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What is the key physics that makes 

it possible to have runaway 

electrons in plasmas?
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Consider a charged particle traveling through a 

fully ionized plasma.  Particle motion is 

perturbed by the long-range Coulomb force

v



-
+

An incident particle with higher velocity 

experiences the same Coulomb force, but for a 

shorter time, and therefore its trajectory is 

perturbed less.

v



In a plasma, faster charged particles experience 

less perturbation of their motion than slower ones

From plasma physics:

𝑑𝐯

𝑑𝑡
= −𝜈𝐯

Define ‘collision frequency’, 

is a measure of how much a particle’s motion 

is changed by collisions
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𝐹coll = 𝑚
𝑑v

𝑑𝑡
= −𝑚𝜈v

is the collisional friction force𝐹coll



Hence, for a plasma, the tail particles in a 

Maxwellian distribution experience less

collisional friction than the bulk, and therefore 

could potentially separate from the bulk 

distribution.

𝐹coll = −𝑚𝜈v ∝ −1/v2



In a tokamak, a toroidal E-field is purposely applied to drive 

a large current in the plasma

The toroidal E-field and the 1/v3 dependence of      provide 

the ingredients to make runaway electrons 
𝜈



Tokamaks are also subject to disruptions, which generate a 

huge toroidal E-field during the short time of the current 

quench

normal

disruption



Now consider force on an electron with an applied

electric field:

If the electron will accelerate forever, i.e. run

away if there are no other energy loss mechanisms.

This gives a condition for runaway generation:
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Primary (Dreicer) runaway generation

where



Maxwellian velocity distribution function



-E

Apply E-field

(Vloop/2R in tokamaks)



Tail region of Maxwellian velocity 

distribution function

-E



Tail electrons run away due to E-field 

and low collisional drag

-E



RE growth rate is set by rate that electrons 

continuously fill in hole in f(v)

-E



Notes about simple Dreicer picture of primary RE generation: 

• Relativistic runaways have no slowing down mechanism, 

and no loss mechanism.  Each RE continues to gain 

velocity indefinitely.

• Assumption is that nRE is small compared to background 

distribution, and therefore does not affect ‘fill-in’ rate

• This implies that:

i.e, not exponential, but sensitive to plasma parameters

𝑑𝑛𝑅𝐸
𝑝𝑟𝑖𝑚𝑎𝑟𝑦

𝑑𝑡
= fill−in rate = 𝑓(𝑛𝑒, 𝑇𝑒 , 𝑍𝑒𝑓𝑓 BUT NOT 𝑛𝑅𝐸)



However, the maximum possible electron velocity is  v = c.  The 

fully relativistic derivation for runaways gives:

J.W. Connor and R.J. Hastie, Nucl.Fusion 15 (1975) 415
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This Ecrit is the absolute minimum E-field required to generate any 

runaways. 



There is also another way to generate runaway electrons: 

Avalanche process
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E-field, time

𝐺𝑎𝑖𝑛 ~ 𝑒
𝑐𝑢𝑟𝑟𝑒𝑛𝑡 [𝑀𝐴]

0.4

• Requires some relativistic (~MeV) runaway 

electrons (REs) to already exist (i.e. a seed)

• RE collides with thermal electron

• Transfers ~ ½ initial energy (MeV)

• Now there are TWO relativistic electrons

• Those two REs each collide with thermal 

electrons, producing FOUR REs

• dnRE/dt is exponential

M.N. Rosenbluth and S.V. Putvinski, Nucl. Fusion 37 1355 (1997) 

~ exp(37.5) ~ 2×1016 !!!
more detail in Tünde Fülöp’s lecture



Runaways can occur during several different 

phases of a tokamak plasma discharge

‒ Disruptions: HUGE loop voltage, but plasma conditions are 

poorly controlled, and not well diagnosed.

‒ Steady-state flattop: well-controlled conditions for research 

physics

‒ Plasma startup: loop voltage is higher than normal and 

density is low



Runaways can occur during several different 

phases of a tokamak plasma discharge

‒ Disruptions: HUGE loop voltage, but plasma conditions are 

poorly controlled, and not well diagnosed.

‒ Steady-state flattop: well-controlled conditions for research 

physics

‒ Plasma startup: loop voltage is higher than normal and 

density is low

• Could cause catastrophic damage in ITER

• Elaborate disruption mitigation system (DMS) being developed based on shattered 

pellet injection

• Several other RE mitigation concepts being looked into



Modeling of ITER 15 MA disruptions leads to predictions of up to 10 MA of current carried by runaways, with 

10-20 MeV energies

– Potentially very damaging to blanket and divertor modules

Runaways need to be mitigated, collisionally or otherwise

– Collisional-only mitigation requires extremely high ne :

(Rosenbluth density)

– Serious implications for tritium-handling plant, cryopumps, etc.

