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• Shaping, broad profiles and high b
improve transport and stability
Ø High bootstrap fraction reduces need 

for expensive current drive

Ø Lower current solutions with decreased loads, 
sustained noninductively

Advanced Tokamak Principles Enable Efficient 
Compact Fusion Power Plant Concepts
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• Integrated physics simulations project 
compact 200MW net electric solutions
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• Principles of the steady state approach
– Shaping, broad profiles & high b à high bootstrap
– Benefits to stability, transport, pedestal and fast ions

• Pilot power plant projection
–Analytics, methodology, projections

• Benefits and Research needs

Talk Outline – Path to a Compact Fusion Pilot Plant
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• Shaping raises ideal MHD limits
– Increases current carrying capacity
– Extends eigen-structure into wall

Advanced Tokamak Benefits from Synergy of 
Shaping and Broad Profiles at High bN
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• Shaping raises ideal MHD limits
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• Shaping raises ideal MHD limits
– Increases current carrying capacity
– Extends eigen-structure into wall

• Broader pressure profiles place gradients
in strong magnetic shear region

• Broader current displaces mode further into the wall

• Higher b increases Shafranov shift (axis moves outward)
– Moves mode further to wall & raises shear

Advanced Tokamak Benefits from Synergy of 
Shaping and Broad Profiles at High bN
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• Shaping raises ideal MHD limits
– Increases current carrying capacity
– Extends eigen-structure into wall
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Effects combine to raise pressure in core by factor 5
– Self-consistently generate bootstrap currents

aligned with required profiles for stability

higher 
b
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Broad Profiles Also Improve Energy Confinement

good 
curvature bad 

curvature

eddy

[T. M. Antonsen, PoP1996]

B

• Particle drifts interact with low frequency electromagnetic 
waves causing instabilities and turbulence

• With peaked profiles, field lines align on bad
curvature side à eddies grow radially

Peaked
profile
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Broad Profiles Also Improve Energy Confinement

good 
curvature bad 

curvature

eddy

[T. M. Antonsen, PoP1996]

B

• Particle drifts interact with low frequency electromagnetic 
waves causing instabilities and turbulence

• With peaked profiles, field lines align on bad
curvature side à eddies grow radially

• Broad current profile drives negative local shear
– Even though average shear is weak

Peaked
profile

Asymmetry in 
field pitch



RJ Buttery/IAEA-LP/2022  12

Broad Profiles Also Improve Energy Confinement

good 
curvature bad 

curvature

eddy

B

Peaked
profile

eddy
twists

Broad current 
profile

• Particle drifts interact with low frequency electromagnetic 
waves causing instabilities and turbulence

• With peaked profiles, field lines align on bad
curvature side à eddies grow radially

• Broad current profile drives negative local shear
– Even though average shear is weak
– Eddies twist into good curvature region

[T. M. Antonsen, PoP1996]
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Broad Profiles Also Improve Energy Confinement

• Particle drifts interact with low frequency electromagnetic 
waves causing instabilities and turbulence

• With peaked profiles, field lines align on bad
curvature side à eddies grow radially

• Broad current profile drives negative local shear
– Even though average shear is weak

– Eddies twist into good curvature region
– Leads to turbulence stabilization
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Broad Profiles Also Improve Energy Confinement

• Particle drifts interact with low frequency electromagnetic 
waves causing instabilities and turbulence

• With peaked profiles, field lines align on bad
curvature side à eddies grow radially

• Broad current profile drives negative local shear
– Even though average shear is weak

– Eddies twist into good curvature region
– Leads to turbulence stabilization

–Accentuated by Shafranov shift:
• Pressure further 

raises local shear
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coupled at low shape
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• Peeling-ballooning modes well 
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coupled at low shape

• High shaping see drives separate
in parameter space

– Opens valley in pedestal stability
– Sweet spots at higher pressure & density

• More elongation moves nose right

Sweet 
spot?
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Pedestal Model Projects Strong Shaping Raises Performance

• Peeling-ballooning modes well 
coupled at low shape

• High shaping see drives separate
in parameter space

– Opens valley in pedestal stability
– Sweet spots at higher pressure & density

• More elongation moves nose right

• Super H-Mode discovered on DIII-D
– Record bN=3.1 with a quiescent edge
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High shaping raises performance and density !

[Solomon PRL 2014, Snyder NF 2015]
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• Potential for Alfvénic resonances in 
weak magnetic shear regions

– Overlapping modes lead to transport

Broad Current Profile Ensures Fusion Products Stay Confined
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• Potential for Alfvénic resonances in 
weak magnetic shear regions

– Overlapping modes lead to transport

Broad Current Profile Ensures Fusion Products Stay Confined

Fluctuations
(Te)

Z 
(m

)

Simulation

Energetic particles 
drive Alfvénic resonances

Fr
eq

ue
nc

y 
/k

H
z

Deficit
Neutron rate

Weak 
shear

Fast ion 
gradient

• Broaden current profile
– Moves weak shear out è

No Deficit

[Kramer 2018]

Ohmic Plasmas
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• Most fast-ion transport eliminated

• 15% higher bN accessed

Benefits of Broadened Profiles Validated in AT Scenarios

Time [s]

Anomalous fast-ion 
transport reduced

DIII-D with on & ≈60% off-axis beams

DIII-D off 
axis beams
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• Principles of the steady state approach
– Shaping, broad profiles & high b à high bootstrap
– Benefits to stability, transport, pedestal and fast ions

• Pilot power plant projection
–Analytics, methodology, projections

• Benefits and Research needs

Talk Outline – Path to a Compact Fusion Pilot Plant
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• Recall fusion power:

– Raising 𝜷𝑵 & 𝑩 will reduce required device size, 𝑹, and still leave net electric

Based on Steady State Concepts Reactor Analytics 
Show a More Efficient & Robust Path is Possible

𝑷𝑭𝒖𝒔 ∝ 𝑷𝒓𝒆𝒔𝒔𝒖𝒓𝒆𝟐 𝑹𝟑 ∝ 𝜷𝑵
𝟐𝑩𝟒𝑹𝟑/𝒒𝟐
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• Recall fusion power:

