large heat fluxes

ENERGY STORED IN PLASMA PER UNIT WALL AREA:

IGNITED DEVICE

Use scaling

PLASMA DENSITY:
<latexit sha1_base64="hU3j/LM9xEytQTlG/j6EnqhCwyk=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCqzqjxbosdWGXFewD2nHIpJk2NJMJSUYoQ934K25cKOLWv3Dn35i2s9DWA4HDOfdyc04gGFXacb6tpeWV1bX13EZ+c2t7Z9fe22+qOJGYNHDMYtkOkCKMctLQVDPSFpKgKGCkFQyvJ37rgUhFY36nR4J4EepzGlKMtJF8+5DDrpCx0DEM/fSmNa5V79Py2cXYtwtO0ZkCLhI3IwWQoe7bX91ejJOIcI0ZUqrjOkJ7KZKaYkbG+W6iiEB4iPqkYyhHEVFeOk0whidG6cEwluZxDafq740URUqNosBMRkgP1Lw3Ef/zOokOr7yUcpFowvHsUJgwaPJO6oA9KgnWbGQIwpKav0I8QBJhbUrLmxLc+ciLpHledC+LpdtSoVLN6siBI3AMToELyqACaqAOGgCDR/AMXsGb9WS9WO/Wx2x0ycp2DsAfWJ8/SdeWJg==</latexit>

n / fGWHB
7/3

Greenwald fraction

fGW <1 for tokamaks can
be 5 in stellarators

Use scaling

<latexit sha1_base64="8cK8KZd1AkqNOsOYdfnmmvT0ezw="></latexit>

Eplasma

Area
⇠ 3P V olume

2 Area
/ �B

2
R / �

2/3

H
B

2/3



Plasma Exhaust 

<latexit sha1_base64="iBgtStmn0RwgnQnoyzouTrygYHw=">AAACF3icbVC7SgNBFJ31bXxFLW0Gg2AVd0NQwUa0SWGhYFTIxnB3clcHZ3eWmbtCWPIXNv6KjYUittr5N05iCl8HZjiccy8z50SZkpZ8/8MbG5+YnJqemS3NzS8sLpWXV86szo3AptBKm4sILCqZYpMkKbzIDEISKTyPbg4H/vktGit1ekq9DNsJXKUylgLISZ1ytYFA4R4/0tDlYWZ0RpqHsQFRhBESXNb6RcNdB5fFzlat3ylX/Ko/BP9LghGpsBGOO+X3sKtFnmBKQoG1rcDPqF2AISkU9kthbjEDcQNX2HI0hQRtuxjm6vMNp3R5rI07KfGh+n2jgMTaXhK5yQTo2v72BuJ/XiuneLddyDTLCVPx9VCcK+6yD0riXWlQkOo5AsJI91cursGVQq7Kkish+B35LzmrVYPtav2kXtk/GNUxw9bYOttkAdth+6zBjlmTCXbHHtgTe/buvUfvxXv9Gh3zRjur7Ae8t0+SdZ7x</latexit>

Heat Load / �
2

H2
B

7/2

Power per unit area of divertor = heat load
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scrapeoff layer width / 1

B

At plasma edge plasma flows along 
Scrape-off layer to divertor

    Width of scrape-off layer

Radiation is proportional to plasma 
Density squared. 
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Neutron Wall Loading

Peak Neutron Flux (from scaling EU DEMO)

Conclusion

Peak Flux = 2
(β/βDemo)

H3
(
R
2
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R2
)(MW /m2)

2

Rule of thumb 1MW/m2 for a full power year => 10DPA
How much DPA before material must be replaced?  
20DPA makes material scientists nervous. We need DONES to know.
EU Demo wall lifetime (to 20 DPA) could be ~ 1 full power year
High Field devices will be a few months
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Maintenance. How easy is it to replace the wall and blanket? 

We may have to replace the wall and blanket 
components after they have been damaged by 
radiation and plasma. We may have to consider 
these components consumables. 

Unfortunately, it is hard to get inside the coils 
and cryostat. One measure of the space and 
accessibility  for replacement is the average 
current density through the hole in the middle.
Small current density is good – lots of space! 
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The case for low power density 31

Tokamak KEY
PARAMETERS

DIVERTOR HEAT 
LOAD

RADIATIVE 
FRACTION

WALL LIFETIME
AVERAGE 
CURRENT 
DENSITY

EU DEMO
B=5.9T
R= 9m
BR3/4=30
H=1

PD
>100MW/m2 1 1-2 FULL POWER 

YEARS TO
20DPA

3.37MA/m2

HIGH 
FIELD

B=12.5T
R=3.2m
BR3/4=30
H=1

 ~5.7 PD 2(fGW)2
1.5-3 FULL POWER 
MONTHS TO
20DPA

53MA/m2

LOW FIELD
B=3T
R=21m
BR3/4=30
H=1

 ~0.2 PD
0.5(fGW)2

STELLARATOR?

6-12 FULL POWER 
YEARS TO
20DPA

0.6MA/m2



Perfect Energy?
Safe, no waste legacy, abundant, minimal land use.  

But……

We won’t get to fusion by blasting the engineering.   



Disruption

Sometimes the plasma becomes unstable and deposits its energy on the wall
(often as relativistic electrons) this is called a disruption

Machine learning being used to predict the
Disruption and avoid it. 

Disruption energy per unit area of wall
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Worse in smaller high field machines

Most disruptions driven by the plasma current. 
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