
Getting to a Fusion Pilot Plant.
Steve Cowley, Princeton
January, 2022

1



100 years of fusion. August 24th 1920 The Bri2sh Associa2on

• Arthur Stanley Eddington -- delivered the presiden6al address:
“The Internal Cons/tu/on of Stars”

• One of the many ques6ons he addressed is:
Where does the energy radiated by the stars/sun come from?

• F. W. Aston had recently measured the masses of elements and 
shown: Mhydrogen = 1.008 and Mhelium= 4.0

• Eddington proposed that the sun is transforming hydrogen into 
helium – thereby libera6ng “fusion energy”. It is.  He went on to 
es6mate the sun’s life6me – surprisingly accurately (15 Billion 
years). 

“This reservoir can scarcely be other than the sub-atomic 
energy which, it is known, exists abundantly in all matter; 
we sometimes dream that man (!) will one day learn how 
to release it and use it for his service. The store is well-nigh 
inexhaustible, if only it could be tapped”. 

Arthur Stanley Eddington 1920.



Lyman Spitzer – Invention of the Stellarator 1951

1951 Lyman Spitzer starts project Matterhorn with John Wheeler at Princeton.

Edward Teller Lyman Spitzer 1948

Spitzer’s Figure 8 Stellarator from 
July 23rd 1951 proposal to Atomic Energy 
Commission. 

DRIFT CANCELS __ UP ON ONE 
HALF DOWN ON THE OTHER

CONFINEMENT



Introduction 4

• Fusion Research in transi6on
• Planning now for an electricity producing Pilot Plant
• Are we ready?  What innova8on is needed?

• What sets the cost?
• Don’t make the mistakes of fission. 

• Will high magne6c fields help us?
• Smaller cheaper faster?
• Problems?

• Radical simplifica6on.
• Science is just maturing for 3D approach. 



5

Tom Brown, Jon Menard PPPL

What Kind of Pilot Plant? High Field Compact?

High field compact
Designs from 
MIT “ARC”

And this Princeton
one shown in NAS
report.

High Tc at ~ 200
Superconductors
~25T on coil



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

Power Density = 0.08(Pressure in Atmospheres)2(MWm�3)
<latexit sha1_base64="NumaRJwfVoZxlozQCXVws77XE0I="></latexit><latexit sha1_base64="NumaRJwfVoZxlozQCXVws77XE0I="></latexit><latexit sha1_base64="NumaRJwfVoZxlozQCXVws77XE0I="></latexit><latexit sha1_base64="NumaRJwfVoZxlozQCXVws77XE0I="></latexit>
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Fusion
Power 
(MW)

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

Heating 
Power (MW)

Pa = (Stored Plasma Energy)/𝝉E
BURNING PLASMA



Simple considerations – things we all know
For plasma at 7-20 Kev temperatures (70-200Mo C) D-T fusion power density is 

approximated by:

Plasma pressure in atmospheres

Magnetic pressure:

Figure of merit
Limited by stability:

MagneGc Field in Tesla

PFusion = 1.28�2B4

Pmagnetic = 4B2 (atmopsheres)
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<latexit sha1_base64="kmJIIrd2ZuQzjbnPG+6tBni29E8=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiQi6EYounEZwdZCE8JketMOnTyYmQglZOfGX3HjQhG3/oI7/8ZJm4W2Hhg4nHPuzNwTpJxJZVnfRm1peWV1rb7e2Njc2t4xd/e6MskEhQ5NeCJ6AZHAWQwdxRSHXiqARAGH+2B8Xfr3DyAkS+I7NUnBi8gwZiGjRGnJNw/dABTBl9gNBaG5U+SOn5cZUIwWhW82rZY1BV4kdkWaqILjm1/uIKFZBLGinEjZt61UeTkR+joORcPNJKSEjskQ+prGJALp5dM9CnyslQEOE6FPrPBU/T2Rk0jKSRToZETUSM57pfif189UeOHlLE4zBTGdPRRmHKsEl6XgARNAFZ9oQqhg+q+YjoguROnqGroEe37lRdI9bdlWy749a7avqjrq6AAdoRNko3PURjfIQR1E0SN6Rq/ozXgyXox342MWrRnVzD76A+PzBxLvmXM=</latexit><latexit sha1_base64="kmJIIrd2ZuQzjbnPG+6tBni29E8=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiQi6EYounEZwdZCE8JketMOnTyYmQglZOfGX3HjQhG3/oI7/8ZJm4W2Hhg4nHPuzNwTpJxJZVnfRm1peWV1rb7e2Njc2t4xd/e6MskEhQ5NeCJ6AZHAWQwdxRSHXiqARAGH+2B8Xfr3DyAkS+I7NUnBi8gwZiGjRGnJNw/dABTBl9gNBaG5U+SOn5cZUIwWhW82rZY1BV4kdkWaqILjm1/uIKFZBLGinEjZt61UeTkR+joORcPNJKSEjskQ+prGJALp5dM9CnyslQEOE6FPrPBU/T2Rk0jKSRToZETUSM57pfif189UeOHlLE4zBTGdPRRmHKsEl6XgARNAFZ9oQqhg+q+YjoguROnqGroEe37lRdI9bdlWy749a7avqjrq6AAdoRNko3PURjfIQR1E0SN6Rq/ozXgyXox342MWrRnVzD76A+PzBxLvmXM=</latexit><latexit sha1_base64="kmJIIrd2ZuQzjbnPG+6tBni29E8=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiQi6EYounEZwdZCE8JketMOnTyYmQglZOfGX3HjQhG3/oI7/8ZJm4W2Hhg4nHPuzNwTpJxJZVnfRm1peWV1rb7e2Njc2t4xd/e6MskEhQ5NeCJ6AZHAWQwdxRSHXiqARAGH+2B8Xfr3DyAkS+I7NUnBi8gwZiGjRGnJNw/dABTBl9gNBaG5U+SOn5cZUIwWhW82rZY1BV4kdkWaqILjm1/uIKFZBLGinEjZt61UeTkR+joORcPNJKSEjskQ+prGJALp5dM9CnyslQEOE6FPrPBU/T2Rk0jKSRToZETUSM57pfif189UeOHlLE4zBTGdPRRmHKsEl6XgARNAFZ9oQqhg+q+YjoguROnqGroEe37lRdI9bdlWy749a7avqjrq6AAdoRNko3PURjfIQR1E0SN6Rq/ozXgyXox342MWrRnVzD76A+PzBxLvmXM=</latexit><latexit sha1_base64="kmJIIrd2ZuQzjbnPG+6tBni29E8=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiQi6EYounEZwdZCE8JketMOnTyYmQglZOfGX3HjQhG3/oI7/8ZJm4W2Hhg4nHPuzNwTpJxJZVnfRm1peWV1rb7e2Njc2t4xd/e6MskEhQ5NeCJ6AZHAWQwdxRSHXiqARAGH+2B8Xfr3DyAkS+I7NUnBi8gwZiGjRGnJNw/dABTBl9gNBaG5U+SOn5cZUIwWhW82rZY1BV4kdkWaqILjm1/uIKFZBLGinEjZt61UeTkR+joORcPNJKSEjskQ+prGJALp5dM9CnyslQEOE6FPrPBU/T2Rk0jKSRToZETUSM57pfif189UeOHlLE4zBTGdPRRmHKsEl6XgARNAFZ9oQqhg+q+YjoguROnqGroEe37lRdI9bdlWy749a7avqjrq6AAdoRNko3PURjfIQR1E0SN6Rq/ozXgyXox342MWrRnVzD76A+PzBxLvmXM=</latexit>