– Raising 𝜷𝑵 & 𝑩 will reduce required device size, 𝑹, and still leave net electric

• Start from EU ‘stepladder’ DEMO
– Adjust 𝑹 to get 𝑃()* = 200𝑀𝑊 for given 𝜷𝑵 & 𝑩

– Rapid decrease in device size possible… 
lower Pelec, higher B

Based on Steady State Concepts Reactor Analytics 
Show a More Efficient & Robust Path is Possible

𝑷𝑭𝒖𝒔 ∝ 𝑷𝒓𝒆𝒔𝒔𝒖𝒓𝒆𝟐 𝑹𝟑 ∝ 𝜷𝑵
𝟐𝑩𝟒𝑹𝟑/𝒒𝟐

EU:	5.6T	310MWel	bN=3.5	62%BS	115MWCD

Less	electric:	5.6T	200MW
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• Recall fusion power:

– Raising 𝜷𝑵 & 𝑩 will reduce required device size, 𝑹, and still leave net electric

• Start from EU ‘stepladder’ DEMO
– Adjust 𝑹 to get 𝑃()* = 200𝑀𝑊 for given 𝜷𝑵 & 𝑩

– Rapid decrease in device size possible… 
lower Pelec, higher B, higher bN & less CD

Based on Steady State Concepts Reactor Analytics 
Show a More Efficient & Robust Path is Possible

Can we project such a device 
with reactor simulation?

EU:	5.6T	310MWel	bN=3.5	62%BS	115MWCD

Less	electric:	5.6T	200MW

7T	bN=3.5

8T	bN=3.5

7T	bN=4

7T	bN=4.5

7T	bN=4.5	half	CD

8T	bN=4.5	half	CD
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𝑷𝒏𝒆𝒕 = 𝜼𝒕𝒉 𝑷𝑭𝒖𝒔 + 𝑷𝒉𝒆𝒂𝒕 − 𝑷𝒑𝒍𝒂𝒏𝒕 − 𝑷𝑪𝑫/𝜼𝑪𝑫

higher bN
& less CD

𝑷𝑭𝒖𝒔 ∝ 𝑷𝒓𝒆𝒔𝒔𝒖𝒓𝒆𝟐 𝑹𝟑 ∝ 𝜷𝑵
𝟐𝑩𝟒𝑹𝟑/𝒒𝟐

< 1/10th volume of 9m EU-DEMO!
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FASTRAN Integrated Simulation Suite Provides Tool To
Validate Physics Models & Project Performance

Equilibrium/Loop Voltage
EFIT

[Park Comp Phys Com 2017]
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FASTRAN Integrated Simulation Suite Provides Tool To
Validate Physics Models & Project Performance

0 5 10 15 20
0

5

10

15

20

EPED1 Predicted Pedestal Height (kPa)

M
ea

su
re

d 
Pe

de
st

al
 H

ei
gh

t (
P t

ot
pe

d,
 k

Pa
)

EPED1 Model Compared to DIII-D ITER Steady-State

DIII-D ITER Steady-State

Edge Pedestal
EPED

Equilibrium/Loop Voltage
EFIT

[Park Comp Phys Com 2017]



RJ Buttery/IAEA-LP/2022  31

FASTRAN Integrated Simulation Suite Provides Tool To
Validate Physics Models & Project Performance

Turbulent Transport
TGLF
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FASTRAN Integrated Simulation Suite Provides Tool To
Validate Physics Models & Project Performance

Turbulent Transport
TGLF

Off-axis Current Drive
NUBEAM
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• Goal: Prove key principles at low capital cost
– Net electricity – Nuclear materials – Breeding

• Constraints:

Used Integrated Physics Model to Design Device that 
Proves Net Electric Viability and Conducts Long Pulse Nuclear Testing

First predictive approach to reactor design!

Set tractable challenges where we expect progress in the next few years

Target Parameters Rationale
Net electric (200MW) Show fusion reactors can power themselves
Compact scale: 3 – 6m, 5 – 9T Affordable
High bootstrap fraction (90%) Reduce recirculating power & scale
Tolerable/significant neutron load Nuclear testing mission: materials, breeding
Tolerable divertor challenge Viable target for divertor research
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882MW
Fusion

• Small device must minimize è
losses at every step

– Otherwise no electricity left
– Or they might melt!

• Minimize recirculating power
– Steady State approach
– Efficient technology

Compact Pilot Plant Concept Drives Needs to 
Minimize Power Losses At Every Stage

6T, GA Systems Code
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• ‘Conservative’ present technology current drive 
& thermal efficiencies:

– 5m, 5.3T, 12MA q~5, hth=0.33, hCD=0.25 (conservative)

• Raising bN to drive fully non-inductive led
to reduced net electric power

– Auxiliary power needed to heat plasma

Initial Results Highlighted Importance of an Efficient System

Fu
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Higher b alone is not enough – energy 
confinement & device efficiency are key

[Buttery IAEA 2018]
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• Higher field improves core confinement
– From gyrokinetic treatment 

of core turbulence

Higher Field is Highly Levering to Confinement

Benefits not captured by simple scaling law 
approach – comes from physics treatment

[Buttery NF 2021]
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• Density gradients drive bootstrap current 
more efficiently than temperature gradients*

Increasing Density Enables More Bootstrap & Less CD Power

*Temperature effect 
depends on flows & orbits

[Buttery NF 2021]
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• Density gradients drive bootstrap current 
more efficiently than temperature gradients*

• For given bN, higher density raises bootstrap 
fraction modestly: 𝒇𝑩𝑺 from 70% to 90%

– Decreases auxiliary current drive: 30% to 10%

Increasing Density Enables More Bootstrap & Less CD Power

Requires density at pedestal to be close to the 
empirical tokamak ‘Greenwald’ density limit

*Temperature effect 
depends on flows & orbits

[Buttery NF 2021]

