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What are the most pressing issues in
magnetic fusion?

Science mission Energy mission
e Self-heated burning o Energy gain
plasma

 Fusion power density
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What are the most pressing issues in

magnetic fusion?

Science mission
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Energy mission
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 Fusion power density




What are the most pressing issues in
magnetic fusion?

Science mission

e Self-heated burning
plasma

p,T.=1MPa-s

T, =T, ~10-20 keV

Energy mission
 Energy gain
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Most pressing needs center on achieveing absolute nuclear
physics & confinement; NOT R, B, . q. etc.

Science mission Energy mission
e Self-heated burning o Energy gain
plasma

 Fusion power density
p,Tp,=1MPa-s P.| MW m™ |=8 p .

T, =T, ~10-20 keV
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Case: The high magnetic field path is optimal to
obtain our absolute science and energy goals

 From plasma science viewpoint there
are no serious ‘“‘tradeoffs” in the
design of your MFE burn/energy
mission, you always maximize B field
strength

e Achieving high B field with
electromagnets has fundamental
science limits; understanding this
evolving science allows us as plasma
physicists how to best meet our
science and energy missions

Whyte, Case for High Field Fusion, APS 2017 Illll PS FC



Case: The high magnetic field path is optimal to
obtain our absolute science and energy goals

 From plasma science viewpoint there
are no serious ‘“tradeoffs” in the ,
design of your MFE burn/energy ~1/2 of review
mission, you always maximize B field
strength

e Achieving high B field with
electromagnets has fundamental
science limits; understanding this ,
evolving science allows us as plasma ~1/2 of review
physicists how to best meet our
science and energy missions
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Why now?

e Wasn’t all this settled with Snowmass = ITER in 2002?

e 15+ years since we talked about this.. many of our younger
scientists don’t recall key features of debate about the “tactics”
involved in achieving burning plasmas.

 And haven’t things changed meanwhile?
» In physics of plasmas, magnets, etc.
» Or maybe we just have more experience & insight

Whyte, Case for High Field Fusion, APS 2017 Illll PS FC



Ground rules

 Toroidal geometries: tokamak,
stellarators, etc.

e R: major radius a: minor radius

_ Plasma Magnetic
e £=a/R Blanket field line

e If not stated explictly, shaping is
assumed fixed
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Size, Field + physics dependences?

Issue

Power density

Confinement (generic)

Confinement (tokamak)

Confinement
(stellarator)

Gain

Stable pedestal

Scaling

Issue Scaling

Density (tokamak)
Density (stellarator)
Heat exhaust: min. f,

Heat exhaust: q//
Runaway e- amp.

Synchrotron: runaways

Synchrotron:thermal

TAE
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Volumetric fusion power density

D D Generic
= th — th - 4
B p magnetic B ’ / 2“() Pf B
+ P =3 A — Tokamak
Troyon limit (tokamaks) B*
B q Py~

Py = S5¢ S(K)

Troyon, Gruber Phys. Lett. 110A (1985)
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Confinement (generic)
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Confinement: tokamak

e Expressing confinement through “wind- 102 5 -
tunnel” dimensionless scaling laws : 'Ifl;::f“ .......
v . e
_ o0 | e .
B T oc p* 3.1 Pel‘t‘:y :Ié; 101 E ‘:";?',‘.
E’ ] GyroBohm T
Extract R, B at "CE: 100 - et
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g -
3 ]
3.1 p2.1 s 1014
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100 101
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Luce, Petty, Cordey PPCF 50 (2008)
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Confinement: tokamak

e Expressing confinement through “wind-

tunnel” dimensionless scaling laws

Extract R, B at
Fixed R/a

T ~ R3.1B2.1
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Confinement: stellarator

-0.8 0. 2 0.0
TISS 04 Bohmp [))

Extract R, B at
Fixed R/a & p,,

"4
28 22
Tissos ™~ R™"B

Dinklage, A. et al. Fusion Sci. & Tech. 51 (2007)
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Energy gain at fixed
physics & shape parameters

Target larget
P X Tr = PunTg
Generic | R*B? R
Bz Hog R2'7B3'5 R2.7BS.5
Petty | R31p2! R31p4!
1sso4 [ R*°B** R28 42
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Tokamak boundary pedestal is required achieve high global
pressure, but cannot be unstable to Edge Localized Modes

