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1. Disruptions are among greatest challenges to 
achieving an economically viable tokamak-
based fusion reactor

If you remember nothing else…

2. Disruption handling must be incorporated into 
tokamak reactor design at the same priority as core 
performance and steady state heat flux removal 

3. ITER ≠ Commercial Reactor
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Outline

1. What are disruptions & why/how do we handle them? 

2. Evolution of disruption handling requirements: Research à
Commercial Reactor

3. Contemporary state of disruption handling

4. Challenges to disruption prevention posed by a commercial reactor

5. Resilient design
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Disruption = 
Rapid termination of a discharge due to plasma instability

1. Thermal Quench (TQ)

2. Current Quench (CQ)

3. Relativistic “Runaway”
Electrons (RE)

Thermal
Energy

3 Stages of Tokamak Disruption 

Result: Complete 
transfer of  plasma 
thermal & magnetic 
energy to vessel & in-
vessel components on 
a very rapid timescale

Time 



6 NW Eidietis/TSDW/July 2021

Each stage of disruption poses unique threats to device

Large population of high 
energy (MeV) electrons

Large vessel forces from 
halo or eddy currents

jRE
Wth

Jeddy

Conduction of stored thermal 
energy to the divertor

Erosion Mechanical Stress, 
Plastic Deformation

PFC Melting, 
H20 Leaks,
Tile Failure,

Coil quench

Jhalo

TQ CQ RE

All purpose references: M. Lehnen JNM 2015
R. Sweeney JPP 2020
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Root causes of disruptions in tokamaks are widely varied 
(so we will not go into them)

P.C. de Vries et al,  Nucl. Fusion 51 (2011) 053018 

Locked 
Mode

Vertical 
Displacement 

Event

Impurity 
Accumulation

JET Disruption 
Chain of Events

Vertical Stabilization

Human
Error
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Co
n!guration Control for Passive Stabilty

Active Stability Control

Soft Shutdown

Mitigation

Disruption 
Prevention

Disruption handling is a multi-stage process
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Co
n!guration Control for Passive Stabilty

Active Stability Control

Soft Shutdown

Mitigation

Reactor 
must exist 

here…

be prepared 
for this…

& avoid if at 
all possible

Disruption handling is a multi-stage process
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• Mission: Research physics/tech basis for burning plasma

• Lifetime: Indeterminant

• Duty Factor: Short pulse

• Energy Density: Low

Disruption handling requirements change drastically with 
tokamak mission and size: Contemporary Research Tokamak

* Notable exceptions are metal-wall JET1, which utilizes 
closed-loop mitigation at times

1 C. Reux FED 2013 

Disruption Acceptable?
YES

Soft Shutdown Acceptable 
YES

Mitigation Required?
NO*
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• Mission: Research1. Q=10 pulse & Q ≥ 5 non-inductive + tech

• Lifetime: 10+6 years

• Duty Factor: Short pulse

• Energy Density: High

Disruption handling requirements change drastically with 
tokamak mission and size: ITER

1 ITER Research Plan ITR-18-003 2018 

Disruption Acceptable?
NO

Soft Shutdown Acceptable 
YES

Mitigation Required?
YESITER must operate within 

Disruption Prevention
regime
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• Mission: Stable energy production & capital return

• Lifetime: 40+ years1

• Duty Factor: 18+ months continuous

• Energy Density: High

Disruption handling requirements change drastically with 
tokamak mission and size: Commercial Reactor

Disruption Acceptable?
NO

Soft Shutdown Acceptable 
NO

Mitigation Required?
YES

1 S. Entler Energy 2018 

Commercial reactor must 
operate within Passive Stability 
& Active Stabilization stages of 

Disruption Prevention

Commercial reactor 
outlook sensitive to 

low probability, high 
impact events
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• Mission: Stable energy production & capital return

• Lifetime: 40+ years1

• Duty Factor: 18+ months continuous

• Energy Density: High

Disruption handling requirements change drastically with 
tokamak mission and size: Commercial Reactor

Disruption Acceptable?
NO

Soft Shutdown Acceptable 
NO

Mitigation Required?
YES

1 S. Entler Energy 2018
2. Segal NF 2021 

Commercial reactor must 
operate within Passive Stability 
& Active Stabilization stages of 

Disruption Prevention

Commercial reactor 
outlook sensitive to 

low probability, high 
impact events

Unless reactor designed with excess thermal 
reservoir to allow restarts without massive loss 
of generating capacity (i.e. pulsed design2)
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• Mission: Stable energy production & capital return

• Lifetime: 40+ years1

• Duty Factor: 18+ months continuous

• Energy Density: High

Disruption handling requirements change drastically with 
tokamak mission and size: Commercial Reactor

Disruption Acceptable?
NO

Soft Shutdown Acceptable 
NO

Mitigation Required?
YES

1 S. Entler Energy 2018 

Commercial reactor must 
operate within Passive Stability 
& Active Stabilization stages of 

Disruption Prevention

Commercial reactor 
outlook sensitive to 

low probability, high 
impact events

DEMO/FPP straddle the 
ITERßàCommercial line
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Outline

1. What are disruptions & why/how do we handle them? 

2. Evolution of disruption handling requirements: Research à
Commercial Reactor

3. Contemporary state of disruption handling

4. Challenges to disruption prevention posed by a commercial reactor

5. Resilient design

Excellent overviews in ITER context: 
Prevention:  E. Strait NF 2019 
Mitigation:   M. Lehnen JNM 2015
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Stab. Limit

Return to 
target if 

stable
Original

Target t

Controlled
Plasma 

Parameter
(li, !, Ip, etc.)