PFusion = 0.08P 2 (MWm�3)
<latexit sha1_base64="ReOaugFykjskB38oiHkkrNhaEIU=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0WsC0tSBQsiFAVxI0SwD2jSMplO26GTBzMToYR8ght/xY0LRdy6dOffOGmz0NYDA4dzzuXOPW7IqJCG8a3lFhaXllfyq4W19Y3NLX17pyGCiGNSxwELeMtFgjDqk7qkkpFWyAnyXEaa7ugq9ZsPhAsa+PdyHBLHQwOf9ilGUkld/TC2MWLQSrrxdZSmEngBjbJRtToV+7x02/Q68fFJctTVi0qdAM4TMyNFkMHq6l92L8CRR3yJGRKibRqhdGLEJcWMJAU7EiREeIQGpK2ojzwinHhyUAIPlNKD/YCr50s4UX9PxMgTYuy5KukhORSzXir+57Uj2a86MfXDSBIfTxf1IwZlANN2YI9ygiUbK4Iwp+qvEA8RR1iqDguqBHP25HnSqJRNo2zenRZrl1kdebAH9kEJmOAM1MANsEAdYPAInsEreNOetBftXfuYRnNaNrML/kD7/AE2GprC</latexit><latexit sha1_base64="ReOaugFykjskB38oiHkkrNhaEIU=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0WsC0tSBQsiFAVxI0SwD2jSMplO26GTBzMToYR8ght/xY0LRdy6dOffOGmz0NYDA4dzzuXOPW7IqJCG8a3lFhaXllfyq4W19Y3NLX17pyGCiGNSxwELeMtFgjDqk7qkkpFWyAnyXEaa7ugq9ZsPhAsa+PdyHBLHQwOf9ilGUkld/TC2MWLQSrrxdZSmEngBjbJRtToV+7x02/Q68fFJctTVi0qdAM4TMyNFkMHq6l92L8CRR3yJGRKibRqhdGLEJcWMJAU7EiREeIQGpK2ojzwinHhyUAIPlNKD/YCr50s4UX9PxMgTYuy5KukhORSzXir+57Uj2a86MfXDSBIfTxf1IwZlANN2YI9ygiUbK4Iwp+qvEA8RR1iqDguqBHP25HnSqJRNo2zenRZrl1kdebAH9kEJmOAM1MANsEAdYPAInsEreNOetBftXfuYRnNaNrML/kD7/AE2GprC</latexit><latexit sha1_base64="ReOaugFykjskB38oiHkkrNhaEIU=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0WsC0tSBQsiFAVxI0SwD2jSMplO26GTBzMToYR8ght/xY0LRdy6dOffOGmz0NYDA4dzzuXOPW7IqJCG8a3lFhaXllfyq4W19Y3NLX17pyGCiGNSxwELeMtFgjDqk7qkkpFWyAnyXEaa7ugq9ZsPhAsa+PdyHBLHQwOf9ilGUkld/TC2MWLQSrrxdZSmEngBjbJRtToV+7x02/Q68fFJctTVi0qdAM4TMyNFkMHq6l92L8CRR3yJGRKibRqhdGLEJcWMJAU7EiREeIQGpK2ojzwinHhyUAIPlNKD/YCr50s4UX9PxMgTYuy5KukhORSzXir+57Uj2a86MfXDSBIfTxf1IwZlANN2YI9ygiUbK4Iwp+qvEA8RR1iqDguqBHP25HnSqJRNo2zenRZrl1kdebAH9kEJmOAM1MANsEAdYPAInsEreNOetBftXfuYRnNaNrML/kD7/AE2GprC</latexit><latexit sha1_base64="ReOaugFykjskB38oiHkkrNhaEIU=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0WsC0tSBQsiFAVxI0SwD2jSMplO26GTBzMToYR8ght/xY0LRdy6dOffOGmz0NYDA4dzzuXOPW7IqJCG8a3lFhaXllfyq4W19Y3NLX17pyGCiGNSxwELeMtFgjDqk7qkkpFWyAnyXEaa7ugq9ZsPhAsa+PdyHBLHQwOf9ilGUkld/TC2MWLQSrrxdZSmEngBjbJRtToV+7x02/Q68fFJctTVi0qdAM4TMyNFkMHq6l92L8CRR3yJGRKibRqhdGLEJcWMJAU7EiREeIQGpK2ojzwinHhyUAIPlNKD/YCr50s4UX9PxMgTYuy5KukhORSzXir+57Uj2a86MfXDSBIfTxf1IwZlANN2YI9ygiUbK4Iwp+qvEA8RR1iqDguqBHP25HnSqJRNo2zenRZrl1kdebAH9kEJmOAM1MANsEAdYPAInsEreNOetBftXfuYRnNaNrML/kD7/AE2GprC</latexit>