Target pedestal py,

pressure Comparison of EPED Model to 322 Cases on 6 Tokamaks
} ] <— go2fr JET (3 R
H-mode - @ F=« DII-DELM (109) .»
= [° DHFDQH (1) P
D t+ JT-60U(16) o~
/ L Lx C-Mod(10)
.../ pe T ® C-Mod (SH expt) & 223
. ®10'Fe@  Compass (23), .o 3
separatrix 3 [ AUGH3) o F ]
O [ ITER @e>F+™
N : E oYy o i
0 ~radius 2 g
‘ 8 ,.. :@ Snyder et al APS 2017
. . < 100 - Ll . MR S
<= barrier width 101 o0

101 102
EPED Predicted Pedestal Height (kPa)
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High B (+ strong shaping) enables stationary
pedestal with high absolute pressure

~ Peeling-
Ballooning
Stability
Limit

Snyder et al NF 2011
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P ped g
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High-field provides robust access to intrinsically ELM-free
I-mode, in part by suppressing H-mode transitions

08— T
P oss - @ C-Mod I-mode e 1
= - P(L-T)~B™ % S By < B
NeS |~ 7~ _-‘available1
__ 06 _ ,-7 power 7]
E QL,_,_ _________ -
o% 0.4} ,,’/o! ® t -
(\Il\e /,,,‘ - -’- - ]
~ L’ '_ _____
0.2F----4--88---oe%9------- A-R-C-
- ITER ]
0.0 - i i i 1 i i i 1 i i i 1 i i i 1 i i i -
0 2 4 6 8 10
Hubbard et al Nucl. Fusion 2017 BT (T)
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Density: tokamak

If T fixed by Lawson

optimization then »ob
‘7 g 1.5 —
but can you get there* I
= -
0 -
< |
e I
05
0.0L
5
M. Greenwald, Density limits in toroidal plasmas, Plasma
Phys. Control. Fusion 44 (2002) R27-R53
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Density limit in stellarator

0.5 05 -1 —0.5 Sudo, et al. Nucl. Fusion 30 (1990)
n, <025 P2 Bq 'R

tot

In a burning plasma ﬁ
2 p3 1.5 p0.5 -1.5
P,<p,RR—=>n_ <p R’B7cR

{

25
n </cB
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Density: tokamak

Empirical Greenwald density

1s a disruptive limit in tokamaks

0.16
JET?® I (
K
~ 0.12 n < n — p S B
'i — "°Gr 2 R
2 a q
S 0.08
K]
(a]
0.04
0
() Greenwald fraction
De Vries, et al. Nucl. Fusion 49 (2009)
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Power exhaust: tokamak divertor Problem

D. Brunner C04.00002

scrape-off layer

P
radiating SOL 00 0.2
divertor

plasma\
A’q// 2‘q// oc € ppol ~ 1/Bpoloidal
Eich NF 2013

q, °< PSOL B/R Goldston NF 2011

Mir PSFC
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Power exhaust: tokamak divertor Solutions

2
P, ~ng fz

2 B

L] oC —_—

g | Raiv =~ Peore R eore R
b Required impurity C.. oc Fsor

. | z 2
Fraction to Detach B, fo

radiating
divertor

plasma\

.
A A oce ~1/B . Required impurity 09 1.3
ar 9/ Pp ol poloidal Fraction to Dissipate f z "~ B R

Psol in H-mode?

!Goldston et al PPCF 2017, APS17

<P  B/R
9 SOL 2M L. Reinke. Nucl. Fusion 57 (2017)
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Power exhaust + achieving high gain plasma

Economic target Gain target
P Tp55 _
q, < b, BIR  + ]éOJEX(MW m_z) T pthTENRNBSS:Y(MPa'S)
d, ~ (X) RB V
I\> - (X)( Y )1/2.7
(X)(Y)O.37
q, B

Whyte JFE 2016
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Due to the lack of explicit size scaling in SOL heat width,
high-B tokamaks have several advantages for heat exhaust

g, <P, BIR SOL physics
For Divertor detachment
= ||| C o —
2| * B fo (Goldston)
m f, ~B"’R"’ Impurity + H-mode
- (Reinke)
) (X)(r)™" Global gain +
K B power density