Proximity
Control

Emergency 
Response

Active
Suppression

Nominal
scenario

1 2 3

Temp. lower 
performance

0
Continuous

Control

(fast controlled ramp-down)

Functional view of disruption handling

Stage 0 & 1: Avoid unstable regimes

Stage 2: Stabilize existing instabilities

Stage 3: Prevent unstable plasma from disrupting

Stage 4: Rapid termination: Mitigate unavoidable disruption
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Stage 0: Nominal scenario

Goals
1.High pressure

2. Passive Stability Advanced 
TokamakHigh Field

Key Enabling Tech: 
High Temperature Superconductors

Key Enabling Tech: 
Advanced Current Drive

• Well-established physics
• Strong toroidal field key

“Engineering” route “Physics” route

• Advanced physics
• Plasma profile manipulation key

ARIES-ATSPARC

ARC
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Stage 0: Nominal scenario

Goals
1.High pressure

2. Passive Stability Advanced 
TokamakHigh Field

Key Enabling Tech: 
High Temperature Superconductors

Key Enabling Tech: 
Advanced Current Drive

• Well-established physics
• Strong toroidal field key

“Engineering” route “Physics” route

• Advanced physics
• Plasma profile manipulation key

ARIES-ATSPARC

ARC
Continuum of designs in 

between
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Stage 1. Regulated passive stability / proximity control
(avoidance of unstable areas)

Physics boundary 1

Physics boundary 2

Physics boundary 3

current position x.

Desired 
operating 

point

.

.
Future

phase space

positio
n

✔

✖

✖
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Physics boundary 1

Physics boundary 2

Physics boundary 3

current position x.

Desired 
operating 

point

.

.
Future

phase space

positio
n

1 KEJ Olofsson PPCF 2018
2 A. Glasser PoP 2018

Requirement #1: Realtime 
physics-based or Machine-

Learning identification of stability 
boundaries in real-time [1,2]

✖

✖

✔

Stage 1. Regulated passive stability / proximity control
(avoidance of unstable areas)
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Physics boundary 1

Physics boundary 2

Physics boundary 3

current position x.

Desired 
operating 

point

.

.
Future

phase space

positio
n

Requirement #1: Realtime 
physics-based or Machine-

Learning identification of stability 
boundaries in real-time [1,2]

Requirement #2: Faster-than-
realtime modeling of plasma 

evolution to assess where heading 
in plasma operating space[3]

✖

✖

✔

Stage 1. Regulated passive stability / proximity control
(avoidance of unstable areas)

1 KEJ Olofsson PPCF 2018
2 A. Glasser PoP 2018
3 F. Felici NF 2018 
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Physics boundary 1

Physics boundary 2

Physics boundary 3

current position x.

Desired 
operating 

point

.

.
Future

phase space

positio
n

1 KEJ Olofsson PPCF 2018
2 A. Glasser PoP 2018
3 F. Felici NF 2018 
4 A. Pajares FED 2019

Requirement #1: Realtime 
physics-based or Machine-

Learning identification of stability 
boundaries in real-time [1,2]

Requirement #2: Faster-than-
realtime modeling of plasma 

evolution to assess where heading 
in plasma operating space[3]

✔

✖

✖

Requirement #3: Robust profile (j) 
and kinetic (Wth,bN) feedback 

control to hit target trajectory[4]

Stage 1. Regulated passive stability / proximity control
(avoidance of unstable areas)
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• Feedback on vertical growth rate (!) estimate 
generated by neural network

• Takes into account uncertainty in !

• Steer away from !critical, which leads to vertical 
displacement event (VDE)

• Proximity alarm initiates shape modification to 
reduce elongation (") & thus !

• Disruption avoided by never leaving 
controllable operating region

Practical example of proximity control: Vertical growth rate
#critical

controllability limit

#estimated

Uncertainty

C
o

nt
ro

lla
b

ilit
y 

M
e

tr
ic

 (
#)

 

time

B. Sammuli FED 2021

* Adjusted
+ Original

No
Prox. Ctrl

Prox Ctrl
Until

(a)

(b)

(c)

(d)

(e)
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• Almost all designs require diverted, elongated 
plasma for performance & heat exhaust

** Important Caveat ** 
No likely tokamak reactor will be completely passively stable

1 Albanese FED DEMO 2019

EU-DEMO1
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• Almost all designs require diverted, elongated 
plasma for performance & heat exhaust

• Elongated plasma à Vertically unstable2

** Important Caveat ** 
No likely tokamak reactor will be completely passively stable

1 Albanese FED DEMO 2019
2 E. Lazarus NF 1990

EU-DEMO1
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• Almost all designs require diverted, elongated 
plasma for performance & heat exhaust

• Elongated plasma à Vertically unstable2

• Continuous active vertical stabilization essential!

** Important Caveat ** 
No likely tokamak reactor will be completely passively stable 

EU-DEMO1

1 Albanese FED DEMO 2019
2 E. Lazarus NF 1990

Loss of vertical control prior to disruption = Vertical Displacement Event (VDE)
after disruption = Vertically Unstable Disruption (VUD)
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Stab. Limit

Return to 
target if 

stable
Original

Target t

Controlled
Plasma 

Parameter
(li, !, Ip, etc.)

Proximity
Control

Emergency 
Response

Active
Suppression

Nominal
scenario

1 2 3

Temp. lower 
performance

0
Continuous

Control

(fast controlled ramp-down)

Disruption handling is a multi-stage process: Functional view

Stage 0 & 1: Avoid unstable regimes

Stage 2: Stabilize existing instabilities

Stage 3: Prevent unstable plasma from disrupting

Stage 4: Rapid termination: Mitigate unavoidable disruption
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• Control system senses & suppresses mode
• Requires accurate real-time sensing & 

identification of instability

Stage 2. Active stabilization of growing instability
(this is what is usually called “Disruption Avoidance”)
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• Control system senses & suppresses mode
• Requires accurate real-time sensing & 

identification of instability
• Examples:

– ECCD stabilization of NTM

Stage 2. Active stabilization of growing instability
(this is what is usually called “Disruption Avoidance”)

DIII-D NTM 
Stabilization1

1E. Kolemen NF 2014

ECCD
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• Control system senses & suppresses mode
• Requires accurate real-time sensing & 

identification of instability
• Examples:

– ECCD stabilization of NTM
– 3D field stabilization of RWM

Stage 2. Active stabilization of growing instability
(this is what is usually called “Disruption Avoidance”)