Self Heating

P↵ = 0.2PFusion = 0.25�2B4(MWm�3)
<latexit sha1_base64="IjPL7U97VpQdSDvB2gMoYUN5NdY="></latexit><latexit sha1_base64="IjPL7U97VpQdSDvB2gMoYUN5NdY="></latexit><latexit sha1_base64="IjPL7U97VpQdSDvB2gMoYUN5NdY="></latexit><latexit sha1_base64="IjPL7U97VpQdSDvB2gMoYUN5NdY="></latexit>



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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<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>

Energy Confinement -- Random walk of heat/particles.

H3



Burning

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>

! B4R3 � constant
<latexit sha1_base64="NtwOCaU9ko+Obs2meNHtXtJV1F8=">AAACEXicbVDLTgIxFO34RHyNunTTSExYkRkl0cQNwY1LNPJIGCCdUqCh047tHQ0h/IIbf8WNC41x686df2N5LBQ8Nzc5OefetPeEseAGPO/bWVpeWV1bT22kN7e2d3bdvf2KUYmmrEyVULoWEsMEl6wMHASrxZqRKBSsGvYvx371nmnDlbyFQcwaEelK3uGUgJVabjbQvNsDorV6wMHFuDAuNvM3zVMcdNkdpkoaIBJabsbLeRPgReLPSAbNUGq5X0Fb0SRiEqggxtR9L4bGkGjgVLBROkgMiwntky6rWypJxExjOLlohI+t0sYdpW1LwBP198aQRMYMotBORgR6Zt4bi/959QQ6540hl3ECTNLpQ51EYFB4HA9uc80oiIElhGpu/4ppj2hCwYaYtiH48ycvkspJzvdy/nU+UyjO4kihQ3SEsshHZ6iArlAJlRFFj+gZvaI358l5cd6dj+nokjPbOUB/4Hz+ADs3m/8=</latexit><latexit sha1_base64="NtwOCaU9ko+Obs2meNHtXtJV1F8=">AAACEXicbVDLTgIxFO34RHyNunTTSExYkRkl0cQNwY1LNPJIGCCdUqCh047tHQ0h/IIbf8WNC41x686df2N5LBQ8Nzc5OefetPeEseAGPO/bWVpeWV1bT22kN7e2d3bdvf2KUYmmrEyVULoWEsMEl6wMHASrxZqRKBSsGvYvx371nmnDlbyFQcwaEelK3uGUgJVabjbQvNsDorV6wMHFuDAuNvM3zVMcdNkdpkoaIBJabsbLeRPgReLPSAbNUGq5X0Fb0SRiEqggxtR9L4bGkGjgVLBROkgMiwntky6rWypJxExjOLlohI+t0sYdpW1LwBP198aQRMYMotBORgR6Zt4bi/959QQ6540hl3ECTNLpQ51EYFB4HA9uc80oiIElhGpu/4ppj2hCwYaYtiH48ycvkspJzvdy/nU+UyjO4kihQ3SEsshHZ6iArlAJlRFFj+gZvaI358l5cd6dj+nokjPbOUB/4Hz+ADs3m/8=</latexit><latexit sha1_base64="NtwOCaU9ko+Obs2meNHtXtJV1F8=">AAACEXicbVDLTgIxFO34RHyNunTTSExYkRkl0cQNwY1LNPJIGCCdUqCh047tHQ0h/IIbf8WNC41x686df2N5LBQ8Nzc5OefetPeEseAGPO/bWVpeWV1bT22kN7e2d3bdvf2KUYmmrEyVULoWEsMEl6wMHASrxZqRKBSsGvYvx371nmnDlbyFQcwaEelK3uGUgJVabjbQvNsDorV6wMHFuDAuNvM3zVMcdNkdpkoaIBJabsbLeRPgReLPSAbNUGq5X0Fb0SRiEqggxtR9L4bGkGjgVLBROkgMiwntky6rWypJxExjOLlohI+t0sYdpW1LwBP198aQRMYMotBORgR6Zt4bi/959QQ6540hl3ECTNLpQ51EYFB4HA9uc80oiIElhGpu/4ppj2hCwYaYtiH48ycvkspJzvdy/nU+UyjO4kihQ3SEsshHZ6iArlAJlRFFj+gZvaI358l5cd6dj+nokjPbOUB/4Hz+ADs3m/8=</latexit><latexit sha1_base64="NtwOCaU9ko+Obs2meNHtXtJV1F8=">AAACEXicbVDLTgIxFO34RHyNunTTSExYkRkl0cQNwY1LNPJIGCCdUqCh047tHQ0h/IIbf8WNC41x686df2N5LBQ8Nzc5OefetPeEseAGPO/bWVpeWV1bT22kN7e2d3bdvf2KUYmmrEyVULoWEsMEl6wMHASrxZqRKBSsGvYvx371nmnDlbyFQcwaEelK3uGUgJVabjbQvNsDorV6wMHFuDAuNvM3zVMcdNkdpkoaIBJabsbLeRPgReLPSAbNUGq5X0Fb0SRiEqggxtR9L4bGkGjgVLBROkgMiwntky6rWypJxExjOLlohI+t0sYdpW1LwBP198aQRMYMotBORgR6Zt4bi/959QQ6540hl3ECTNLpQ51EYFB4HA9uc80oiIElhGpu/4ppj2hCwYaYtiH48ycvkspJzvdy/nU+UyjO4kihQ3SEsshHZ6iArlAJlRFFj+gZvaI358l5cd6dj+nokjPbOUB/4Hz+ADs3m/8=</latexit>