– Experiments on existing machines have difficulty reaching the Rosenbluth density

Disruption runaways in ITER
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Post-Impact on Carbon (JET, UK)

RE impact (TEXTOR, Germany)RE impact (DIII-D, USA)

above only ~ 1% energy of a potential RE strike in ITER!

Post-Impact on Beryllium (JET, UK)

Relativistic electrons generated during disruptions 

can damage the tokamak wall



REs impacting outboard limiter on Alcator C-Mod
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Motivation

▪ REs carrying currents up to 10 MA with 

kinetic energy ~ 20 MJ could be formed 

during the Current Quench of plasma 

Disruptions in ITER (15 MeV particles).

▪ Up to hundreds of MJ of magnetic energy 

can be converted to kinetic RE energy. 

▪ The power deposition width is expected to 

be extremely  narrow (Larmor radius 

scale).

▪ ITER plasma facing components (PFC) are 

all actively water cooled → volumetric 

energy deposition of RE into the bulk may 

lead to damage of the  cooling interface. 

R. Pitts et al. 47th EPS Plasma Physics conference
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GEANT4: volumetric energy  deposition (∆rRE = 2 mm)

Cross section at apex

Normalized energy deposition in the cross section on one 

apex

𝑒−

With the beam width ∆rRE = 2 mm, the RE footprint area (the

area where runaway electrons entering the materials) is very

localized: 5 cm2 (a few Be castellations)
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• Electrons passing through the previous Be panels are not taken into 

account in GEANT4 simulations. 

One entire row of First wall panel:

18 sectors × 2 = 36 apexes
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Scanning of parameters (∆rRE = 4 mm, ∆t = 1 ms)

𝒆−

Note: The value of maximum melt (evaporated) mass, 

deposition energy shown are on one Apex.   

▪ Small footprint area (14 cm2)

▪ Deep melting and high Tinterface

already at low Edep

▪ Melted mass is negligible (no 

significant contribution to dust 

formation)
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Thresholds for melting and cooling channel integrity 

Melt threshold

▪ ~20 kJ (deposition on one apex)

→ RE current in the few kA range

▪ ~720 kJ (uniform energy distribution over the entire row of FWP) 

→ RE current of ~360kA (Dt = 1ms) or ~490kA (Dt = 100ms)

Threshold for cooling channel integrity (Tinterface = 800°C)

▪ ~200 kJ (deposition on one apex)

→ RE current of ~100kA (Dt = 1ms) or ~260kA (Dt = 100ms)

▪ ~7.2 MJ (uniform energy distribution over the entire row of FWP) 

→ RE current of ~3.6MA (Dt = 1ms) or ~1.5MA (Dt = 100ms)

→ The uniformity of the energy deposition is critical and will depend on alignment 

and the nature of the MHD event causing the RE deposition

Note that the energy scales linear with IP for the 1 ms scenario and quadratic for the 100 ms scenario. 
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Summary and conclusions

❖ JET validation study

▪ A multi-physics workflow was developed to assess the melt damage to plasma facing components 

(PFCs) induced by a RE beam strike. The workflow has been applied to JET.

▪ Modeling results are in good agreement with experimental observations if the RE deposition width 

is 1~2 mm.

▪ Already the deposition of 100 kJ during 6 ms leads to a significant melting and boiling. 

❖ ITER simulations

▪ Simulations for a beam width of 4 mm and deposition times of 1 and 100 ms were performed.

▪ Deep melting is observed at low energies due to the very localized energy deposition;

e.g. 8 mm melt depth at ~400 kJ per apex

▪ The integrity of the cooling channels would be at risk already during a strike of RE beams of a few 

100 kA in the most pessimistic scenario (energy deposition on a single apex) 

▪ The simulation results emphasize the importance of reliable RE avoidance by the ITER Disruption 

Mitigation System



ITER’s baseline strategy for RE mitigation is raising 

the density (collisional mitigation)  

Baseline technique: Injection of frozen D2 pellets and 

impurity (Ne, Ar) pellets via shattered pellet injection (SPI)

Assumption (unproven): All of 

the injected material gets 

ionized and confined in the 

disrupting plasma, increasing ne

to the Rosenbluth density

(~5 × 1022 m-3)



DMS design status

EP #02: 