DIII-D NTM 
Stabilization1

1E. Kolemen NF 2014
2L. Pigatto NF 2019

JT-60SA RWM 
Control Coils2

ECCD
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• Control system senses & suppresses mode
• Requires accurate real-time sensing & 

identification of instability
• Examples:

– ECCD stabilization of NTM
– 3D field stabilization of RWM
– Rotating field entrainment of locked modes

Stage 2. Active stabilization of growing instability
(this is what is usually called “Disruption Avoidance”)

DIII-D NTM 
Stabilization1

1E. Kolemen NF 2014
2L. Pigatto NF 2019
3M. Okabayashi NF 2017 

JT-60SA RWM 
Control Coils2

RFX-mod Locked Mode 
Entrainement3

ECCD
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Disruption handling is a multi-stage process: Functional view

Stage 0 & 1: Avoid unstable regimes

Stage 2: Stabilize existing instabilities

Stage 3: Prevent unstable plasma from disrupting

Stage 4: Rapid termination: Mitigate unavoidable disruption
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• When all else fails, rapidly ramp 
down current to reduce instability 
drive & available thermal/magnetic 
energy
– “Rapid” in ITER ~ 60s

• Rapid variations in plasma 
parameters near coil control 
saturation make scenario very 
difficult 

Stage 3. “Soft” shutdown to avoid disruption

ITER Fast Ramp-down
Studies on DIII-D

J. Barr IAEA FEC 2020, submitte to NF
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Stage 4: Rapid termination: Mitigate unavoidable disruption

0
Continuous

Control

Disruption handling is a multi-stage process: Functional view

4
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Disruption handling is a multi-stage process: Functional view
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Jeddy

Jhalo

Suppress formation of RE 
or rapidly dissipate 
existing RE plateau 

“Goldilocks”: Keep CQ short 
enough to avoid halo forces & 

heating, long enough to 
avoid damaging eddy forces

jRE

Radiate thermal energy to wall 
before conducted to divertor

TQ CQ RE

Disruption mitigation has three goals that are very difficult to 
meet simultaneously

Wth
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Jeddy

Jhalo

Suppress formation of RE 
or rapidly dissipate 
existing RE plateau 

“Goldilocks”: Keep CQ short 
enough to avoid halo forces & 

heating, long enough to 
avoid damaging eddy forces

jRE

Radiate thermal energy to wall 
before conducted to divertor

TQ CQ RE

Disruption mitigation has three goals that are very difficult to 
meet simultaneously

Wth

Desirable:
Large quantities of very 

high-Z impurities

Desirable:
Moderate quantities of 

moderate à low-Z 
radiator

Desirable:
Extremely large 

quantities of very high-Z 
or very low-Z impurities
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Jeddy

Jhalo

Suppress formation of RE 
or rapidly dissipate 
existing RE plateau 

“Goldilocks”: Keep CQ short 
enough to avoid halo forces & 

heating, long enough to 
avoid damaging eddy forces

jRE

Radiate thermal energy to wall 
before conducted to divertor

TQ CQ RE

Disruption mitigation has three goals that are very difficult to 
meet simultaneously

Wth

RE mitigation remains most 
intractable problem for 

disruption mitigation

Desirable:
Extremely large 

quantities of very high-Z 
or very low-Z impurities
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RE mitigation remains most intractable problem for disruption 
mitigation

1
Suppress RE seed formation
& avalanche 
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RE mitigation remains most intractable problem for disruption 
mitigation

1

1. R. Sweeney JPP 2020
2. V.A. Izzo NF 2011

MHD stability and disruptions in the SPARC tokamak 19

(a) (b)

FIGURE 10. Evolution of the total (solid) and runaway (dotted) currents during disruptions of
a SPARC V2 plasma simulated with GO+CODE. (a) For a final temperature Tf = 20 eV, the
plasma-to-runaway current conversion (Ir/Ip) percentage decreases as the TQ time τtq increases.
(b) For τtq = 0.1 ms and Tf = 20 eV, Ir/Ip decreases when power losses are included; however,
particle losses have not yet been included.

(a)

(b)

(c) (d)

FIGURE 11. NIMROD simulation of RE confinement during a TQ (τtq ≈ 0.5 ms) of a double
null divertor SPARC V0 equilibrium: (a) total number of confined REs versus time (launched
at t = 0.43 ms), (b) average energy of confined REs, (c) Poincaré field line plot at 0.7 ms and
(d) magnetic field amplitudes of n = 1–5 toroidal modes normalized by n = 0 versus time.

Whether this current and pressure profile is realistic, the results of the simulation show
that MHD fluctuations of this magnitude can successfully deconfine the entire runaway
population. Note that these initial seed REs were randomly distributed uniformly over the
closed flux region.

4. Disruption statistics, mitigation and prediction
4.1. Disruption statistics

A global view of the expected disruptivity in SPARC is provided by a disruption statistical
analysis by De Vries, Johnson & Segui (2009) of the JET tokamak. JET has a similar
aspect ratio to SPARC and has a broad operating space that well encompasses in a
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Suppress RE seed formation
& avalanche 

SPARC hopes to partly on small size (DIII-D like) to deconfine RE 
seed in TQ1

• But confinement scales as  R3, so losses not reactor 
relevant2

• Does not help once continuous Tritium seed present
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RE mitigation remains most intractable problem for disruption 
mitigation

1

1. R. Sweeney JPP 2020
2. V.A. Izzo NF 2011
3. JR Martín-Solís NF 2017
4. O. Vallhagen JPP 2020

Suppress RE seed formation
& avalanche 

ITER Plan: Massive 
pre-TQ D2/H2
injection3

• Technically difficult
• Requires prediction
• Physics in doubt4



44 NW Eidietis/TSDW/July 2021

RE mitigation remains most intractable problem for disruption 
mitigation

2
Rapidly dissipate existing RE beam 
• Not expected to work due to Z/Ip

coupling5 & E-field from scrape-off6

• ITER no longer considering

1. R. Sweeney JPP 2020
2. V.A. Izzo NF 2011
3. JR Martín-Solís NF 2017
4. O. Vallhagen JPP 2020
5. Kiramov PoP 2018
6. Konvovalov IAEA 2016