Constant depends on shape profiles etc.  Physics!
SCALING FOR SELF SIMILAR TOKAMAKS

BR3/4 = constant
<latexit sha1_base64="pHGSbhpIX1nCRFn9zTZLJz28az4=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5poQS9CqRePVewHtLFstpt26WYTdidCCfWvePGgiFd/iDf/jds2B219MPB4b4aZeX4suAbH+bZyK6tr6xv5zcLW9s7unr1/0NRRoihr0EhEqu0TzQSXrAEcBGvHipHQF6zlj66nfuuRKc0jeQ/jmHkhGUgecErASD27WLt7SM9PKxN8hWkkNRAJPbvklJ0Z8DJxM1JCGeo9+6vbj2gSMglUEK07rhODlxIFnAo2KXQTzWJCR2TAOoZKEjLtpbPjJ/jYKH0cRMqUBDxTf0+kJNR6HPqmMyQw1IveVPzP6yQQXHopl3ECTNL5oiARGCI8TQL3uWIUxNgQQhU3t2I6JIpQMHkVTAju4svLpHlWdp2ye1spVWtZHHl0iI7QCXLRBaqiG1RHDUTRGD2jV/RmPVkv1rv1MW/NWdlMEf2B9fkDKvyT0A==</latexit><latexit sha1_base64="pHGSbhpIX1nCRFn9zTZLJz28az4=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5poQS9CqRePVewHtLFstpt26WYTdidCCfWvePGgiFd/iDf/jds2B219MPB4b4aZeX4suAbH+bZyK6tr6xv5zcLW9s7unr1/0NRRoihr0EhEqu0TzQSXrAEcBGvHipHQF6zlj66nfuuRKc0jeQ/jmHkhGUgecErASD27WLt7SM9PKxN8hWkkNRAJPbvklJ0Z8DJxM1JCGeo9+6vbj2gSMglUEK07rhODlxIFnAo2KXQTzWJCR2TAOoZKEjLtpbPjJ/jYKH0cRMqUBDxTf0+kJNR6HPqmMyQw1IveVPzP6yQQXHopl3ECTNL5oiARGCI8TQL3uWIUxNgQQhU3t2I6JIpQMHkVTAju4svLpHlWdp2ye1spVWtZHHl0iI7QCXLRBaqiG1RHDUTRGD2jV/RmPVkv1rv1MW/NWdlMEf2B9fkDKvyT0A==</latexit><latexit sha1_base64="pHGSbhpIX1nCRFn9zTZLJz28az4=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5poQS9CqRePVewHtLFstpt26WYTdidCCfWvePGgiFd/iDf/jds2B219MPB4b4aZeX4suAbH+bZyK6tr6xv5zcLW9s7unr1/0NRRoihr0EhEqu0TzQSXrAEcBGvHipHQF6zlj66nfuuRKc0jeQ/jmHkhGUgecErASD27WLt7SM9PKxN8hWkkNRAJPbvklJ0Z8DJxM1JCGeo9+6vbj2gSMglUEK07rhODlxIFnAo2KXQTzWJCR2TAOoZKEjLtpbPjJ/jYKH0cRMqUBDxTf0+kJNR6HPqmMyQw1IveVPzP6yQQXHopl3ECTNL5oiARGCI8TQL3uWIUxNgQQhU3t2I6JIpQMHkVTAju4svLpHlWdp2ye1spVWtZHHl0iI7QCXLRBaqiG1RHDUTRGD2jV/RmPVkv1rv1MW/NWdlMEf2B9fkDKvyT0A==</latexit><latexit sha1_base64="pHGSbhpIX1nCRFn9zTZLJz28az4=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5poQS9CqRePVewHtLFstpt26WYTdidCCfWvePGgiFd/iDf/jds2B219MPB4b4aZeX4suAbH+bZyK6tr6xv5zcLW9s7unr1/0NRRoihr0EhEqu0TzQSXrAEcBGvHipHQF6zlj66nfuuRKc0jeQ/jmHkhGUgecErASD27WLt7SM9PKxN8hWkkNRAJPbvklJ0Z8DJxM1JCGeo9+6vbj2gSMglUEK07rhODlxIFnAo2KXQTzWJCR2TAOoZKEjLtpbPjJ/jYKH0cRMqUBDxTf0+kJNR6HPqmMyQw1IveVPzP6yQQXHopl3ECTNL5oiARGCI8TQL3uWIUxNgQQhU3t2I6JIpQMHkVTAju4svLpHlWdp2ye1spVWtZHHl0iI7QCXLRBaqiG1RHDUTRGD2jV/RmPVkv1rv1MW/NWdlMEf2B9fkDKvyT0A==</latexit>