Mir PSFC
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Due to the lack of explicit size scaling in SOL heat width,
high-B tokamaks have several advantages for heat exhaust

Goldston)

scrape-off layer

Global gain +
power density

Mir PSFC

27
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Runaway e- amplification: tokamaks

Runaway growth rate

27 P55 _ Hog
PuTg ~ 4 R™b =X (MPa . S) scaling
Rosenbluth, Putvinski Nucl. Fusion (1997) ﬁFIX aspeCt r atiO, H’ ﬁN
1.4
q BR
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Runaway e- amplification: tokamaks

Runaway growth rate

Ve ~ eXP(Ip)

pthTE ~

Hp,

4

R*' B> = X (MPa-s)

FIRE ITER
D. Meade, FED 63 (2002)

ﬁFiX aspect ratio, H, By
|

—_— e —

q BR

i

P B0.38

0.24 1>0.33
X R

Hog
scaling
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Runaway e- amplification: high-B
small-R tokamaks achieve gain at lower I,

Runaway growth rate

Vre ™~ eXP(Ip)

| pthTE ~

R*' B> = X (MPa-s)

4

FIRE ITER ARC

B (T) 10 53 92
R(m) 214 62 323
Q 10 10 13

ROG3/BOB 054 097 0.64
[,(MA) 77 15 12

ﬁFix aspect ratio, H, By
|

—_— e —

q BR

i

0.24 1>0.33
X R

P B0.38

Il

Hog
scaling
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Synchrotron radiation

2 2
E°B
synchrotron ~ 4

m

Direct loss for runaway e-
e
. E. ~ 100 MeV

E ~ eV, visible

Magnet

photon

. ’ 1
Following Rosenbluth's treatment M. Bakhtiari et al Phys Rev Lett 94 (2005)

2. . A. Tinguely APS 2017
. n, T>°B"”
P =8x10" —2 kv
synch — 1/2
(B.R,)

!Rosenbluth Nucl. Fusion 10 (1970)

Thermal electrons
Photons ~ mm-m wavelength
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Synchrotron radiation is a soft limit to By> 15 T

E*B*
synchrotron ~ 4 nZO — 2 1 TkeV — 12 5
m
12 1 p,,~08 P ~5MWm”
™M
Following Rosenbluth,s treatment § 1 S _Alpha heati ng
275 15 0.8 B N
_ 9 Myl B =3
Psynch =~ 8x10 W S 0.6
( B.R, ) = —=Bremsstrahlung
[7,)
S 0.4 N |st
o
a 0.2 S TN ot
Net synchrotron
g 0 | | | loss Y
o 10 15 20
2 12 3
Pbrem ~ O'OoanOTkeV I:MW L :I B (T) 75% reflection
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High-B access to higher density, lower T
solutions mitigates synchrotron losses (and TAES)

E’B’
synchrotron ~ 4 n20 — 2'8 Tkev — 9 Rm — 5
m
1.2 1 ~08 P, ~SMWm>
—“? pMPa fusion
Following Rosenbluth’s treatment E 1 B —Alpha heating
; 0 8 R
275 pl.5 .
_ g Nyl B ?__
Psynch kel 8x10 12 > 0.6 s a AR ARt a st nas
( B R ) = —=Bremsstrahlung
e m 17,
g 0.4 B R Ioss
©
l 0.2 B R
g 0 - | | | Net synchrotron
& 5 10 15 20 lose
2 1/2 -3
B ~ 0.005 0 s I:MW m :I B(T) 75% reflection
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Am I happy or sad?

Issue Scaling Issue Scaling
Power density B4 Density (tokamak) R-!1 B!
Density (stellarat B2 (burni
Confinement (generic) R2B? ensity (stellarator) p R
Heat exhaust: min.f, R!3 BY*
Confinement (tokamak) ~ R*7B*> (Hy) Heat exhaust: g// B! (burning)
R31RB2! (Petty)
Runaway e- amp. exp (R%28 / BY9)
Confinement R28 B! \
(stellarator) ~ Synchrotron: runaways B2
Gain R*31 B*22 Synchrotron:thermal ~B1>
Stable pedestal/I-mode ~ By B? TAE n~B, v,~B