Suppress RE seed formation
& avalanche 

ITER Plan: Massive 
pre-TQ D2/H2
injection3

• Technically difficult
• Requires prediction
• Physics in doubt4

1
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RE mitigation remains most intractable problem for disruption 
mitigation

2
Rapidly dissipate existing RE beam 
• Not expected to work due to Z/Ip

coupling5 & E-field from scrape-off6

• ITER no longer considering

1. R. Sweeney JPP 2020
2. V.A. Izzo NF 2011
3. JR Martín-Solís NF 2017
4. O. Vallhagen JPP 2020
5. Kiramov PoP 2018
6. Konvovalov IAEA 2016

Suppress RE seed formation
& avalanche 

ITER Plan: Massive 
pre-TQ D2/H2
injection3

• Technically difficult
• Requires prediction
• Physics in doubt4

1 3 D2+Kink for benign 
termination
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RE mitigation remains most intractable problem for disruption 
mitigation

2
Rapidly dissipate existing RE beam 
• Not expected to work due to Z/Ip

coupling5 & E-field from scrape-off6

• ITER given up

1. R. Sweeney JPP 2020
2. V.A. Izzo NF 2011
3. JR Martín-Solís NF 2017
4. O. Vallhagen JPP 2020
5. Kiramov PoP 2018
6. Konvovalov IAEA 2016
7. C Reux IPRL 2021
8. C. Paz-Soldan IAEA FEC 2021

Suppress RE seed formation
& avalanche 

ITER Plan: Massive 
pre-TQ D2/H2
injection3

• Technically difficult
• Requires prediction
• Physics in doubt4

1 3 D2+Kink for benign 
termination

Highest current 
RE beams 

cause least heating7,8!!!!
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Shattered pellet injection (SPI) is baseline ITER disruption 
mitigation system (DMS) technology

• Solid cryogenic impurity pellet 
shattered prior to entering 
plasma 
1. Protects in-vessel components 

from a large solid pellet
2. Improves assimilation due to 

increased surface area
3. Provides faster response over long 

distances than massive gas 
injection (MGI)

• Test systems installed on DIII-D, 
JET, J-TEXT, KSTAR, and soon 
AUG, HL-2A

M. Lehnen IAEA Workshop on Plasma Disruptions 2020 
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• Dispersive shell pellet for for core 
impurity deposition

• High-speed injection for fast response 
time and deep core penetration
– Railgun
– 2 stage light gas gun
– Linear induction motor
– Nano-particle plasma jet

Other mitigation technologies addressing shortcomings in SPI 
are in various stages of development

N. Bogatu FST 2013
NPPJ

E. Hollmann PRL 2020

R. Raman NF 2019 
Railgun

2 stage light gas gun

Shell  Pellet

R. Raman IAEA Workshop on Plasma Disruptions 2020
(ORNL contribution)
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• Requires extremely high performance: 
Both missed disruptions and false 
shutdowns are damaging to 
commercial reactor mission

• Context: At full operation, ITER requires 
~100% of disruptions to be detected at 
least 30ms ahead of time (flight time)

• Methods range from simple thresholds 
to very complex machine learning 
methods

Mitigation requires a disruption predictor to trigger DMS

K. Montes NF 2019

Random Forest
C. Rea PPCF 2018

Recurrent Neural Network
J. Kates-Harbeck Nature 2019
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Advanced supervisory control is required to negotiate various 
stages of disruption prevention

DIII-D
EIDIETIS NF 2018

TCV
T.C. Blanken NF 2019

AUG & TCV
M. MARASHEK NF 2018

E = Event
R = Recovery State
A = Alternate State
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Outline

1. What are disruptions & why/how do we handle them? 

2. Evolution of disruption handling requirements: Research à
Commercial Reactor

3. Contemporary state of disruption handling

4. Challenges to disruption prevention posed by a commercial reactor

5. Resilient design
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• Neutron fluence: Order of magnitude(s) greater

• Lack of access (blankets)

• Much longer acceptable mean time between 
failure (MTBF) 

• High field (ARC, K-DEMO)

Extreme environment posed by commercial reactor vs ITER 
poses many challenges for disruption handling

EU DEMO blanket Study
L.V Boccaccini FED 2016

ARC Concept
B.N. Sorborn FED 2015

K-DEMO
H.W. Kim FED 2019

S.M. González de Vicente et al

2

radiation damage for ceramic insulating materials is given in 
the annex.

Several earlier reviews have given overviews of the results 
of irradiation testing on suitable functional materials for ITER 
heating and diagnostic systems, as well as in-depth discussion 
of relevant radiation effects and problems associated with ade-
quate testing [1–5]. The longer-term problems beyond ITER, 
where one must address the development of materials and 
components capable of surviving for extended periods in the 
more hostile environment of not only DEMO but fusion PPs 
have also been recently reviewed [6], as well as the need for 
tritium generation, which will require dedicated systems and 
materials [4]. DEMO will have higher levels of neutron !ux, 
!uence, and gamma nuclear heating than ITER. The neutron 
!uence will be ~50 times higher, and the neutron, gamma, 
and plasma particle !uxes are expected to be twice as high 
[3, 6, 7].

Due to the urgent necessity to address potential problems 
within the limit for ITER materials performance requirements 
[5, 6], currently in general only design-oriented data at low 
doses are available. Even at these low doses problems have 
been identi"ed. However, if we are to provide reliable func-
tional materials and components for DEMO and future PPs, 
immediate action needs to be taken to establish a compre-
hensive R&D programme. Such a DEMO Design and R&D 
programme must include the use of available research "ssion 
reactors (materials test reactors: MTRs) and also accelerators, 
which will play an essential role in the development of can-
didate materials, in particular for the required in situ studies 
under severe environments.