H3

H3/4

Note total power Pfusion / �
2
B

4
R

3 / �
2
H

�3
<latexit sha1_base64="YClZGlDZARO1chBzKxqlBFfJJbY=">AAACIHicbVDLTgIxFO34RHyhLt00EhM3khnAIDuCG5Zo5JEwM6RTOtDQmWnajgmZ8Clu/BU3LjRGd/o1doBERU/S5OSce3N7jscZlco0P4yV1bX1jc3MVnZ7Z3dvP3dw2JZRLDBp4YhFoushSRgNSUtRxUiXC4ICj5GON75K/c4dEZJG4a2acOIEaBhSn2KktNTPVZr9xI9TewptLiKuImh7RCG3WHfLN25pWYUNNzkvTfu5vFmoVi+KVgmaBXOGb2ItSB4s0Ozn3u1BhOOAhAozJGXPMrlyEiQUxYxMs3YsCUd4jIakp2mIAiKdZBZwCk+1MoB+JPQLFZypPzcSFEg5CTw9GSA1ksteKv7n9WLlXzoJDXmsSIjnh/yYQZ03bQsOqCBYsYkmCAuq/wrxCAmEle40q0uwliP/Je1iwTIL1nU5X6sv6siAY3ACzoAFKqAGGqAJWgCDe/AInsGL8WA8Ga/G23x0xVjsHIFfMD6/AJV3oo4=</latexit><latexit sha1_base64="YClZGlDZARO1chBzKxqlBFfJJbY=">AAACIHicbVDLTgIxFO34RHyhLt00EhM3khnAIDuCG5Zo5JEwM6RTOtDQmWnajgmZ8Clu/BU3LjRGd/o1doBERU/S5OSce3N7jscZlco0P4yV1bX1jc3MVnZ7Z3dvP3dw2JZRLDBp4YhFoushSRgNSUtRxUiXC4ICj5GON75K/c4dEZJG4a2acOIEaBhSn2KktNTPVZr9xI9TewptLiKuImh7RCG3WHfLN25pWYUNNzkvTfu5vFmoVi+KVgmaBXOGb2ItSB4s0Ozn3u1BhOOAhAozJGXPMrlyEiQUxYxMs3YsCUd4jIakp2mIAiKdZBZwCk+1MoB+JPQLFZypPzcSFEg5CTw9GSA1ksteKv7n9WLlXzoJDXmsSIjnh/yYQZ03bQsOqCBYsYkmCAuq/wrxCAmEle40q0uwliP/Je1iwTIL1nU5X6sv6siAY3ACzoAFKqAGGqAJWgCDe/AInsGL8WA8Ga/G23x0xVjsHIFfMD6/AJV3oo4=</latexit><latexit sha1_base64="YClZGlDZARO1chBzKxqlBFfJJbY=">AAACIHicbVDLTgIxFO34RHyhLt00EhM3khnAIDuCG5Zo5JEwM6RTOtDQmWnajgmZ8Clu/BU3LjRGd/o1doBERU/S5OSce3N7jscZlco0P4yV1bX1jc3MVnZ7Z3dvP3dw2JZRLDBp4YhFoushSRgNSUtRxUiXC4ICj5GON75K/c4dEZJG4a2acOIEaBhSn2KktNTPVZr9xI9TewptLiKuImh7RCG3WHfLN25pWYUNNzkvTfu5vFmoVi+KVgmaBXOGb2ItSB4s0Ozn3u1BhOOAhAozJGXPMrlyEiQUxYxMs3YsCUd4jIakp2mIAiKdZBZwCk+1MoB+JPQLFZypPzcSFEg5CTw9GSA1ksteKv7n9WLlXzoJDXmsSIjnh/yYQZ03bQsOqCBYsYkmCAuq/wrxCAmEle40q0uwliP/Je1iwTIL1nU5X6sv6siAY3ACzoAFKqAGGqAJWgCDe/AInsGL8WA8Ga/G23x0xVjsHIFfMD6/AJV3oo4=</latexit><latexit sha1_base64="YClZGlDZARO1chBzKxqlBFfJJbY=">AAACIHicbVDLTgIxFO34RHyhLt00EhM3khnAIDuCG5Zo5JEwM6RTOtDQmWnajgmZ8Clu/BU3LjRGd/o1doBERU/S5OSce3N7jscZlco0P4yV1bX1jc3MVnZ7Z3dvP3dw2JZRLDBp4YhFoushSRgNSUtRxUiXC4ICj5GON75K/c4dEZJG4a2acOIEaBhSn2KktNTPVZr9xI9TewptLiKuImh7RCG3WHfLN25pWYUNNzkvTfu5vFmoVi+KVgmaBXOGb2ItSB4s0Ozn3u1BhOOAhAozJGXPMrlyEiQUxYxMs3YsCUd4jIakp2mIAiKdZBZwCk+1MoB+JPQLFZypPzcSFEg5CTw9GSA1ksteKv7n9WLlXzoJDXmsSIjnh/yYQZ03bQsOqCBYsYkmCAuq/wrxCAmEle40q0uwliP/Je1iwTIL1nU5X6sv6siAY3ACzoAFKqAGGqAJWgCDe/AInsGL8WA8Ga/G23x0xVjsHIFfMD6/AJV3oo4=</latexit>



Smaller – faster - cheaper. 12

• SELF SIMILAR SCALING AT CONSTANT GAIN AND SHAPE

• ITER: R= 6.2m, B = 5.3T    BR3/4 = 20.8 

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

ITER 11.8T on coil
Ni Sn technology

SPARC 23T on coil
YBCO technology – in development

Is it cheaper because it is smaller?



Problem?  Not sure. 

13



Disruption 14

Disruptive event where mega-amp of current 
being carried by multi MeV “runaway” Electrons.

On ITER and SPARC this will be many
Mega-amps of current.

Hard X-ray image of bremsstrahlung
On DIII_D Lvovskiy, A. et al. 
Nuclear Fusion 60, 056008 (2020) Damage to JET wall from runaways



Smaller is worse 15

• Inductive Electric field accelerating electrons – magnetic field energy 
becomes relativistic electron energy.

• Use the scaling 

Energy in distruption in ITER about a Giga-joule

Per unit wall area

SPARC roughly 2 times worse than ITER. 