Nucl. Fusion 61 (2021) 046028 R J BUTTERY et al

Figure 2. FASTRAN simulations at 5 m major radius, 12 MA 5.3 T, q95 = 4.8, ηth = 0.33, ηCD = 0.25, for three pedestal density fractions,
with various parameters plotted against auxiliary heating power. Plotted from left to right, then top to bottom are: βN, bootstrap current
fraction f BS, non-inductive current fraction f NI, neutron wall loading, fusion gain Q and net electric power. Cases with f NI>1 would in
reality be truncated to 1 by use of heating without current drive.

and 1). This leads to substantial gains in net electric power.
As a result fully non-inductive regimes become possible with
even a modest rise in density, raising f ped

GW from 85% to 93%,
leading to a marginally net electric fully non-inductive solu-
tion (green curve). A further rise to f ped

GW = 100% rapidly
improves performance, leading to 150 MWe of net electricity
fully non-inductive—the 5.3 T case C in table 2; an interesting
solution.

The role of density is more clearly identi!ed in !gure 3,
where relative to the approach for !gure 2 current drive power
is adjusted to !nd the fully non-inductive operation point at
each density, and βN was !xed by adjusting plasma current.
(Here a higher !eld, 7 T, and current drive ef!ciency is chosen
to provide some headroom for performance). It is found that
as density rises, a rapid decrease is predicted in the level of
auxiliary power needed to maintain fully non-inductive con-
ditions. In this scan, with the arti!cial constraint of !xed
βN = 3.5, net electric power does not increase much with
density because the plasma current required to maintain βN

falls. A lower fusion power state arises with the lower current

Figure 3. Bene!ts of a rise in density with R = 4 m, at 7 T, f NI = 1,
ηth = ηCD = 0.4 and !xed βN = 3.5.

and recirculating power needed, but with similar net electric
power—a virtuous optimization path.
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• Higher efficiencies raise net electric power & Q
– Or permits lower bN,  current or field solutions

• We increased values to 𝜼𝑪𝑫 = 𝜼𝑻𝑯 = 𝟎.𝟒
– In line with other reactor studies

Current Drive & Thermal Efficiency Highly Beneficial to Net Electricity

𝜼𝑪𝑫 = 𝟎.𝟐𝟓,
𝜼𝑻𝑯 = 𝟎.𝟑𝟑

𝜼𝑪𝑫=𝟎.4 𝜼𝑻𝑯=𝟎.𝟑𝟑

PH/CD (MW)

𝜼𝑻𝑯 = 𝟎.𝟒

N
et

 E
le

ct
ric

ity
 

(M
W

)

ηth ηcd ηth. ηcd

EU DEMO 0.33 0.25 0.08
C-AT Pilot 0.33à0.4 0.25à0.4 0.08à0.16
ARC 0.4 0.43 0.28
ARIES ACT1 0.575 0.4 0.23
ARIES ACT2 0.45 0.4 0.18

J
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• Higher efficiencies raise net electric power & Q
– Or permits lower bN,  current or field solutions

• We increased values to 𝜼𝑪𝑫 = 𝜼𝑻𝑯 = 𝟎.𝟒
– In line with other reactor studies

Current Drive & Thermal Efficiency Highly Beneficial to Net Electricity

ηth ηcd ηth. ηcd

EU DEMO 0.33 0.25 0.08
C-AT Pilot 0.33à0.4 0.25à0.4 0.08à0.16
ARC 0.4 0.43 0.28
ARIES ACT1 0.575 0.4 0.23
ARIES ACT2 0.45 0.4 0.18

A research challenge to develop 
more efficient current drive

J

Helicon fast 
wave

Being 
testing 

on DIII-D
Top
ECCDHFS LHCD

𝜼𝑪𝑫 = 𝟎.𝟐𝟓,
𝜼𝑻𝑯 = 𝟎.𝟑𝟑
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• Higher density, field & efficiencies è 𝜷𝑵 becomes highly levering to net electricity

Steady State Approach Provides 
High Confinement Reactor Solutions at 6–7T with 200MWe

[Buttery NF 2021]

!"

hTH=hCD=0.4, neped/nGW = 0.9 H=1.5 4m 7T

MW

IPS-Fastran TGLF-EPED-CD-EFIT Steady States

Net Electric
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• Higher density, field & efficiencies è 𝜷𝑵 becomes highly levering to net electricity

• Family of fully non-inductive solutions at 4m radius

Steady State Approach Provides 
High Confinement Reactor Solutions at 6–7T with 200MWe

[Buttery NF 2021]
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• Higher density, field & efficiencies è 𝜷𝑵 becomes highly levering to net electricity

• Family of fully non-inductive solutions at 4m radius

Steady State Approach Provides 
High Confinement Reactor Solutions at 6–7T with 200MWe

6T 7T
I 9.4 8.1
q 4.9 6.5
bN 4.2 3.6
H98 1.3 1.5
Q 10 17

Pheat 84 38
Pfus 873 658

Neut. 2.3 1.8
R=4m, 𝜂!" = 𝜂#$ = 0.4
𝑛%
&%'/𝑛()=1, 200MWe

Conventional (6T) & high temperature superconductor (7T+) solutions
[Buttery NF 2021]
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• Principles of the steady state approach
– Shaping, broad profiles & high b à high bootstrap
– Benefits to stability, transport, pedestal and fast ions

• Pilot power plant projection
–Analytics, methodology, projections

• Benefits and Research needs

Talk Outline – Path to a Compact Fusion Pilot Plant
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• Broad profiles and higher field raise energy confinement
– DIII-D discharge show promising parameters

Advanced Tokamak Principles Bring Key Benefits to Power Plant Solution

DIII-D #176440

High confinement, density, 
& bootstrap, low rotation

High bN

Promising progress on DIII-D
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• Broad profiles and higher field raise energy confinement
– DIII-D discharge show promising parameters

• Higher pressure & density increase bootstrap
– 80-90% bootstrap current – reduce recirculating power