PSFC 34
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Am I happy or sad? I’'m happier than in 2002

Issue Scaling Issue Scaling
Power density B4 Density (tokamak) R-! B!
O — R2 B2 Density (stellarator) B B2~ (burning)
Heat exhaust: mmn_f, 20 10“‘1°7 L
Confinement (tokamak) _ R27 ] 1998 Heat exhaust: g// )
2008 B! (Petty)
o Runaway e- amp. avn (R028 / BO.3)
Confinement 2005 Y 2005-17
(stellarator) Synchrotron: runaways B>
Gain R*31 B2 Synchrotron:thermal ~B1>
Stable pedest 2010 2016 _ TAE n~B, v,~B

PSFC 35
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Some of the high-field pioneers

US Patent 1973

Device for plasma confinement and heating by
high currents and non-classical plasma
transport properties

US 3778343 A

Bruce Ron Parker ) .
Montgomery Dale Meade

-

Whyte, Case for High Field Fusion, APS 2017 Illil- Ps FC
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Electromagnets & Tokamak plasmas: same physics

Vx B=u, j Ampere’s law
Vp =j X B Force balance

Ohmic heating

Whyte, Case for High Field Fusion, APS 2017 Illll PS FC
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Electromagnets & Tokamak plasmas: same physics

Ampere’s law B~
Vp=jxB Force balance Poagner ™ B’
P=nj”’ Ohmic heating P ~ B’

Whyte, Case for High Field Fusion, APS 2017 Illll PS FC
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Same physics: different media

—h
©
=

F
= 10515
£ 3
G 106 = -
2 S
= - 2107t N
_ = Q.
VxB=L, j 2 E copper
g 108f~+5n ffffffffffffffffffffffffffffff
Vp=jXxB w08 N
1010
P:@j2 10° 107 102 10% 10% 10° 10° 107 108
0.----: Temperature (K)
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Same physics: different media

—

V)Cl}::uoj

— — : : Fluid: “a substance
— 7 Solid: “resistant to , )
@_ J @ changes in shape which cannot resist
or volume” deformation

_ + 2 under shear stress
P= nmJ applied to it”
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Analytic assessment of simple cylindrical solenoid
magnet coil provides insight to limit in B

jxB force
F

jxB =

QS

Amperes law /w uniform |
B.(r)=y j(b—-r)

Outward force per segment
b

F'xB .2
dOsz_] J(b—r)rdr

B 2
2u, (b—a)’

j.(b—r)r dr

Jo B, rdOdrdz

Whyte, Case for High Field Fusion, APS 2017 Illll

PSFC
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JxB forces must be taken by the
stress in the coil, which has intrinsic limits

Tensile stress must balance jxB force

b Stress O
j o,sin0dOdrdz=F,, 9 __F in coil ‘\
a dod; 7 FjxB
b de . _>

g | (b=r)r dr

o, = . 3
21, (b - a)
B*| 2a+b |

o, =
24, L 3 (b - a) |
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As in toroidal plasma physics, aspect ratio
is a critical and complex optimization

b
< Small Medium Large
— 2x+1 % bore bore bore
3(1— x) £ y
£ v
el "“/
g 1 —
kY A
= o
g
S ®ad
)]
(=]
=
0.1
0 0.2 0.4 0.6 0.8 1

Relative bore of coil (a/b)
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Simple toroidal ‘‘solenoid” to explore limits
R=4 m, A=4,B,=B_. /2

i oo JJ, TR AR
| - 2n R
| B.,.=03j . .,

Whyte, Case for High Field Fusion, APS 2017 Illll Ps FC
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Simple toroidal ‘‘solenoid” to explore limits
R=4 m, A=4,B,=B_. /2

oM | j, mRdR
- 2w R
B.=03j .,

B Bo _Cl_2 B
e N YTy T3 0, [MPal=M

21,

2
max

Whyte, Case for High Field Fusion, APS 2017 Illll Ps FC
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D-shaped coils are actually used for shaped
plasmas..but stress limits ~ equal for test case

Constant tension coil

CENTRAL |
SUPPORT

82
O, .= 2.3 Gmax =272 Thome & Tarrh
2 M, 2 u 0 “MHD and Fusion Magnets”

John Wiley & Sons, NY, 1982
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Explore magnet concepts