In this paper, the functions and applications of optical and 
dielectric materials, as well as coating materials for blankets 
are presented. The operational environment in which they are 
expected to work is discussed in a general way, and the main 
candidates for each application are then presented in detail. 
Finally, associated R&D requirements deduced from missing 
or limited irradiation data are also presented.

2. Expected operational environment for future 
fusion devices

At present, the operational environment (radiation levels, 
temperatures, environment) for ITER is well de"ned [3]. 
However, for future devices one must extrapolate from 
the ITER values, and assume a similar machine design. At 
present, it is generally accepted that DEMO will be some type 
of advanced tokamak, thus allowing one to suggest operating 
radiation levels and temperatures [6, 8–11]. At least at the 
onset of DEMO operation, conditions will be similar due to 
the comparable neutron and gamma !uxes. Hence, some of 
the diagnostic components that work in ITER could be used 
in DEMO for initial safety and control. However, one must 
take into account that the increase in radiation dose (!uence) 
in DEMO is more than an order of magnitude higher than for 
ITER [3, 6], which for some materials and components could 
lead to serious degradation.

2.1. Radiation levels

Beyond ITER ( FW dose  ≈3 dpa) the expected FW doses will 
be approximately 80 dpa for DEMO, and  >150 dpa for PPs. 
However, due to the FW loading limit the dose rates will prob-
ably be very similar. Hence, for the numerous dielectric mat erials,  
we expect ionizing and displacement dose rates ranging from  
less than 1 Gy s−1 to  ≈1000 Gy s−1, <10−11 to  ≈10−8 dpa s−1. 
This will lead to ionizing doses up to  >200 GGy, and displace-
ment doses of many dpa, see table 1 [3, 5, 6]. Although these are 
estimated extrapolations, they agree very well with recent calcul-
ations for the expected total dose at the inner wall of the DEMO 
vacuum vessel [12].

Under these conditions, the initial behaviour of the 
required dielectric materials will be very similar to ITER, but 
as damage accumulates we should expect changes in the dose-
rate effects on physical properties. For the considerably higher 
doses (Gy and dpa) we can expect an important in!uence of 
extended defects and structural damage, leading to changes in 
the physical and thermomechanical properties. Furthermore, 
nuclear reactions introduce transmutation products ‘impuri-
ties’, which for DEMO/PPs will become important (table 2 
[6, 13]).

Already these extreme maximum radiation doses and 
transmutation production near the FW of ITER render the 
viability of some potential insulating materials marginal, and 
it is clear that for DEMO and PPs they cannot be tolerated. 
Hence, to provide the anticipated heating systems, and indis-
pensable safety and control diagnostics, although as in ITER 
well removed from the high-dose regions, in addition to a reli-
able remote handling capability, considerable further effort 
will be required not only in design and engineering, as well as 
enhanced shielding, but in materials R&D.

2.2. Temperature

The operating temperature of the different dielectric comp-
onents will depend on the nuclear heating, the available 
cooling system inlet temperature, and the thermal conduc-
tivity of the components and mounting. In the case of ITER, 
this leads to a minimum operating temperature for most sys-
tems of  ≈150 °C. In the case of DEMO and PPs, the nuclear 

Table 1. Maximum expected total dose for alumina near the FW.

For insulators Dose (dpa) Dose (GGy)

ITER <0.3 <10
DEMO ≈8 ≈250
PP >15 >470

Table 2. Estimated maximum appm/year transmutation products 
for alumina. Based on 1 MW m−2 FW loading.

H He C N Na Mg Si

ITER 29 50 62 3.4 7 44 1
DEMO 774 1340 1660 91 187 1170 27
PP 1470 2550 3150 173 355 2220 51

Nucl. Fusion 57 (2017) 092009

Gonzales de Vicente NF 2017
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radiation damage for ceramic insulating materials is given in 
the annex.
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!uence, and gamma nuclear heating than ITER. The neutron 
!uence will be ~50 times higher, and the neutron, gamma, 
and plasma particle !uxes are expected to be twice as high 
[3, 6, 7].

Due to the urgent necessity to address potential problems 
within the limit for ITER materials performance requirements 
[5, 6], currently in general only design-oriented data at low 
doses are available. Even at these low doses problems have 
been identi"ed. However, if we are to provide reliable func-
tional materials and components for DEMO and future PPs, 
immediate action needs to be taken to establish a compre-
hensive R&D programme. Such a DEMO Design and R&D 
programme must include the use of available research "ssion 
reactors (materials test reactors: MTRs) and also accelerators, 
which will play an essential role in the development of can-
didate materials, in particular for the required in situ studies 
under severe environments.

In this paper, the functions and applications of optical and 
dielectric materials, as well as coating materials for blankets 
are presented. The operational environment in which they are 
expected to work is discussed in a general way, and the main 
candidates for each application are then presented in detail. 
Finally, associated R&D requirements deduced from missing 
or limited irradiation data are also presented.

2. Expected operational environment for future 
fusion devices

At present, the operational environment (radiation levels, 
temperatures, environment) for ITER is well de"ned [3]. 
However, for future devices one must extrapolate from 
the ITER values, and assume a similar machine design. At 
present, it is generally accepted that DEMO will be some type 
of advanced tokamak, thus allowing one to suggest operating 
radiation levels and temperatures [6, 8–11]. At least at the 
onset of DEMO operation, conditions will be similar due to 
the comparable neutron and gamma !uxes. Hence, some of 
the diagnostic components that work in ITER could be used 
in DEMO for initial safety and control. However, one must 
take into account that the increase in radiation dose (!uence) 
in DEMO is more than an order of magnitude higher than for 
ITER [3, 6], which for some materials and components could 
lead to serious degradation.