J Helicon

Bootstrap

N
um

er
ic

al
 

at
er

fa
ct

Normalized radius

Advanced Tokamak Principles Bring Key Benefits to Power Plant Solution
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• Broad profiles and higher field raise energy confinement
– DIII-D discharge show promising parameters

• Higher pressure & density increase bootstrap
– 80-90% bootstrap current – reduce recirculating power

• Broad profile & lower current improves stability 
– Removes low order surfaces that tear and disrupt
– High b wall-stabilized even with high wall distance

ØReduced disruptivity, stresses and device risk

Advanced Tokamak Principles Bring Key Benefits to Power Plant Solution

q95 (at peak bN)

Per-shot disruptivity (%)

3 4 5 6

Disruption 
free

Disruptivity per shot
100%

0%

50%

DIII-D

2

R = 4 m
BT =6 T
IP = 9.5 MA
q95 = 5.4
βN = 4.0
ne

ped/nGW = 1
fGW = 1.3
PNB = 63 MW
PIC = 15 MW
PHC = 15 MW
Q = 9
Pel = 207 MW
Pfus = 842 MW
fNI = 1.01
fBS = 0.82
H98 = 1.27
Wall = 2.26 MW/m2

A 200 MWe Solution

0

2

6

4
Safety factor, q

Normalized radius

q remains > 2

Ideal MHD ‘kink’
pressure limit
(wall stabilized)

No wall stability limit
C-AT bN range
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6T 7T
Pfus 873 658

Neut. 2.3 1.8

• Broad profiles and higher field raise energy confinement
– DIII-D discharge show promising parameters

• Higher pressure & density increase bootstrap
– 80-90% bootstrap current – reduce recirculating power

• Broad profile & lower current improves stability
– Reduced disruptivity, stresses and device risk

• Requires less gross fusion performance per MWe
– Decreases neutron loads at wall

Advanced Tokamak Principles Bring Key Benefits to Power Plant Solution

R=4m, 𝜂!" = 𝜂#$ = 0.4
𝑛%
&%'/𝑛()=1, 200MWe
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• Broad profiles and higher field raise energy confinement
– DIII-D discharge show promising parameters

• Higher pressure & density increase bootstrap
– 80-90% bootstrap current – reduce recirculating power

• Broad profile & lower current improves stability
– Reduced disruptivity, stresses and device risk

• Requires less gross fusion performance per MWe
– Decreases neutron loads at wall

• Lower fusion power and current reduce heat fluxes
– Modest core radiation needed to reach ITER-like heat fluxes

• While maintaining ‘H-mode’
– But a 24/7 fusion power plant will need to go further

ITER C-AT Rad’n
𝒒|| 85 85 20%

𝒒𝜽 18 18 50%

He
at

N=2 divertors

𝒒𝜽 =
𝑷𝑩𝜽
𝑵𝑹

𝒒|| =
𝑷𝑩
𝑵𝑹

Advanced Tokamak Principles Bring Key Benefits to Power Plant Solution
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• Broad profiles and higher field raise energy confinement
– DIII-D discharge show promising parameters

• Higher pressure & density increase bootstrap
– 80-90% bootstrap current – reduce recirculating power

• Broad profile & lower current improves stability
– Reduced disruptivity, stresses and device risk

• Requires less gross fusion performance per MWe
– Decreases neutron loads at wall

• Lower fusion power and current reduce heat fluxes
– Modest core radiation needed to reach ITER-like heat fluxes

• While maintaining ‘H-mode’
– But a 24/7 fusion power plant will need to go further

ITER C-AT Rad’n
𝒒|| 85 85 20%

𝒒𝜽 18 18 50%

He
at

N=2 divertors

𝒒𝜽 =
𝑷𝑩𝜽
𝑵𝑹

𝒒|| =
𝑷𝑩
𝑵𝑹

But key challenges remain…

Advanced Tokamak Principles Bring Key Benefits to Power Plant Solution
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Key Plasma Physics Challenges Require Research

• Critical plasma physics challenges
– Validate core physics solution in reactor regimes

& relevant sources: stability, transport, EP, pedestal
– Scope the limits of density, pressure, confinement
– 24/7 power handling solution compatible with core
– Compatibility with wall materials
– Control of transients (disruptions, ELMs)

• Issues common to many future concepts Controlling variable (Heat Flux)

Be
ha

vi
or FPP

Develop 
solutions

Past

E.g. turbulence 
broadening

Test



RJ Buttery/IAEA-LP/2022  52

Key Plasma Physics Challenges Require Research

Multiple facilities needed to meet the challenge

• Critical plasma physics challenges
– Validate core physics solution in reactor regimes

& relevant sources: stability, transport, EP, pedestal
– Scope the limits of density, pressure, confinement
– 24/7 power handling solution compatible with core
– Compatibility with wall materials
– Control of transients (disruptions, ELMs)

• Issues common to many future concepts

• And critical engineering & technology challenges 
– Advanced bucking approach to engineering to handle high loads
– Demountable HTS for performance & nuclear testing mission
– Broad technology program: Materials, breeding, power extraction, RF,

reactor design, licensing, safety, etc.