Concept B, (T) T (K)

max (

Water-cooled
Cu

Cyrogenic Cu
Nb-Ti

Superconductor

Nb-Sn
Superconductor

REBCO
Superconductor
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Room-temperature water-cooled Cu coils

Colil cross-section

20 ;
? C .
S 15 e a o)
= ¢ : g
‘E: 101 GW electric plant —|4000 8
9 - to operate . —-
2/3 Cu o S5C 2000 B
05 Ptot,coil ~ Ptusion . =
Copper 1/3 H,0 ' ' 0
600 ;
—_—
© B 4
% 400}~ Cu strength limit -
X o 1
= 200 ~ .
b B -
0 B . ‘ . ’ 4
0 5 10 15 20 25 30
Bmax (T)
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Room-temperature water-cooled Cu coils

Coil cross-section By~ST B~10T
2\ N\
~ 20 ' | ' .
E 150 = o
= ] E
§: 101 GW electric plant —4000 g
3 - to operate . —
2/3 Cu S = . o0 2
oF tot,coil ~ Ffusion :0 <
Copper 1/3 H,0 | | |
. 600 ]
Bitter plate s :
s 400~ Cu strength limit
= i
g 200 —
i » ]
o) 0: /f/ | | | ]
0 5 10 15 20 25 30
Bmax (T)
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Room-temperature water-cooled Cu coils

- Cooling Manifold FDFI
Inner Blanket B maXN 1 2 T

0.6 Thick
Divertor

Pumping Duct BO ~ 5 -4 T
Outer Blanket

Shield 0.8 Thick | R~27m

Shielding
T—a=0.77

N
(=

-
@
T

oil (MW m?)
3
>,

Ptot,coilN5 00 MW

electric plant
to operate
tot,coil usion
600 - ]
L Cu strength limit 7
P.~290 MW g :
f » i |

20 25 30

)
T

Pc

o
T

Oma (MPa)
g

n
=3
=)

6.30

(‘

o
o
-
o

15
Bmax (T)

!Chan et al Nucl Fusion 51 (2011)

Mir PSFC
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Material properties, resistivity and heat capacity,
are highly T dependent at cryogenic temperatures

10
T 10° § D-T Cyrogenic material properties
S 106 2 plasma Cu  SS(304L)
2 Room temperature -
.E 107 ¥y Tensile 200 1340
§ E a copper \ strength
c 108 o (MPa)

109 Liquid N Resistivity ~ ~2 500

o temperature (nohm-m)

0.----. Temperature (K)

10° 10! 102 103 10% 105 10° 107 108

Whyte, Case for High Field Fusion, APS 2017
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Cryogenic properties are highly sensitive to T

1000 E
100 —+
:g -
()] /.
=
= ,
] /
|j<J .
T 10
9 - G-10CR .
e .
O - :
]
o X
0 Polyamide :
L R
Polyimide S
6061 Aluminum -
OFCH Copper
0.1 . '

TEMPERATURE, K
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LN-cooled copper + steel for stress loading
Pulsed due to lack of active cooling

20 ' 120
& F Copper resistivity .
€ 15 doublesin10 s 15 >
= 1 =
S 10 J10 ¢
.g i 3 i 3
A C GW pulsed power
oF o n
1200
A L pu—
© C ]
Q. s00F =
g C SS strength limit
S 400k :
g 400 f_ Cu strength limit _E
0 1 1 1 1 1
0 5 10 15 20 25 30

Bmax (T)
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LN-cooled copper + steel for stress loading
Pulsed due to lack of active cooling

SS| Cu |SS

Liquid nitrogen~70K

BON}\l T \ Bmax~22 T
20F T - 220
& C Copper resistivity
€ 15[ Houbles in 10 s 7
= I
€ 10F e
%
O g =
(s B GW pulsed fower
0 r S
1200 F 7
;ﬂ? - - \ B
800 =
E C SS strength limit_:
8 100 E
g 400 E_ Cu strength limit _E
ot / . . .
0 5 10 15 20 25 30

Bmax (T)
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The “Alcator” approach enforces Cu plates with SS
+ translates forces to steel plates + pressure vessel