/ B2R3
<latexit sha1_base64="msp83FglcY1bk7tf3t4XulK4inM=">AAAB+HicbVBNTwIxEJ31E/GDVY9eGomJJ7KLJnokePGIRj4SWEi3dKGh223argkSfokXDxrj1Z/izX9jgT0o+JJJXt6bycy8UHKmjed9O2vrG5tb27md/O7e/kHBPTxq6CRVhNZJwhPVCrGmnAlaN8xw2pKK4jjktBmObmZ+85EqzRLxYMaSBjEeCBYxgo2Vem6hI1UiTYKq3TK671703KJX8uZAq8TPSBEy1HruV6efkDSmwhCOtW77njTBBCvDCKfTfCfVVGIywgPatlTgmOpgMj98is6s0kdRomwJg+bq74kJjrUex6HtjLEZ6mVvJv7ntVMTXQcTJmRqqCCLRVHKkX10lgLqM0WJ4WNLMFHM3orIECtMjM0qb0Pwl19eJY1yyfdK/t1lsVLN4sjBCZzCOfhwBRW4hRrUgUAKz/AKb86T8+K8Ox+L1jUnmzmGP3A+fwBYU5I2</latexit><latexit sha1_base64="msp83FglcY1bk7tf3t4XulK4inM=">AAAB+HicbVBNTwIxEJ31E/GDVY9eGomJJ7KLJnokePGIRj4SWEi3dKGh223argkSfokXDxrj1Z/izX9jgT0o+JJJXt6bycy8UHKmjed9O2vrG5tb27md/O7e/kHBPTxq6CRVhNZJwhPVCrGmnAlaN8xw2pKK4jjktBmObmZ+85EqzRLxYMaSBjEeCBYxgo2Vem6hI1UiTYKq3TK671703KJX8uZAq8TPSBEy1HruV6efkDSmwhCOtW77njTBBCvDCKfTfCfVVGIywgPatlTgmOpgMj98is6s0kdRomwJg+bq74kJjrUex6HtjLEZ6mVvJv7ntVMTXQcTJmRqqCCLRVHKkX10lgLqM0WJ4WNLMFHM3orIECtMjM0qb0Pwl19eJY1yyfdK/t1lsVLN4sjBCZzCOfhwBRW4hRrUgUAKz/AKb86T8+K8Ox+L1jUnmzmGP3A+fwBYU5I2</latexit><latexit sha1_base64="msp83FglcY1bk7tf3t4XulK4inM=">AAAB+HicbVBNTwIxEJ31E/GDVY9eGomJJ7KLJnokePGIRj4SWEi3dKGh223argkSfokXDxrj1Z/izX9jgT0o+JJJXt6bycy8UHKmjed9O2vrG5tb27md/O7e/kHBPTxq6CRVhNZJwhPVCrGmnAlaN8xw2pKK4jjktBmObmZ+85EqzRLxYMaSBjEeCBYxgo2Vem6hI1UiTYKq3TK671703KJX8uZAq8TPSBEy1HruV6efkDSmwhCOtW77njTBBCvDCKfTfCfVVGIywgPatlTgmOpgMj98is6s0kdRomwJg+bq74kJjrUex6HtjLEZ6mVvJv7ntVMTXQcTJmRqqCCLRVHKkX10lgLqM0WJ4WNLMFHM3orIECtMjM0qb0Pwl19eJY1yyfdK/t1lsVLN4sjBCZzCOfhwBRW4hRrUgUAKz/AKb86T8+K8Ox+L1jUnmzmGP3A+fwBYU5I2</latexit><latexit sha1_base64="msp83FglcY1bk7tf3t4XulK4inM=">AAAB+HicbVBNTwIxEJ31E/GDVY9eGomJJ7KLJnokePGIRj4SWEi3dKGh223argkSfokXDxrj1Z/izX9jgT0o+JJJXt6bycy8UHKmjed9O2vrG5tb27md/O7e/kHBPTxq6CRVhNZJwhPVCrGmnAlaN8xw2pKK4jjktBmObmZ+85EqzRLxYMaSBjEeCBYxgo2Vem6hI1UiTYKq3TK671703KJX8uZAq8TPSBEy1HruV6efkDSmwhCOtW77njTBBCvDCKfTfCfVVGIywgPatlTgmOpgMj98is6s0kdRomwJg+bq74kJjrUex6HtjLEZ6mVvJv7ntVMTXQcTJmRqqCCLRVHKkX10lgLqM0WJ4WNLMFHM3orIECtMjM0qb0Pwl19eJY1yyfdK/t1lsVLN4sjBCZzCOfhwBRW4hRrUgUAKz/AKb86T8+K8Ox+L1jUnmzmGP3A+fwBYU5I2</latexit>