2.1. Radiation levels

Beyond ITER ( FW dose  ≈3 dpa) the expected FW doses will 
be approximately 80 dpa for DEMO, and  >150 dpa for PPs. 
However, due to the FW loading limit the dose rates will prob-
ably be very similar. Hence, for the numerous dielectric mat erials,  
we expect ionizing and displacement dose rates ranging from  
less than 1 Gy s−1 to  ≈1000 Gy s−1, <10−11 to  ≈10−8 dpa s−1. 
This will lead to ionizing doses up to  >200 GGy, and displace-
ment doses of many dpa, see table 1 [3, 5, 6]. Although these are 
estimated extrapolations, they agree very well with recent calcul-
ations for the expected total dose at the inner wall of the DEMO 
vacuum vessel [12].

Under these conditions, the initial behaviour of the 
required dielectric materials will be very similar to ITER, but 
as damage accumulates we should expect changes in the dose-
rate effects on physical properties. For the considerably higher 
doses (Gy and dpa) we can expect an important in!uence of 
extended defects and structural damage, leading to changes in 
the physical and thermomechanical properties. Furthermore, 
nuclear reactions introduce transmutation products ‘impuri-
ties’, which for DEMO/PPs will become important (table 2 
[6, 13]).

Already these extreme maximum radiation doses and 
transmutation production near the FW of ITER render the 
viability of some potential insulating materials marginal, and 
it is clear that for DEMO and PPs they cannot be tolerated. 
Hence, to provide the anticipated heating systems, and indis-
pensable safety and control diagnostics, although as in ITER 
well removed from the high-dose regions, in addition to a reli-
able remote handling capability, considerable further effort 
will be required not only in design and engineering, as well as 
enhanced shielding, but in materials R&D.

2.2. Temperature

The operating temperature of the different dielectric comp-
onents will depend on the nuclear heating, the available 
cooling system inlet temperature, and the thermal conduc-
tivity of the components and mounting. In the case of ITER, 
this leads to a minimum operating temperature for most sys-
tems of  ≈150 °C. In the case of DEMO and PPs, the nuclear 

Table 1. Maximum expected total dose for alumina near the FW.

For insulators Dose (dpa) Dose (GGy)

ITER <0.3 <10
DEMO ≈8 ≈250
PP >15 >470

Table 2. Estimated maximum appm/year transmutation products 
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• Neutron fluence: Order of magnitude(s) greater

• Lack of access (blankets)

• Much longer acceptable mean time between 
failure (MTBF) 

• High field (ARC, K-DEMO)

Extreme environment posed by commercial reactor vs ITER 
poses many challenges for disruption handling

EU DEMO blanket Study
L.V Boccaccini FED 2016

ARC Concept
B.N. Sorborn FED 2015

K-DEMO
H.W. Kim FED 2019

DEMO Mission Goals ≠ Commercial Reactor…

but presents many of the same technical problems
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• Reliable diagnostics critical to guide disruption prevention

• Reactor environment poses several unique challenges:
– Magnetics prone to failure at unknown rate (neutrons)
– No localized arrays (limited lines of sight through blanket)
– Visible diagnostics unlikely

Reactor Disruption Prevention Challenge #1: 
Diagnostic restrictions

See [Biel FED 2019] overview
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• Reliable diagnostics critical to guide disruption prevention

• Reactor environment poses several unique challenges:
– Magnetics prone to failure at unknown rate (neutrons)
– No localized arrays (limited lines of sight through blanket)
– Visible diagnostics unlikely

Reactor Development Opportunities

1. Technology: Develop magnetics replaceable with blankets

2. Redundancy: Develop/demonstrate “multi-messenger” measurements 
of key plasma parameters 

3. Control: Incorporate real-time observer models to integrate multiple 
messengers1 & make control robust to diagnostic failure2,3

Reactor Disruption Prevention Challenge #1: 
Diagnostic restrictions

1L. Stagner PhD Thesis 2018
2J.H Donné Plasma & Fus Research  2013 
3F. Feilici NF 2018

See [Biel FED 2019] overview
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• Reliable, effective actuators key to all stages of 
disruption prevention 

• Reactor actuator restrictions:
– In-vessel coils unlikely/impossible

• Vertical control: Ex-vessel coils shielded by vessel, 
reducing maximum controllable displacement1

– Gyrotrons: 9T compatible not presently available

Reactor Disruption Prevention Challenge #2: 
Actuator restrictions

EU DEMO Z control 
Simulation

R. Albanese FED 2019

1D. Humphreys NF 2009
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• Reliable, effective actuators key to all stages of 
disruption prevention 

• Reactor actuator restrictions:
– In-vessel coils unlikely/impossible

• Vertical control: Ex-vessel coils shielded by vessel, 
reducing maximum controllable displacement1

– Gyrotrons: 9T compatible not presently available

Reactor Development Opportunities
1. Coils: Make replaceable. Remote in-vessel 

replacement or replace with vessel (e.g. ARC2) 
2. Microwave source (High Field): Sub-mm 

localized current drive (e.g. MASER3) 

Reactor Disruption Prevention Challenge #2: 
Actuator restrictions

EU DEMO Z control 
Simulation

R. Albanese FED 2019

1D. Humphreys NF 2009
2B.N. Sorborn FED 2015
3Thumm Nucl. Instr. Meth. 2002(also run low-beta to remove need for localized CD)
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• Kinetic & profile control key to 
remaining in regulated passively 
stable regimes

• Reactor challenge: High Q 
(beyond ITER Q=10) diminishes 
authority of external heating/CD

Reactor Disruption Prevention Challenge #3:
Plasma self-organization

Kinetic & J profile Control               A. Pajares FED 2019
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• Kinetic & profile control key to 
remaining in regulated passively 
stable regimes

• Reactor challenge: High Q 
(beyond ITER Q=10) diminishes 
authority of external heating/CD

Reactor Disruption Prevention Challenge #3:
Plasma self-organization

Reactor Development Opportunities
1. Burn control: Develop methods to guide self-organized state to desired 

operating point1

2. Alternative actuators: Non-heating actuators (i.e. fueling profile control 
with compact toroid injection2 or low-voltage NBI for edge rotation 
modification) to modify profiles without large degradation in Q