12 injectors 

UP #02, #08, #14: 

each 1 injector 

EP #08, #17: 

each 6 injectors

DMS Final Design Review 

Meeting rescheduled to 

March 2024



DMS design status

Gas 
Handling 
System

Cryogenic
Distribution
System

Vacuum
& Exhaust
System

Services 
Connection & 
DisconnectionISS

PP

PCSS

Present design for port plug EP#02
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System
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Connection & 
DisconnectionISS
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Present design for port plug EP#02

1.8 meter human 

for scale



DMS design solutions – Pellet launching

➢ A fast eddy-current actuated valve (aka flyerplate valve) 

provides the required flow and breakaway pressure

➢ Up to 100 bar propellant pressure is envisaged

➢ Risk mitigation in case propellant gas is an issue: 

Mechanical Pellet Launcher development 

started Q1/2023



❑ Propellant gas entering the plasma before the fragments needs to be minimised

❑ Pellet rotation needs to be avoided to allow free flight

➢ Due to restricted  space the expansion volume is small (~50 l per injector)

➢ Efficient pumping is not possible → the gas must be retained/suppressed

➢ The baseline solution utilises a suppressor volume together with a fast shutter

DMS design solutions – Propellant Gas

Achieved closing time < 3 ms

Target is 1 ms

A. Zsákai et al, Centre for Energy Research



T (K)

Heat load optimization

850 W/ 700 W 550 W

Plasma radiation

Neutron heating

1950 W 1200 W

Shatter Chamber

Diagnostic First Wall
Flight Tube

Exit 
Opening

Pellet

Diagnostic Shielding Module

DMS design solutions – Shattering

➢ shape modification

➢ material reduction 

Pellet impact may affect integrity

➢ Modelling underway at EMI Fraunhofer

➢ Tests in the fundamental studies lab at CEA



Injection directions

post-TQ RE mitigation

Downward VDE

(t@7.5 MA)

Upward VDE

(t@7.5 MA)

pre-TQ injection

Major Disruption 

(baseline scenario)
Upward VDE

post-TQ

Downward MD



In case SPI is not able to mitigate disruption 

runaways, what’s the backup plan?

Experiments on several tokamaks have shown that B-field 

perturbations can cause REs to be deconfined.

‒ NOTE: the deconfined REs must be spread over a large 

surface area, not concentrated onto a small spot

o B due to actively generated non-axisymmetric fields (i.e. EF 

correction coils, RMP coils) 

o B due to actively induced MHD instabilities

o B due to TAE instabilities generated by fusion α’s

o B due to passively generated non-axisymmetric fields (REMC coil)

~

~

~

~
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Baseline Approach: Collisional

• Inject as much mass as possible

• Dissipate energy via collisions

Alternate Approach: 3-D Fields

• Injection promotes MHD activity

• Goal: get large-scale 3-D fields

– Intrinsic or extrinsic dB/B

Secondary Injection:

What does a big 3-D field do to a 
beam of fast electrons?

Paz-Soldan/APS-DPP/2021-11

Disruption Mitigation: 

Manage Fast Electrons via Secondary Injection
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Localized 

losses with

small dB/B

Large wetted 

area with big 

dB/B

Infrared Imaging:

Dispersed impact

1C. Paz-Soldan et al, PPCF 2019
2C. Reux et al, Phys. Rev. Lett 2021 &  C. Paz-Soldan et al Nucl. Fusion 2021

dB/B

1 ms

Visible Imaging:

REs vanish in under 1 ms

Large-Scale 3-D Fields:

Terminates and Disperses Relativistic Electron Beam
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Localized 

losses with

small dB/B

Large wetted 

area with big 

dB/B

Infrared Imaging:

Dispersed impact

1C. Paz-Soldan et al, PPCF 2019
2C. Reux et al, Phys. Rev. Lett 2021 &  C. Paz-Soldan et al Nucl. Fusion 2021

dB/B

1 ms

Visible Imaging:

REs vanish in under 1 ms

Key Insight from JET Experiments2:

Alternative minimizes energy loading

Large-Scale 3-D Fields:

Terminates and Disperses Relativistic Electron Beam



Paz-Soldan/APS-DPP/2021-111C. Reux et al, Phys. Rev. Lett 2021 &  C. Paz-Soldan et al Nucl. Fusion 2021

• DIII-D data consistently finds large 

dB/B at external kink stability limit

– Boundary is more complex at JET1

• Mechanical analog: twisting an 

elastic band until it kinks

– Safety factor quantifies B-field twist

𝑞𝑎~
𝑎𝐵𝑇
𝐼𝑃

Intrinsic MHD Instability Responsible for Large-Scale dB/B
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1Y. Q. Liu et al, Nucl. Fus 2019 & Phys Plasmas 2020 