Controlling variable (Heat Flux)

Be
ha

vi
or FPP

Develop 
solutions

Past

E.g. turbulence 
broadening

Test
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• Performance rise to address integration 
physics and solutions
–Hot, thermalized, opaque, low collisionality

• Flexibility to pioneer each part of core and
edge solution, and marry them together
– Profiles, shape, divertor, materials, 3D

• Technology testbed to resolve plasma compatibility
–Components, materials, diagnostics, RF, pellets, control

• Scientific investigative capability to project reactor

A Major Upgrade to DIII-D is Proposed to 
Address Core-Edge Integrated Solutions

Present
Shape

Volume 
Current 
& Field

Rise

Staged divertor

Equips DIII-D to discover the path to an FPP

ECH
HFS
LHCD

NBCD

Helicon

Wall Test 
Station
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Portfolio of Facilities Worldwide Have Capability
to Resolve the Path to a Compact AT Fusion Pilot

DIII-D

EAST

KSTAR

Superconducting Long Pulse

• Material &
PFC evolution

• Long pulse
control

JET

Larger scale

JT-60SA

• Projection 
to reactor

• Operational
techniques

• Compatibility with metal walls

NSTX-U

MAST-U

Key physics
• Aspect ratio
• Divertor magnetic geometry
• Super Alfvénic ions & high b
• Bulk W wall & high Z behavior

Higher Field
• HTS integration

• Core-edge
demonstration

• Nuclear
testing

SPARC

CFETR
& BEST

DTT

ITER

DIII-D

Flexibility

Re
ac

to
r 

Re
le

va
nc

e• Flexibility: Pioneer innovative exhaust & core 
solutions. Marry them together

• Relevance: Discover physics basis & techniques 
to project to future fusion reactors
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• High bN permits high bootstrap to reduce recirculating power
–Mitigates divertor heat flux challenge and neutron wall loading

• High density highly levering in reducing auxiliary power needs
and alleviating divertor challenge
– Permits operation at safety factor levels where disruptions are avoided

• Research needed to resolve this (or any) concept
–Validate AT physics – high bN high density transient free scenario
– Efficient current drive and steady state divertor solution
–High temperature superconductors, reactor materials & engineering

An Attractive Compact Pilot Plant is Possible
when Advanced Tokamak Physics Principles are Applied

A challenging but tractable mission for research 
to enable a fusion pilot plant

Integrated physics simulation model show:

Cool CAT



RJ Buttery/IAEA-LP/2022  56

Bonus Slides
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RF rise for core
Explore FPP profiles, confinement, 
stability & edge compatibility in 
reactor-relevant physics regimes

With Key Upgrades DIII-D Can Meet The Challenges

EC

LHCD

Helicon
Higher pressure

& density

3D rise
Control transients
and runaways 

BT rise
Low n* 

Pressure

Shape rise
Explore path to raise
pressure & density

Shape,
volume 

& current
rise

Higher pressure
& density

Higher local 
density

Modular Divertor 
Series to isolate & 
understand dissipation 

Reactor 
Materials

Wall interaction
test station 

Heated 
tiles

Wall tests
Qualify materials & 
interaction with core
New materials 
& test facilities
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RF rise for core
Explore FPP profiles, confinement, 
stability & edge compatibility in 
reactor-relevant physics regimes

With Key Upgrades DIII-D Can Meet The Challenges
These work synergistically to close physics gaps & resolve compatibility

EC

LHCD

Helicon
Higher pressure

& density

3D rise
Control transients
and runaways 

Wall tests
Qualify materials & 
interaction with core

BT rise
Low n* 

Pressure

Shape rise
Explore path to raise
pressure & density

Shape,
volume 

& current
rise

Higher pressure
& density

Higher local 
density

Modular Divertor 
Series to isolate & 
understand dissipation 

Synergy:
Test high dissipation with high 

performance & close remaining 
gaps on reactor physics regimes

Reactor 
Materials

Wall interaction
test station 

Heated 
tiles

Unique capability to prepare for FPP and ITER

New materials 
& test facilities
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1. ITER participation
– Validated physics models & reactor knowhow

2. Stable high performance fully noninductive core

3. Dissipative Divertor

4. Efficient current drive

5. Reactor nuclear materials

6. Demountable high temp superconducting magnets

7. Engineering design & breeding concepts

“Enabling Research” Required in Seven Areas 
for Pilot Plant Decision & Design

Tokamak research enables 
ITER & pilot plant missions

Work on engineering & 
technologies to advance
pilot plant approach

Will provide opportunities for breakthroughs in understanding & 
performance that transform prospects for all fusion paths!

“Enabling Research:”

Enabling Research Decision Design    Build Net 
electric Nuclear testing

Low 
COE 

power
New facilities
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ITER Provides Vital Learning for Path to a Fusion Reactor

• Exploration of the burning plasma concept !

• Testing physics & techniques at reactor scale & 
physics regimes

• Development of validated predicted models
• Understand how to build and operate a large

scale nuclear fusion facility

ARC

SlimCSK-DEMO

CFETR ACT1

ARIES-AT

EU DEMO

Steady State

ITER

ITER participation is vital if the U.S. is serious about fusion 
energy and building its own reactors
• Crucially informs U.S. approach to a D-T reactor
• Know-how you just don’t get from reading the papers
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• Density levers high b approach by enhancing current drive 
– And helps maintain temperature close to optimum for fusion cross-section

• Toroidal field improves confinement by reducing turbulence, 
– In addition to (known) improvements in stability margins b (kink) and q (safety factor) limits

• Compatibility of plasma solution with heating & current drive systems

• Prediction of confinement and fusion performance, required scale, field etc.
– Rather than choice in a systems code or flawed H98 scaling

Simulations Provided Key Insights over Basic AT Logic

Identifies limits of configuration as we optimize to a more compact 
scale to find design points and set required scale and field

Shows trade-offs between various target parameters are possible
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• Presently envisaged steps beyond ITER are largely based 
on the conventional aspect ratio Advanced Tokamak

• But not very ‘advanced’ – high recirculating power:
– EU-DEMO: 5.2T, ~9m, ~500MWe, bN~2.6, q95~3, H=1.1, fBS~34%

• Based on “what we can do now” technologies & pulsed
– ARC: 9T, ~3.3m, ~200MWe, bN~2.6, q95~7, H=1.8, fBS~63%

• Exploits high temperature superconductors, 
but optimistic confinement assumptions

– Many devices proposed are large size & high fusion power
• Does next step need to be so big?

The World is Focused on the Advanced Tokamak Path to Fusion Power
But Not Advanced Enough !

ARC

SlimCS

K-DEMO

CFETR ACT1

ARIES-AT

EU DEMO ITER

Can Advanced Tokamak principles & different constraints 
be applied to enable a more cost attractive next step device?