Wedged TF Core

. 20?
E b
s
§ 10
— g
1200
g 800_7
E 4005:
o E
of
0
Feltmetal |
J. Irby et al FST 51 (2007)
i PSFC =
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Cryogenic-Cu magnets access B_;, > 20T, B ~10 T -
pulsed high-gain, burning plasmas at very modest size

: Compact Burning Fusion Ignition
Ignitor Ignition Plasma Researchg Exn't
Tokamak eXperiment P

B: 13T OT 10T
R: 13 m 1.2m 2.6 m 2.14 m
B. Coppi et al Nucl Fusion 41 (2001) Schmidt, Furth PPPL 1986 Goldston FST 21 (1992) D. Meade, FED 63 (2002)

Whyte, Case for High Field Fusion, APS 2017 Illil- PS FC 56



Superconductors: zero resistivity, but a
restricted operating spacein T, j and B

current density [A/cm?]

T=4K

20

40

60

80
100

temperature [K] maghnetic field [T]

Whyte, Case for High Field Fusion,
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Superconductors: critical current, at fixed
T, depends on SC type and B

current density [A/cm?]

temperature [K] maghnetic field [T]

Fixed T Jeo B, o
| Nb-Ti 103 5 3

_10Mam

_ ! Nb;-Sn 10 10 3
%; 0™ am |
| T~4 K, B>B,
o2 & _ 8 10 |
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Nb-based superconductors:
B limited by critical current at T~ 4K

Coil Cross-section

superconductor _ 600 [ 4K jcrlit
N -

50% SS £ 400 Nbs-Sn -
22% cool S

25(7 C E 200 — I

o CU o C y
3 % SC ol . .
Stainless Steel o~
1000 ' ' ' '

SS strength Iimit—z

Omax (M Pa)
o
]
[

0 5 10 15 20 25 30
Bmax (T)
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Nb-Sn superconductors:
B limited by critical current at T~ 4K

Coil Cross-section Bha~7T Br}a{(~12 T
Z\
L rrans N
P Nb3-Sn
50% SS & 400 b3-S B
<L
22% cool s .0 __f :
3 % SC =
Stainless Steel —
1000 [ : : : .
800 _
s 600 ]
é SS strength limit
é 400 — =
E 200F d E
o] - :
ocC 4/’/. , , ‘ .
0 5 10 15 20 25 30

Bmax (T)
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Superconductor tokamak examples:

EAST & ITER

Yuanxi et al Plasma Sci Tech (2006)

B ~11T
B,~53T

Nucl. Fusion 47 (2007)
ITER Huguet, FED 36(1997)

HiesCasaifondishdicldiusionsARSO0IE Mir PSFC 61



Different magnet concepts: complex tradeoffs in
available B, P_ ., operating T & pulse duration

coil

Concept B, . (T) T (K)

Water-cooled 10 300
1000 —
Cu g g
L e
. - Teflon ’ & s
Cyrogenic Cu 22 70 oL P |
;| 7S ]
g i , O ’
Nb-Ti 7 4 ; // g"’ Debye theory
Superconductor so0E cwn A S e~ T E
% L %////// ‘s‘
gL 7 &
Nb-Sn 12 4 * 1 % K i
E Polyimide - ~‘
Superconductor - S
| oiAumnu m ~
0 ?FCHCf)pper L ) ) L
REBCO 1 110 1(IJ0
Superconductor TEMPERATURE, K
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NAS study: Cryogenic Cu could study burning plasma
science at 25x smaller volume than Nb,Sn

ITER

pthTE — R2.7B5.5

Volume ~ R3~ 1/B?

FIRE ITER
B (T) 10 53
R (m) 2.14 6.2
Q 10 10
T/ Teg > 1 > 1

Vp (m3) 30 _ 5 800
25x
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Tactics? High-B, compact was known to have
~10-fold performance to cost ca. 1990 but pulsed

100
Plgnition B EES
Compact Tokamak e 10-
< e ] * TFTR
Ignition Concepts E 2 '
eqq e 1 TORE-SUPRA $JT-60
J. Willis I; . = e
. &
J. Fusion Energy 1989 & oirog EXTRAPOLATING
: PBX-M I .
¢ CPRF ] ® Goldston
Alf L e B Goldston x DT
0.1 ) ey ——
10 100 1,000 10,000
Cost (MS) ca. 1989
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Cryogenic Cu, embodied in FIRE, could study
burning plasma science at 25x smaller volume

Volume ~ R3~ 1/B?