Kinetic & J profile Control               A. Pajares FED 2019

1 A. Pajares NF 2019
2 R. Raman FED 2008
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• Commercial reactor requires continuous disruption prevention ~ 
18+ months to reach parity with fission reactors
– Integrated plasma time on DIII-D since 1987: < 3.5 days

• Reactor reliability challenge: 
1. VS system (coils + power supplies + diagnostics + control system) 

operate without failure between maintenance cycle
2. Wall fragments dropping must be sustained without disruption

1. CMOD very disruptive1, JET not at all2, may be negative size scaling?
3. Coil systems failures cannot cause disruption (gross loss of control)

Reactor Disruption Prevention Challenge #4: 
Hardware reliability

1. R. Granetz IAEA TM 2020
2. M Sertoli Phys Script 2014
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• Commercial reactor requires continuous disruption prevention ~ 
18+ months to reach parity with fission reactors
– Integrated plasma time on DIII-D since 1987: < 3.5 days

• Reactor reliability challenge: 
1. VS system (coils + power supplies + diagnostics + control system) 

operate without failure between maintenance cycle
2. Wall fragments dropping must be sustained without disruption

1. CMOD very disruptive1, JET not at all2, may be negative size scaling?
3. Coil systems failures cannot cause disruption (gross loss of control)

Reactor Development Opportunities
1. VS Redundancy/Reliability: Test redundant VS systems for seamless 

switchover in case of VS failure 
2. Wall integrity monitoring: Develop wall monitoring for predicting 

“unpredictable” debris dropping into plasma
3. Predictive coil failure monitoring: Constantly assess likelihood of coil 

failing in order to execute controlled shutdown before fault occurs

Reactor Disruption Prevention Challenge #4: 
Hardware reliability

Realtime ITER power flux monitoring 
H. Anand NF 2020

1. R. Granetz IAEA TM 2020
2. M Sertoli Phys Script 2014
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Outline

1. What are disruptions & why/how do we handle them? 

2. Evolution of disruption handling requirements: Research à
Commercial Reactor

3. Contemporary state of disruption handling

4. Challenges to disruption prevention posed by a commercial reactor

5. Resilient design
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• Key Feature: Singular events 
exceeding engineering limits 

• Even ideal mitigation must 
be actively triggered by 
predictor – failure at any 
point (detection, trigger, 
hardware) = no mitigation 

• Risk-benefit: Low-probability 
high impact failure must be 
protected against in 
commercial reactor needing 
decades to break even 

• Reactor disruption consumption budget will likely resemble ITER’s (or be 
more conservative due to increased thermal & mag energy density)
– Assume roughly similar wall & vessel technology. 

Singularly destructive disruptions motivate investment in 
passively resilient design for commercial reactor 

M.Lehnen IAEA FEC 2016

ITER Disruption Budget Consumption in %
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• Key Feature: Singular events 
exceeding engineering limits 

• Even ideal mitigation must 
be actively triggered by 
predictor – failure at any 
point (detection, trigger, 
hardware) = no mitigation 

• Risk-benefit: Low-probability 
high impact failure must be 
accounted by reactor 
requiring decades to break 
even 

• Reactor disruption consumption budget will likely resemble ITER’s (or be 
more conservative due to increased thermal & mag energy density)
– Assume roughly similar wall & vessel technology 

Singularly destructive disruptions motivate investment in 
passively resilient design for commercial reactor 

M.Lehnen IAEA FEC 2016

ITER Disruption Budget Consumption in %This is NOT what makes modern cars so 
safe… …this is
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A tokamak-based commercial fusion reactor must be viewed 
through lens of Probabilistic Risk Assessment

RISK = 
(Probability of Event) X (Impact of Event)

Disruption Prevention
Mitigation

(we discussed this)

Resilient Design
(here we go) 

(Saying “it will not disrupt” is not defensible…
But lost time is part of doing business if risk is contained )
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Passively resilient design: 
Sacrificial limiters to prevent or protect from VDE/VUD

• Rapidly limiting plasma on at “neutral 
point1” near inner wall midplane 
enables robust vertical stabilization 
during disruption, no VUD
– Drastically reduced forces, benign, 

controlled RE
– Robustly safe soft shutdown

• Failing stabilization, upper/lower 
limiters can protect blankets from 
VUD/RE

• Do not prevent maintenance, but 
properly designed for rapid 
replacement these limiters these 
limiters can vastly reduce downtime2

1 V. Luksash PPCF 2005
2 C.Bachmann FED 2019

Conceptual Limiters 
EU DEMO2
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• Thick LMD (Li or Sn) can sustain 
TQ & VDE heat flux without 
damage
– Mitigation: Negates need for high-Z 

radiator & fast pre-TQ time response

• Possible passive mitigation of 
VDE when limits on LMD

• Sn LMD provides significant 
stopping power to absorb RE 
before reaching critical joints or 
water lines

Passively resilient design: 
Liquid metal divertor (LMD) to recover quickly from disruption

Magnetically Guided Liquid Metal 
Divertor Concept

M. Shimada Plasma & Fus. Research 2020
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• Thick LMD (Li or Sn) can sustain 
TQ & VDE heat flux without 
damage
– Mitigation: Negates need for high-Z 

radiator & fast pre-TQ time response

• Possible passive mitigation of 
VDE when limits on LMD

• Sn LMD provides significant 
stopping power to absorb RE 
before reaching critical joints or 
water lines

Passively resilient design: 
Liquid metal divertor (LMD) to recover quickly from disruption

Magnetically Guided Liquid Metal 
Divertor Concept

M. Shimada Plasma & Fus. Research 2020

Removes need for TQ 
prediction & relaxes 

“Goldilocks” constraint on 
active mitigation
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• Fast CQ decay (eddy) and slow CQ 
decay (halo) limits in ITER set after-the-
fact because modeling showed problems1

• Creates major constraints in mitigation 
“Goldilocks” condition

• THIS IS NOT INTRINSIC: WE CAN ENGINEER 
MORE ROBUSTLY BECAUSE WE KNOW MORE

Passively resilient design: 
Engineer device to the operating loads (not vice versa)

16 R. Sweeney and others

(a) (b)

FIGURE 7. Snapshot of electromechanical COMSOL time-dependent simulation of an on-axis
CQ and associated eddy current stresses driven in an early version of the SPARC vacuum vessel.
Snapshot is at the end of a 3 ms linear current ramp down. Shown is a 1/9th model of vacuum
vessel with the von Mises stresses which are below the maximum of 800 MPa. The engineering
design has progressed, using these simulations, to a vacuum vessel with acceptable stresses.