– Reduce recirculating power to reduce required scale
– Combine required missions into single generation
– Minimum size for research mission

Power 
plants AC

T1

Sl
im

C
S

Ko
re

a
DE

M
O

EU
 

DE
M

O

R (m) 6.3 5.5 6.8 9

IP (MA) 11 17 17 20

PFus (GW) 1.8 3 2.9 1.8

PNet (GW) 1 1 0.5 0.5

[Kessel  FST 2015, Tobita NF 2009, Kim NF 2015, Feredici FED 2014]
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• Key challenges for self-sustaining reactor:
– Breeding – Nuclear materials – Net electricity

• Address these in a single compact ‘pilot plant’ test facility
– Combine missions to remove a generation
– Low capital cost à affordable

• U.S. proposals for ARC, Compact-AT and ST-pilot at similar scales
– 100-200MWe, R~3-4m, A~2-3 & benefit from high temperature superconductors
– Build on expertise being developed in ITER
– May require additional research in parallel to ITER

Target: Low Capital Cost Pilot Plant
To Close Gap on Future Power Plant

Pilot to address critical issues prior to low COE power plant
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• Demonstrate net electricity production
– Integration of heat à electricity generation
– Proof of potential – device can power itself

• Test nuclear materials in fusion 
reactor environment

• Demonstrate and optimize breeding technology

– Ability to change out materials with demountable HTS

• Configuration sustained in truly long pulse conditions (months)

A Compact Pilot Plant Could Work Alongside & Beyond ITER 
to Bridge The Gap To Large Scale Fusion Power

Lay the groundwork for low COE successors
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Radiative Techniques to Meet Heat Flux Challenge
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Fig 14: Self-consistent GASC solutions using krypton impurity seeding to limit 

divertor heat load below two variations of the ITER divertor metric. Impurity 
fraction, total core radiated power fraction, power into the scrape-off layer, 

and L-H power threshold fraction are shown for 𝐵! = 6𝑇 and 8𝑇 design points 

(𝑓"#
$%&=1, 𝑃'%(=200MWe, 𝑅)=4m).     

Fig 15: GASC parameter scans in confinement 

and density for four different design points. 
Contours of limits in L-H threshold power 

fraction and poloidal heat flux metric 
constrain the solution space for three levels of 

krypton impurity seeding. The neutron wall 

loading limit NW<4MW/m2 is also shown, but 
only constrains operation in a few cases. 

fBS<1 for every shaded operational space.
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• Current in tokamak drives a field line twist
– Measure through safety factor, q ∝ 𝑅𝑩/𝑰

• Twist in field drives global MHD ‘kink’ mode
– Leads to limit in current for given field

• Pressure also drives this distortion
– Increased field, B – tensions & stabilizes mode

• Magnetic islands also emerge at modest q

• ‘Ballooning’ limit to pressure is stabilized 
by increased twist (current, I)

• Leads to Pressure limit ~ BI / R

Tokamak is Limited in Current and Pressure by Global MHD Modes

⇒ 𝜷𝑵 = 100
2𝜇? < 𝑷 >

⁄𝑩 𝑰 𝑹𝜺

Q.  Where and how to optimize in 𝜷𝑵 and q ?
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Gyro-orbits drift due to non-uniform field lead to banana orbits

High Pressure Gradient Leads to a Net ‘Bootstrap’ Current

B

2. Currents due to 
neighbouring banana 
orbits largely cancel

4: Transferred to helical
bootstrap current by collisions

3: More & faster particles 
nearer the core lead to 
net “banana current”
∝ 𝛁Pressure/Current

∝ D𝟏 𝑪𝒖𝒓𝒓𝒆𝒏𝒕

Traces out banana
trajectory, width

1. Orbits tighter 
where field 
stronger

[Galeev, Sov. Phys. JETP 1968]

Utilize bootstrap to provide the plasma current
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• Bootstrap fraction: 𝒇𝑩𝑺 ∝ 𝒑/𝑰𝟐 ∝ 𝑪𝑩𝑺𝜷𝑵𝒒𝟗𝟓

• Additional current drive from RF heating
– Requires suitable population à high T
– Collisions scatter electrons, reducing current

• Requires low density

Radio Frequency Current Drive
Wave accelerates electrons 

preferentially decreasing their collisionality

Collisional asymmetry drives most 
current, not momentum from wave!

⇒ 𝒇𝑪𝑫 ∝
𝑷𝑪𝑫𝑻
𝒏𝐼𝑅

∝ 𝐶BC
𝑷𝑪𝑫𝛽D𝐵

𝑛E

[Fisch FST 2014]• Solve for current drive 𝑓FG + 𝑓BC = 1:

Alternate paths to steady state through bootstrap or current drive 

More bootstrap removes need for 
current drive at high q95 (lower current)

𝐐𝑪𝑫 ∝
𝑃-./
𝑃01

∝
1

1 − 𝑪𝑩𝑺𝜷𝑵𝒒𝟗𝟓

𝑪𝑪𝑫 𝜷𝑵𝟑𝑩𝟑

(𝒏/𝑰)𝟐

Lower density à higher 𝒇𝑪𝑫
Higher current raises Q as 𝑷𝒇𝒖𝒔~ 𝜷𝑵𝟐𝑰𝟐𝑩𝟐

ßbN and B always help!

Combine Bootstrap with Auxiliary Current Drive in Steady State Tokamak
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• Pressure driven kink displaces 
magnetic flux about the plasma

• Conducting wall converts this 
slower Resistive Wall Mode

• Mode gives energy to particles 
with rotational orbit resonances

• Magnetic feedback can 
control any residual mode

bN Limiting Global MHD Modes Can Be Stabilized by Device Wall

DIII-D

Routine stable operation 
above no-wall limit

How do we increase wall stabilization of this pressure limit?