FIRE ITER
B (T) 10 53
R (m) 2.14 6.2
Q 10 10
ITER T/ Teg > 1 > 1
“Dead-end V, (m?) 30 _, 800
Technology™ 25x
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Choosing ONLY the low-field, large volume path now
appears to have severe tactical disadvantages

[atmxs] historic progress towards net energy
® 40' ear a ! 10 -T breakeven (Q= ®
y g p DT brealk (@=0 ® ITER (projected)
1 0%
° (0X9)
* A single g o
° ° (©) @
experiment in the 0.1 " o
entire world! ° o
(¢
0.01 ®e
@
L
Superconductor 0.001 .

limits changed
meanwhile! 0.000" °
1960 1970 1980 1990 2000 2010 2020 2030 2040
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High-Temperature (HTS) REBCO
superconductors

current density [A/cm?]
A

.—107

106:

Jeo B, o
20 0 Nb-Ti 103 5 3
40 \Z 100
60 150 Nb;-Sn 103 10 3
80 ‘*’\2100
100 \22:) REBCO 2.5x103 5 0.6
temperature [K] magnetic field [T]
T~4 K, B>B,
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With HTS magnets, stress is the only limit -
multiple design choices to achieve B, > 10T

superconductor

- 4K

Stainless Steel ; coil

SS stren;t\r Iimﬁ

-
-
-
-
-
-
-

0 5 10 15 20 25 30
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With HTS magnets, stress is the only limit -
multiple design choices to achieve B_. > 20T

B. Sorbom et al - 4K
FED 2015 =

coil

lllll

llllllll[ll

SS stren;t\\ limi

0 5 10 15 20 25 30

Gmax ~700 MPa Bmax (T)

s al

—f
-
-
-
——
-

lll
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With HTS magnets, stress is the only limit -
multiple design choices to achieve B_. > 20T

Pilot ST

3000
4K

Menard et al Nucl. Fusion 56 2017

2000

j (MA m-2)

1000

IIIIllllllllllllllllIIIIIIII

coil

o
T

lllllllllllllllllllllllllllll

1200
1000

800
600

=

Omax (MPa)
)
o8 8

SS stren;t\\ li

mi

llllllll[lllllll

s al

llll

o IIIIIIIIIII IIII[IIIIIII

5 10 15 20 25

w
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With HTS magnets, stress is the only limit -
multiple design choices to achieve B_. > 20T

3 10 cm

Small NMR magnets B> 45T
Already demonstrated

B, ~23T

Whyte, Case for High Field Fusion, APS 2017 I Ilil- Ps FC
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HTS magnets clearly change the tactical landscape
for magnetic fusion

J. Willis J. Fusion Energy 1989

100
Concept B...(T) T(K) { Ignition
""""" HGHFIED™ ™ " = ® i i SRR
Water-cooled Cu 10 300
I-"ﬂ 1 0‘5
Cyrogenic Cu 22 70 > 3
v
L
Nb-Ti 7 4 -
Superconductor § 1. on:0| %’E{Gﬁé;s[.s?
Nb-Sn 12 4 : "l o
Superconductor * cerrj ¢ Golaston
Alfle B Goldston x DT
REBCO >23 4 -30 0.1 |
Superconductor 10 100 1,000 10,000
Cost (MS) ca. 1989
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I rest my case

Issue Scaling Issue Scaling current density [A/cm?]
. A
Power density B4 @ Density (tokamak) R1B! (D) b
: Density (stellarat B? (burni S
Confinement (generic) R2B? ) ensity (ste a;a ,O;) 771 B i :
Heat exhaust: Emﬁi’.; ) R!13 B09 < 40°
Confinement (tokamak) ~ R?7B3° (Hy) & Heat exhaust: | y 7 7 1L B-! (burning) & »
R31BZ1 (petty) - - 20
Runaway e- amp. exp (R0%2/B%%) & 60
Confinement RESE (D) 80
(stellarator) Synchrotron: runaways B2 (D) 100
Gain R231 B455 () Synchrotron:thermal ~Bl5 © temperature [K] magnetic field [T]
~ 2 ~ ()
Stable pedestal By B @ TAE n~B, v,~B ooy
1 Ignition e AR N\ |
e 100
2
£
-
Q& 1.
c
g . aad | ¢ Goldston
1 e 8 Goldston x DT
(1 TR
10 100 1,000 10,000
Cost (M$) ca. 1989
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Collective Alfvenic instability