(a) (b)

FIGURE 8. (a) The TPF as a function of fraction of halo to plasma current, produced based on
the same database and in likeness to figure 6 of Eidietis et al. (2015). (b) Probability density
function based on the data in (a).

lower q95 (Granetz et al. 1996). Toroidal peaking factors (TPFs), defined as the maximum
halo current density over the toroidal average, up to 5 are possible. However, the fraction
of plasma current going into the halo current is reduced so that the maximum halo current
density is constant, i.e. TPF × Ihalo/Iplasma ≈ constant. For SPARC V2 we have a maximum
symmetric halo current of Ihalo = 0.6(8.7 MA) = 5.2 MA. A simple approximation for the
pressure from the halo current is

P(R) = IhaloB0R0

2πR2
, (3.4)

which is 5.5 MPa at the major radius of the plasma magnetic axis.
The axisymmetric net vertical force on the vessel is bounded by the destabilizing vertical

force on the plasma in the quadrupolar field (Miyamoto 2011). The radial field produced
by the poloidal field coil system during the plasma flattop is calculated and the maximum
vertical excursion of a full current plasma with a flat q = 1 profile is estimated to be
|∆Z| ≈ 0.5 m. The radial field averaged over the displaced plasma is BR ≈ 0.5 T, giving

�%��%%"$
��(((�����#�����!#���!#��%�#�$���%%"$
���!��!#��������
�������

���������
�!( �!������#!���%%"$
��(((�����#�����!#���!#���������#�$$
�����������
��	���! ��	���%�������%���
�	
����$&����%�%!�%�������#������!#��%�#�$�!��&$����'�������

1. M. Sugihara NF 2007
2. R. Sweeney JPP 2020
3. C. Meyers NF 2018

SPARC Vessel Forces2

Limited 
Info

Engineering 
Design

Halo rotation3

Modeling Operational 
Limits

Accurate 
Modeling

Expected 
Operational Loads

Engineering Design

Operational 
Limits

NO

YES
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• Passive 3D coils can use TQ & CQ 
loop voltages to create stochastic 3D 
fields that rapidly transport RE seeds 
to wall, suppressing RE formation1

– Can continue through CQ, 
deconfining Tritium seeds

• Feasible discrete passive coil designs 
modeled for D3D
– Addition of spark gap to coil circuit 

can make it entirely passive, but 
transparent to startup

• For maximum current (& RE losses), 3D 
current structures could be 
engineered into vessel/blanket 

Passively resilient design: 
Passive 3D coils to suppress RE formation

DIII-D Mark-I & Mark-II designs 
(Courtesy  D. Weisberg, GA)24 R. Sweeney and others

(a)

(b)

(c)

(d)

FIGURE 12. (a–c) Concepts for the REMC with dominant toroidal harmonics n = 1, 2 and
3, respectively. (d) Contours of the field magnitude produced at t = 0.5 ms into a 3 ms CQ
generated by the n = 3 coil at a toroidal location between vertical legs.

A complex mirror current pattern in the vacuum vessel partially shields the field
produced by the coil. The currents in the coil and vessel are predicted by the full COMSOL
model, and then a reduced model is run where the REMC current is prescribed from
the full model and the vessel is calculated self-consistently. The time-dependent fields
from the latter case are then provided for the NIMROD modelling. The first NIMROD
simulations using the REMC fields are in progress. From the NIMROD simulations of a
high-Z injection shown in § 3.5, we see that an n = 1 perturbation of order 1 kG leads to
a complete loss of the seed RE particles, so a similar perturbation from the REMC during
the CQ might generate a particle loss rate that rivals the avalanche growth rate. Should the
dedicated NIMROD modelling demonstrate that the REMC is effective, further studies
will follow to assess the impact on CQ heat deposition and on VDEs. Also, the engineering
issues of mechanically supporting the large I × B forces on the REMC must be considered.

4.2.4. Disruption mitigation actuator
Choosing between MGI and SPI, or both, requires consideration of system reliability,

system response time, material delivery characteristics and mitigation performance
metrics. The SPI systems form a large (relative to cryogenic fueling pellets), frozen pellet,
pneumatically launch it at hundreds of metres per second and then shatter it near the
entrance to the vacuum vessel (Baylor et al. 2019). Similar solid material injection systems
are under development that use an electromagnetic ‘rail gun’ to accelerate a sabot carrying
cryogenic or non-cryogenic high-Z materials (Raman et al. 2019). Massive gas injection
is a simpler approach, consisting of a pressurized plenum with a fast valve that releases
a pulse of gas down a pipe directed at the plasma. Although MGI systems benefit from
simplicity, constraints on the duration from the first injected particle to the last injected
particle relative to the disruption time scales might preclude their use, as is the case for
ITER. Better characterization of eddy current and halo current forces and RE generation
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SPARC Concept
(R. Sweeney JPP 2020)

1. H. Smith PoP 2020 See R. Sweeney’s presentation…
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• Disruption handling is a multi-layered process

• Commercial reactor environment presents unique challenges to 
disruption prevention well beyond ITER requirements

• Numerous development opportunities exist to enhance the prospects 
for effective disruption handling in a reactor

Robust disruption handling is essential to the prospects of a 
viable tokamak-based commercial fusion reactor

DISRUPTION PREVENTION MUST BE CONSIDERED 
ON EQUAL FOOTING WITH STEADY STATE PREFORMANCE GOALS 

IN REACTOR DESIGN PROCESS
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