• Stability model1 identifies kink 

mode structure at termination

– Scale size to match sensor data

Paz-Soldan/APS-DPP/2021-11

Modeling Supports Picture of Termination and Dispersal
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• Stability model1 identifies kink 

mode structure at termination

– Scale size to match sensor data

• Near-total loss of REs predicted 

for experimental dB/B values

Paz-Soldan/APS-DPP/2021-11

Modeling Supports Picture of Termination and Dispersal



Localized 

losses with

small dB/B

Large 

wetted area 

with big 

dB/B

Collisional MHD

• Stability model1 identifies kink 

mode structure at termination

– Scale size to match sensor data

• Near-total loss of REs predicted 

for experimental dB/B values

• Predicted impact “wetted area” 

increases with dB/B values

– Consistent with experiment

1Y. Q. Liu et al, Nucl. Fus 2019 & Phys Plasmas 2020 Paz-Soldan/APS-DPP/2021-11

Modeling Supports Picture of Termination and Dispersal



• Fast tokamak shutdowns (disruptions) a risk to reactor walls 

especially due to relativistic electrons

– Conventional approach (c. 1980s): maximize collisional dissipation

• New pathway to address problem: large-scale 3-D fields

• Large dB/B via intrinsic MHD demonstrated in present devices

– Robustness of access and extrapolability to ITER underway

• Extrinsic dB/B application via passive conductors: robust !

– Will be explored and qualified in upcoming projects

Paz-Soldan/APS-DPP/2021-11

• Fast tokamak shutdowns (disruptions) a risk to reactor walls 

especially due to relativistic electrons

– Conventional approach (c. 1980s): maximize collisional dissipation

• New pathway to address problem: large-scale 3-D fields

• Large B/B via intrinsic MHD demonstrated in present devices

– Robustness of access and extrapolability to ITER underway

• Extrinsic B/B application via passive conductors: robust !

– Will be explored and qualified in upcoming projects

Paz-Soldan/APS-DPP/2021-11

Deploying Large-Scale 3-D Fields:

Candidate Solution for Disruption-Induced Fast Electrons



In case SPI is not able to mitigate disruption 

runaways, what’s the backup plan?

Experiments on several tokamaks have shown that B-field 

perturbations can cause REs to be deconfined.

‒ NOTE: the deconfined REs must be spread over a large 

surface area, not concentrated onto a small spot

o B due to actively generated non-axisymmetric fields (i.e. EF 

correction coils, RMP coils) 

o B due to actively induced MHD instabilities

o B due to TAE instabilities generated by fusion α’s

o B due to passively generated non-axisymmetric fields (REMC coil)

~

~

~

~



Use the high loop 

voltage that occurs 

during a disruption 

to induce large 

current in a non-

axisymmetric coil, 

thus producing 

‘error’ fields at 

exactly the right 

time to degrade RE 

confinement.



Use the high loop 

voltage that occurs 

during a disruption 

to induce large 

current in a non-

axisymmetric coil, 

thus producing 

‘error’ fields at 

exactly the right 

time to degrade RE 

confinement.

• No high-current 

power supply 

needed

• No warning time 

required (i.e. 

disruption 

prediction) 



Use the high loop 

voltage that occurs 

during a disruption 

to induce large 

current in a non-

axisymmetric coil, 

thus producing 

‘error’ fields at 

exactly the right 

time to degrade RE 

confinement.

Engineering CAD















Designing a real REMC coil for SPARC presents a 

number of very difficult engineering challenges

• The large induced current gives rise to huge I×B forces, particularly 

on the vertical sections.  Neutron shielding in SPARC constrains the 

space available for structural hardware.

• The coil must not conduct current EXCEPT during disruptions. (high-

current threshold switching mechanism needed).  Ideally the switch 

should be passive.

• Due to D-T neutron flux, a solid-state switch cannot be inside the 

vessel, therefore high-current feedthroughs and leads are required.

• The coil loop voltage is predicted to reach 2500 volts, and therefore it 

must be electrically insulated from its support structure, even during 

MGI when Paschen breakdown could be a concern











Runaways can occur during several different 

phases of a tokamak plasma discharge

‒ Disruptions: HUGE loop voltage, but plasma conditions are 

poorly controlled, and not well diagnosed.