[Garofalo PoP 2006]
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Compact scale requires higher power densities:

Ø High pressure and energy confinement
– To fuse sufficiently in smaller volume & retain heat

Ø Power handling and wall compatibility
– To mitigate hot plasma exhaust at high duty cycle

Ø Plasma interacting technologies and control
– To resolve in plasma & fusion environment

Each needs dramatically improved solutions 
over WWKN, requiring physics investigation

– & account for key cost drivers in an FPP à

Different elements trade off against each other
– Test together to resolve integration physics

Compact Fusion Pilot Poses Critical Plasma Research 
and Integration Challenge
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loading. Based on this analysis, these five capabilities
represent the most important levers on reducing the capi-
tal cost of a CTPP with the generic features noted earlier

in this section. As important, the inability to achieve the
assumed baseline values for these parameters has the
potential to lead to increases in the capital cost. In some

Fig. 6. Tornado chart showing the sensitivity of the estimated capital cost to independent variations in the assumed input
parameters and constraints around the baseline case in Table IV (vertical line).

TABLE IV

GASC Generated Parameters for the Baseline Case for the Cost Sensitivity Study Discussed in Sec. IV*

Parameter GASC Output

Major radius / minor radius (m) 3.72 / 1.24
Plasma current (MA) / q95/fBS 8.6 / 5.5 / 0.76
TF on axis / at coil (T) 5.9 / 13.4
Fusion power / CD power (MW) 649 / 33.8
Prad,core (MW) / Prad,div (MW) 32.5 / 24.8
βT (%) / βp / βN 4.1 / 1.74 / 3.5

<ne> (1020 m−3) / Zeff / fXe,core 1.78 / 1.20 / 3.5 × 10−5

JTF / JCS (MA / m2) 39.1 / 64.6
fTF,SC / fTF,SS / fTF,Cu / fTF,Void 0.06 / 0.69 / 0.15 / 0.1
∆TF / ∆CS / ∆plug (m) 0.30 / 0.30 / 0.98
∆bl,inner / ∆sh,inner / ∆bl+shield,outer (m) 0.30 / 0.45 / 0.83
VTF / VBl / VFI (m

3) 159.3 / 213.6 / 1079.8
Ccoil=Cblanket=Caux ($M) 264.4 / 160.1 / 179.9
Cshield=Cbuildings=Cstructure ($M) 17.8 / 296.3 / 43.0
CBoP=CT=Ccapital ($M) 957.7 / 43.0 / 4220.6

*Primary input assumptions are A ~ 3, H98y2 < 1.6, qdiv < 10 MW/m2, fGW = 1.0, τpulse = 8 h, and REBCO magnet
technology for both the TF and CS coils using a Plug-CS-TF bucking solution. See the Appendix for a full
description of the parameters.

COST DRIVERS FOR A COMPACT FUSION PILOT PLANT · WADE and LEUER 13

FUSION SCIENCE AND TECHNOLOGY · VOLUME 00 · XXXX 2021

Confinement

Divertor flux

Density

Capital Cost, $Bn

Stability
Cost drivers

for an FPP
[Wade FED 2021]

Plasma research vital to FPP design
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• Requires advanced bucking approach
to deal with forces

– ‘Bucks’ toroidal field coil forces off solenoid
& central plug to cancel out stress by >50%

• High Temperature Superconductors 
enables demountability

– Permits changes out for nuclear materials mission
– Raises performance and increases duty cycle

• Broad technology program (CPP plan)
– Materials, breeding, power extraction, RF,

reactor design, licensing, safety, etc.
– ITER plays key role in reactor scale expertise

Compact Approach Requires Advanced Engineering & Technology

Aggressive technology program required

Please cite this article in press as: H. Utoh, et al., Technological assessment between vertical and horizontal remote maintenance schemes
for DEMO reactor, Fusion Eng. Des. (2017), http://dx.doi.org/10.1016/j.fusengdes.2017.03.036
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Fig. 2. Blanket segment and control coil position of (a) BSAV and (b) SSLH maintenance scheme.

Fig. 3. Conceptual view of the transferring mechanism for blanket segment for (a)
BSAV and (b) SSLH maintenance scheme.

The saddle-shaped segments in SSLH are transferred in the
toroidal direction, and carried out and transported in the hori-
zontal port that is connected to an exterior corridor. Due to the
limited number of horizontal ports, a single port is considered as a
conveyance path for eight saddle-shaped segments. Thus only one
segment can be carried in and out radially without any toroidal
transportation. The other seven segments must be transported in
the vacuum vessel in the toroidal direction before carry-out oper-
ation or after carry-in one. But, the SSLH scheme has no need

for complex attitude control. The saddle-shaped segment is trans-
ferred with the wheeled platform illustrated in Fig. 3(b), which
has roller bearing wheels, jacks and a driving source device. The
wheeled platform is transferred from the hot cell through the
exterior corridor. The SSLH scheme has sufficient space for car-
rier with short-stroke jack. On the other hands, although the BSAV
scheme has the advantage of good portability, it has the difficulty
of three-directional (Toroidal, radial and vertical) segment trans-
ferring mechanism in the vacuum vessel.

3.2. Transferring mechanism for divertort

The divertor cassette can be removed and inserted through the
lower divertor-maintenance ports in the BSAV scheme. Divertor
was segmented into 48 cassettes in the toroidal direction with the
width 7.5◦. Therefore, the side cassette must be transported in the
vacuum vessel in the toroidal direction before carry-out operation
through 20◦ slope. The wheeled platform with toroidal transport
mechanism for divertor moves on 20◦ slope with rack-and-pinion
mechanism, as shown in Fig. 4. In contrast, the divertor on the
SSLH scheme segmented into 16 cassettes (cassettes are 22.5◦ wide
which results in an equal number of cassettes) has no need for
transport mechanism toroidally and slope for carrier. Therefore,
R&D risk for divertor in-vessel transport on the SSLH scheme would
be less than that on the BSAV scheme.