BR3/4 = constant
<latexit sha1_base64="pHGSbhpIX1nCRFn9zTZLJz28az4=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5poQS9CqRePVewHtLFstpt26WYTdidCCfWvePGgiFd/iDf/jds2B219MPB4b4aZeX4suAbH+bZyK6tr6xv5zcLW9s7unr1/0NRRoihr0EhEqu0TzQSXrAEcBGvHipHQF6zlj66nfuuRKc0jeQ/jmHkhGUgecErASD27WLt7SM9PKxN8hWkkNRAJPbvklJ0Z8DJxM1JCGeo9+6vbj2gSMglUEK07rhODlxIFnAo2KXQTzWJCR2TAOoZKEjLtpbPjJ/jYKH0cRMqUBDxTf0+kJNR6HPqmMyQw1IveVPzP6yQQXHopl3ECTNL5oiARGCI8TQL3uWIUxNgQQhU3t2I6JIpQMHkVTAju4svLpHlWdp2ye1spVWtZHHl0iI7QCXLRBaqiG1RHDUTRGD2jV/RmPVkv1rv1MW/NWdlMEf2B9fkDKvyT0A==</latexit><latexit sha1_base64="pHGSbhpIX1nCRFn9zTZLJz28az4=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5poQS9CqRePVewHtLFstpt26WYTdidCCfWvePGgiFd/iDf/jds2B219MPB4b4aZeX4suAbH+bZyK6tr6xv5zcLW9s7unr1/0NRRoihr0EhEqu0TzQSXrAEcBGvHipHQF6zlj66nfuuRKc0jeQ/jmHkhGUgecErASD27WLt7SM9PKxN8hWkkNRAJPbvklJ0Z8DJxM1JCGeo9+6vbj2gSMglUEK07rhODlxIFnAo2KXQTzWJCR2TAOoZKEjLtpbPjJ/jYKH0cRMqUBDxTf0+kJNR6HPqmMyQw1IveVPzP6yQQXHopl3ECTNL5oiARGCI8TQL3uWIUxNgQQhU3t2I6JIpQMHkVTAju4svLpHlWdp2ye1spVWtZHHl0iI7QCXLRBaqiG1RHDUTRGD2jV/RmPVkv1rv1MW/NWdlMEf2B9fkDKvyT0A==</latexit><latexit sha1_base64="pHGSbhpIX1nCRFn9zTZLJz28az4=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5poQS9CqRePVewHtLFstpt26WYTdidCCfWvePGgiFd/iDf/jds2B219MPB4b4aZeX4suAbH+bZyK6tr6xv5zcLW9s7unr1/0NRRoihr0EhEqu0TzQSXrAEcBGvHipHQF6zlj66nfuuRKc0jeQ/jmHkhGUgecErASD27WLt7SM9PKxN8hWkkNRAJPbvklJ0Z8DJxM1JCGeo9+6vbj2gSMglUEK07rhODlxIFnAo2KXQTzWJCR2TAOoZKEjLtpbPjJ/jYKH0cRMqUBDxTf0+kJNR6HPqmMyQw1IveVPzP6yQQXHopl3ECTNL5oiARGCI8TQL3uWIUxNgQQhU3t2I6JIpQMHkVTAju4svLpHlWdp2ye1spVWtZHHl0iI7QCXLRBaqiG1RHDUTRGD2jV/RmPVkv1rv1MW/NWdlMEf2B9fkDKvyT0A==</latexit><latexit sha1_base64="pHGSbhpIX1nCRFn9zTZLJz28az4=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5poQS9CqRePVewHtLFstpt26WYTdidCCfWvePGgiFd/iDf/jds2B219MPB4b4aZeX4suAbH+bZyK6tr6xv5zcLW9s7unr1/0NRRoihr0EhEqu0TzQSXrAEcBGvHipHQF6zlj66nfuuRKc0jeQ/jmHkhGUgecErASD27WLt7SM9PKxN8hWkkNRAJPbvklJ0Z8DJxM1JCGeo9+6vbj2gSMglUEK07rhODlxIFnAo2KXQTzWJCR2TAOoZKEjLtpbPjJ/jYKH0cRMqUBDxTf0+kJNR6HPqmMyQw1IveVPzP6yQQXHopl3ECTNL5oiARGCI8TQL3uWIUxNgQQhU3t2I6JIpQMHkVTAju4svLpHlWdp2ye1spVWtZHHl0iI7QCXLRBaqiG1RHDUTRGD2jV/RmPVkv1rv1MW/NWdlMEf2B9fkDKvyT0A==</latexit>

/ B2R / R�1/2
<latexit sha1_base64="2EBH76EeifEOhfgcsaiHCV4qCqQ=">AAACB3icbVBLSwMxGMzWV62vVY+CBIvgxbpbBD2WevFYi31Auy3ZNG1Ds0lIskJZevPiX/HiQRGv/gVv/hvTdgWtDgQmM99HMhNKRrXxvE8ns7S8srqWXc9tbG5t77i7e3UtYoVJDQsmVDNEmjDKSc1Qw0hTKoKikJFGOLqa+o07ojQV/NaMJQkiNOC0TzEyVuq6h22phDQCljtFWIXft2onOfXPipOum/cK3gzwL/FTkgcpKl33o90TOI4IN5ghrVu+J02QIGUoZmSSa8eaSIRHaEBalnIUER0ksxwTeGyVHuwLZQ83cKb+3EhQpPU4Cu1khMxQL3pT8T+vFZv+ZZBQLmNDOJ4/1I8ZtEmnpcAeVQQbNrYEYUXtXyEeIoWwsdXlbAn+YuS/pF4s+F7BvznPl8ppHVlwAI7ACfDBBSiBa1ABNYDBPXgEz+DFeXCenFfnbT6acdKdffALzvsXrNOX4g==</latexit><latexit sha1_base64="2EBH76EeifEOhfgcsaiHCV4qCqQ=">AAACB3icbVBLSwMxGMzWV62vVY+CBIvgxbpbBD2WevFYi31Auy3ZNG1Ds0lIskJZevPiX/HiQRGv/gVv/hvTdgWtDgQmM99HMhNKRrXxvE8ns7S8srqWXc9tbG5t77i7e3UtYoVJDQsmVDNEmjDKSc1Qw0hTKoKikJFGOLqa+o07ojQV/NaMJQkiNOC0TzEyVuq6h22phDQCljtFWIXft2onOfXPipOum/cK3gzwL/FTkgcpKl33o90TOI4IN5ghrVu+J02QIGUoZmSSa8eaSIRHaEBalnIUER0ksxwTeGyVHuwLZQ83cKb+3EhQpPU4Cu1khMxQL3pT8T+vFZv+ZZBQLmNDOJ4/1I8ZtEmnpcAeVQQbNrYEYUXtXyEeIoWwsdXlbAn+YuS/pF4s+F7BvznPl8ppHVlwAI7ACfDBBSiBa1ABNYDBPXgEz+DFeXCenFfnbT6acdKdffALzvsXrNOX4g==</latexit><latexit sha1_base64="2EBH76EeifEOhfgcsaiHCV4qCqQ=">AAACB3icbVBLSwMxGMzWV62vVY+CBIvgxbpbBD2WevFYi31Auy3ZNG1Ds0lIskJZevPiX/HiQRGv/gVv/hvTdgWtDgQmM99HMhNKRrXxvE8ns7S8srqWXc9tbG5t77i7e3UtYoVJDQsmVDNEmjDKSc1Qw0hTKoKikJFGOLqa+o07ojQV/NaMJQkiNOC0TzEyVuq6h22phDQCljtFWIXft2onOfXPipOum/cK3gzwL/FTkgcpKl33o90TOI4IN5ghrVu+J02QIGUoZmSSa8eaSIRHaEBalnIUER0ksxwTeGyVHuwLZQ83cKb+3EhQpPU4Cu1khMxQL3pT8T+vFZv+ZZBQLmNDOJ4/1I8ZtEmnpcAeVQQbNrYEYUXtXyEeIoWwsdXlbAn+YuS/pF4s+F7BvznPl8ppHVlwAI7ACfDBBSiBa1ABNYDBPXgEz+DFeXCenFfnbT6acdKdffALzvsXrNOX4g==</latexit><latexit sha1_base64="2EBH76EeifEOhfgcsaiHCV4qCqQ=">AAACB3icbVBLSwMxGMzWV62vVY+CBIvgxbpbBD2WevFYi31Auy3ZNG1Ds0lIskJZevPiX/HiQRGv/gVv/hvTdgWtDgQmM99HMhNKRrXxvE8ns7S8srqWXc9tbG5t77i7e3UtYoVJDQsmVDNEmjDKSc1Qw0hTKoKikJFGOLqa+o07ojQV/NaMJQkiNOC0TzEyVuq6h22phDQCljtFWIXft2onOfXPipOum/cK3gzwL/FTkgcpKl33o90TOI4IN5ghrVu+J02QIGUoZmSSa8eaSIRHaEBalnIUER0ksxwTeGyVHuwLZQ83cKb+3EhQpPU4Cu1khMxQL3pT8T+vFZv+ZZBQLmNDOJ4/1I8ZtEmnpcAeVQQbNrYEYUXtXyEeIoWwsdXlbAn+YuS/pF4s+F7BvznPl8ppHVlwAI7ACfDBBSiBa1ABNYDBPXgEz+DFeXCenFfnbT6acdKdffALzvsXrNOX4g==</latexit>
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16Spitzer’s return : W7-X 2013 – first plasma 2015 –NO CURRENT
steady state