2
= 9B, 1— Y aifven V aifren b
or » ~ T

VocO n

o,0

Nn20

Gorelenkov et al Nucl Fusion 43 (2003)
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“IGNITOR turns out to be robustly stable to TAEs’"1
High n, low T ignition - strong collisional damping,

’}/~

aﬁa 1_ vAlfven :
or Voo

IGNITOR ITER

0.8

B \

>

/((}NITOR
FIRE
/ } / niER

L]
--------------
------
----------------------
-------
LR

1 Gorelenkov et al Nucl Fusion 43 (2003)
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High B enables greater flexibility in optimizing n, T =
synchrotron & TAE solutions

Both favor high n,,, lower T

275 pl.s
p ~ 85107 Nyl B
oneh = X 1/2
ync R
(B.R,)
0.8 !
_—o
([
0.6 \ :
) 20|
E o > \ a I
> 04r /ENITOR g1t
FIRE S ;
“oal JET ITER - ol
S‘C | / ¢ ,_-,:1.0:—
R S S
o : . SR— : 05
P . 00l ' : '
_0_24 é 8 1b 1é 1‘4 5 10 15 20 25
n T (keV)
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ARC operating diagram

Operational limit diagram

Kink limit
1/q*=1/2
B, H
N 13 p3
nl T, ~——R"B
& Pressure
Bootstrap limit
fraction Pn~3

fgs=1

3 Density
limit
fe,=1

Whyte, Case for High Field Fusion, APS 2017 Illil- Ps FC

78



As in toroidal plasma physics, aspect ratio
is a critical optimization

B,=20T - B%2u ~ 160 MPa

@ Q O

Small Medium Large

Tensile strength 200 1340 £ boe  bore ://
(MPa) ? ¢
Resistivity ~2 500 g 1 P> >
(nohm-m) g O«M/v
=
0.1
0 0.2 04 0.6 0.8 1

Relative bore of coil (a/b)
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Snowmass

(same scale)

\

IGNITOR
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Plasma / device optimization in physics parameters involve
tradeoffs e.g. magnetic winding safety factor ¢ for a tokamak

e Increased T, * Increased .
Benefits bootstrap fraction

e Less disruptive

lowg g~ highq >

* More disruptive e Decreased Ty
 Low n/m modes

Detriments

Whyte, Case for High Field Fusion, APS 2017 Illll PS FC
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Plasma / device optimization in physics parameters involve
tradeoffs e.g. magnetic winding safety factor ¢ for a tokamak

e Increased T, * Increased .
Benefits bootstrap fraction
] e Less disruptive
Optimum?
A
< low q DAY high q >
Detriments More disruptive + Decreased T

e Low n/m modes
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SynChl‘OtrOn Ir'a_t] 1atinn

)
E2B2 - = 1 T
ST = \QM ~ . S
ynehrot m’ "‘ ‘g 06 ==Bremsstrahlung
Magrmt Syn':hmwn S o .4 AR AR AR Ioss
Light o 0.2 |
g 0 Net synchrotron
° ! ! ! |
Following Rosenbluth’s treatment a 5 10 15 o
275 pl.5 B(T)
n,1..”B 17 .
P ~ 8x10—7 20" keV L=2x%x10 — [k@V/S]
synch — 1/2
(B.R,) B.(B.R B)
brem O 005n20T1/2 [MW m—3] L nT15/4 (nT)T11/4B2 T11/4B1.5
1/2 1/2 1/2
o ny T’ By 3 ﬁ('BeRB) (nT)(ﬁeRB) (ﬁeR)
synchrotron = 8 X 10 172 [MW / m ]

with R in meters.
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Bohm + Gyro-Bohm confinement (generic)

5, p.’
~ Z % ~ p* %Bohm ~
ZBohm B
B 2
. a° a’B r~L a’Bp,”"
ohm
’ %Bohm T %

_(2"'0‘17 )

Bt ~a’B’p." ~ p°p."" ~ p.
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