3.3. Pipe connection of blanket segment

The pipe connection (which requires cutting, re-welding and
inspection) is also one of the most critical issues for remote main-
tenance. In ITER blanket replacement, bore tools for laser welding
was developed [10]. The BSAV scheme requires more pipe connec-
tion. Fig. 5 shows the conceptual view of the pipe connection on the
BSAV and SSLH schemes. The pipe connection in the BSAV scheme
is done behind of shielding block. In the BSAV scheme, the outer
diameter of the manifold for the blanket is 267 mm.  Considering
the upper space of a vertical port, the coolant pipe needs to be cut
and re-welded from within the pipe. The tool for cutting and re-
welding is inserted from the plug for pipe connection. The pipe
head needs to be expanded as a guide for butt joint welding. In
Japanese DEMO, coolant condition of blanket is water in the PWR
condition (290–330 ◦C, 15.5 MPa). Therefore, the manifold for the
blanket requires heavy wall pipe. Therefore, pipe connection on
DEMO remote maintenance requires R&D of higher power laser for
re-welding.

In the SSLH scheme, the number of pipe connection is a fifth part
of that of the BSAV scheme. However, the pipe connection posi-

Please cite this article in press as: H. Utoh, et al., Technological assessment between vertical and horizontal remote maintenance schemes
for DEMO reactor, Fusion Eng. Des. (2017), http://dx.doi.org/10.1016/j.fusengdes.2017.03.036
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Fig. 1. Conceptual view of (a) Banana-shaped segment transport using All Vertical
maintenance ports, BSAV and (b) Saddle-shaped segment transport using Limited
number of Horizontal maintenance ports, SSLH.

scheme on the DEMO reactor, in this paper, the following compara-
tive evaluation promotes engineering understanding of the remote
maintenance scheme.

2. Compatibility with plasma vertical stability (conducting
shell)

2.1. Blanket segmentation

The banana-shaped segment is composed of blanket modules,
backplate and conducting shell. Blanket is divided into 16 sections
in the toroidal direction. Each section consists of five segments:
two 11.25◦ inboard segments (32 segments in total) and three 7.5◦

outboard segments (48 segments in total) in the toroidal direction.
Collectively, the segments comprise 80. Each segment weighs ∼90
tons and has dimensions of 10 m × 4 m × 1 m.  Divertor was seg-
mented into 48 cassettes in the toroidal direction with the width
7.5◦. In contrast, the SSLH has advantages of less pipe connections
and independent replacement of the blanket segment and diver-
tor cassette. The saddle-shaped segment including the inboard and
outboard blanket modules and the back plate (BP) was  divided into
22.5◦ sectors in the toroidal direction. The divertor is segmented
into 16 cassettes (cassettes are 22.5◦ wide which results in an equal
number of toroidal field (TF) coil).

Table 1
Summary of analysis results for different maintenance schemes.

BSAV [3] SSLH

Growth time [s] 0.11 0.29
Stability margin 0.64 0.84
Control coil power [MW]  6.8 10.6
Maximum deviation [m]  0.062 0.066

2.2. Vertical stability analysis

The vertical stability analysis on the BSAV scheme was carried
out in previous work [3]. In order to clarify the stabilizing func-
tion from maintenance, the vertical stability on the SSLH scheme
is evaluated with same analysis conditions as follows; the major
radius Rp = 8.2 m,  the minor radius ap = 2.57 m,  the plasma current
Ip = 14.6 MA,  the elongation !95 = 1.65, the triangularity "95 = 0.33,
the safety factor q95 = 4.2, the plasma internal inductance li = 0.9,
the decay-index nindex = −0.81, the one-turn resistance of the vac-
uum vessel made of SUS316L is ∼8 #!.  The conducting shell type is
“double-loop type” [4–6]. The thickness of the copper conducting
shell is 0.02 m.  The conducting shell position is rW/ap = 1.35. Here,
rW is the position of the conducting shell from the plasma center
(minor radius, a SOL of 0.2 m plus the thickness of the breeding
blanket module of 0.6 m).  The plasma vertical stability was  ana-
lyzed by the 3D eddy current analysis code (EDDYCAL) and plasma
position control code [7] with the actual shape and position of the
vacuum vessel and in-vessel components. The vertical and radial
plasma positions are controlled by four outer poloidal field coils, as
shown in Fig. 2. The control coils on the SSLH scheme are located
upward and downward far from the equatorial plane.

Table 1 summarizes the control coil power and the maximum
deviation from the initial plasma position at a vertical displace-
ment event (VDE) in which the plasma vertically was displaced by
0.05 m.  The growth time of the vertical motions in the shell struc-
tures is given by the s values satisfying N(s) = − nindex. Here, N(s)
is N-functions for the conducting shell. Given nindex = −0.81, the
growth times in SSLH is 0.29 s. The stability margin by conduct-
ing shell, defined as (nindex + N(s → ∞)  /|nindex|), is higher in SSLH
than in BSAV. These results suggest that the conducting shell on
SSLH has a higher stabilization effect on vertical stability. In con-
trast, comparing BSAV and SSLH on control coil power, it was  found
that the BSAV scheme reduces the control coil power. For the SSLH,
four control coils (PF coils) are located upward and downward far
from the equatorial plane, thus the control coil current in the SSLH
becomes greater than that in BSAV. Therefore, BSAV scheme has
advantage for higher elongated plasma and/or reduction in power
consumption.

3. Compatibility with feasibility in replacement

3.1. Transferring mechanism for blanket segment

The banana-shaped segments in BSAV are accessed via the ver-
tical ports and carried in and out using a vertical lift system, as
shown in Fig. 3(a). In the European DEMO remote maintenance
study, in-vessel transferring mechanism for blanket segment was
designed for vertical maintenance scheme similar to the BSAV
scheme [8,9]. In the BSAV scheme, complicated movements of seg-
ments are required to safely carry them out through the vertical
port. In particular, cooperative operation and complex attitude con-
trol consistent with allowable installation accuracy and support
structure of segment by full-remote operation are important issues
on the maintenance. Detailed design of improved remote handling
device (ex. End-effector, guide structure) and support structure is
also important in terms of reduction of R&D risk.

Vertical change out scheme in 
Japanese SN design (C-AT is DN)

[Utoh, Fus. Eng. Des. 2017]