Optimization – Field and Particle Orbits 17

T. Sunn Pedersen Simons Summer School, Princeton,  August 2019 15

Optimization of W7-X illustrated

Wendelstein 7-XClassical stellarator

Tokamak: Obvious 
symmetry

As shown earlier



Innovation – coils + permanent magnet (PM) stellarator 18

Matt Landreman
New improved QAS
Equilibria possible with
PMs. 
Helander et. al. 
(Physical review letters 
124 (9), 095001

FIG. 1: Magnetic-field coils and plasma boundary for ESTELL, a two-period quasisymmetric stel-

larator [5]. The 8 coils are all identical and circular.

(This means that the field strength is nearly independent of the toroidal angle in Boozer or

Hamada coordinates, which ensures good orbit confinement [6–8].) In the original design,

the magnetic field was created by 20 non-planar, modular coils of 5 different types. Leaving

permanent magnets to do most of the plasma shaping, a new optimization was now carried

out where only 8 identical, planar, circular toroidal-field coils proved necessary. In this

optimization, the orientation and positions of the coils were varied in such a way as to

minimize Eq. (6) under constraints ensuring that the coils do not get too close to each

other or to the plasma. Accordingly, the resulting coils, which are shown in Fig. 1, are

situated comfortably far from the plasma, ensuring a relatively small toroidal ripple. The

magnetization surface current density in Eq. (5) required for plasma shaping is displayed in

Fig. 2 and is well within the range achievable with Nd magnets. Here the device has been

scaled to a field strength on the magnetic axis of B0 = 1 T and an average major radius of

R = 1.4 m. The largest value of µ0Φ̃ is then about 0.25 Tm and the required thickness of

the magnetization region is about 18 cm in the thickest regions, thus providing clearance

between coils and magnets[14].

The fidelity of the magnetic field is very good, as indicated in Figure 4, which compares

flux surfaces with those in the original design. The magnets are essential: the field from

5

Maximum Field for Permanent Magnets not known well – several tesla.
Use HTS not for high field but for easier cooling and less bulk?

New magnetic materials?



SAS  --- Quasi Symmetric Advanced Stellarator 19

• ARPA-E + FES funded permanent magnet development
• Stellar Energy Founda9on funding. 
• U9lizes already constructed TF coils, vacuum vessel
• Target plasma configura9on:

• B0 = 0.5 -1 T (limited by TF coils)
• Rmaj = 1.44 m 
• amin = 0.32 m

• Research objec9ves
• Short-term: design and construct magnet

array for one half-period; test for accuracy
• Long-term: finish magnet construc9on; 

study physics of new op9mized configura9on
vacuum 
vessel

permanent 
magnets

TF 
coils

copper

K. C. Hammond et al.     |     
Geometric concepts for stellarator permanent magnet arrays

In principle makes a very attractive Pilot Plant concept– but too early to be sure.



Conclusion 20

• 100 years from Eddington fusion is certainly possible but is it economic?

• We need “some” innova6on. 

• Plasma science is becoming predic6ve. 
• Next set of fusion innovaGons is driven by scienGfic results and simulaGons. 

• Economic Fusion power making a significant contribu6on by mid century 
should be the goal.

We need  a rigorous, modern, cost centered study of 
pilot plants. Industry partners are needed – real 

engineering partners. 