‒ Steady-state flattop: well-controlled conditions for research 

physics

‒ Plasma startup: loop voltage is higher than normal and 

density is low



Runaways can occur during several different 

phases of a tokamak plasma discharge

‒ Plasma startup: loop voltage is higher than normal and 

density is low

‒ Steady-state flattop: well-controlled conditions for research 

physics

‒ Disruptions: HUGE loop voltage, but plasma conditions are 

poorly controlled

• Measure threshold E-field for runaways and compare to Connor-Hastie Ecrit

• Is synchrotron emission a significant energy loss mechanism?

• Analyzing synchrotron images 



An ITPA joint experiment to study

threshold conditions for runaway electron 

generation and suppression 

R. Granetz, A. DuBois, B. Esposito, J. Kim, R. Koslowski, M. Lehnen,

J. Martin-Solis ,C. Paz-Soldan, T.-N. Rhee, P. de Vries, J. Wesley, and L. Zeng

IAEA FEC 2014

St. Petersburg, Russia

2014/10/16



Motivation for ITPA joint experiment

Do we really have to get to the Rosenbluth

density to quench runaway electrons in ITER? 

• Are other RE loss mechanisms, in addition to Coulomb 

collisional damping, important?

• If yes, is it true for tokamaks in general?





Motivation for ITPA joint experiment

Do we really have to get to the Rosenbluth

density to quench runaway electrons in ITER? 

• Are other RE loss mechanisms, in addition to Coulomb 

collisional damping, important?

• If yes, is it true for tokamaks in general?





Measure threshold E-field in well-controlled and well-diagnosed 

conditions on a number of tokamaks, and compare with Ecrit



Minimum E-field required to generate and sustain any runaways:

This Ecrit criterion applies to both primary (Dreicer) and secondary (avalanche) 

mechanisms.

Critical E-field for runaway electrons

J.W. Connor and R.J. Hastie, Nucl.Fusion 15 (1975) 415
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Minimum E-field required to generate and sustain any runaways:

This Ecrit criterion applies to both primary (Dreicer) and secondary (avalanche) 

mechanisms.

Critical E-field for runaway electrons
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Minimum E-field required to generate and sustain any runaways:

This Ecrit criterion applies to both primary (Dreicer) and secondary (avalanche) 

mechanisms.

Critical E-field for runaway electrons

22

0

3

crit
4

ln

cm

en
E

e

e




=  15)ln (for   08.0 20 == n



Parameter space: runaway population vs

E-field and density
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Constraints for ITPA joint experiment

• Make measurements during quiescent flattop, rather than during 

disruptions, because results should be more reproducible, and the 

loop voltage, electron density, Zeff, Te, etc. can be accurately 

measured.

• To minimize confusing factors, exclude discharges with LHCD or 

ECCD, because they can distort the electron velocity distribution

• Several different diagnostics are used for detecting runaways:

− hard x-ray (HXR), -ray detectors

− detection forward-peaked emission (IR, visible)



Participants in MDC-16:

• FTU (dedicated experiments)
– J. Martin-Solis, B. Esposito

• TEXTOR (dedicated experiments)
– R. Koslowski, M. Lehnen

• Alcator C-Mod (data mining and dedicated experiments)
– R. Granetz

• DIII-D (data mining and dedicated experiments)
– J. Wesley, C. Paz-Soldan

• KSTAR (data mining)
– T. Rhee, J.H. Kim

• JET (data mining; not during flattop)
– P. deVries

• MST (dedicated experiments; RFP in tokamak mode; low Te)
– A. DuBois, B. Chapman



Several possible ways to measure 

threshold E-field:

(1) Determine RE onset by decreasing ne
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TEXTOR dedicated experiment

RE onset:

E = 0.066 V/m

ne = 0.07 x 1020 m-3



DIII-D dedicated experiments

Shot E 
(V/m)

ne

(1020 m-3)

152892 0.052 0.046

152893 0.055 0.050

152897 0.053 0.048

152899 0.054 0.047

152786 0.060 0.056

Note: intrinsic error fields must 

be carefully reduced to prevent 

locked modes at these low 

densities
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E-field and density for RE onset



Several possible ways to measure 

threshold E-field:

(2) Assemble dataset of (E, n, RE) from previously existing 

data; Determine threshold boundary



Thresholds for RE onset on multiple machines



1) RE detectors (usually HXR) have finite sensitivity, i.e. a 

minimum detectable level of REs

2) In a Maxwellian of a few keV and ~1020 electrons, with Vloop ~ 1 

volt, the initial number of runaways is well below detectable 

limits

Therefore, in order to be detected, i.e. the observed “onset”, the RE 

population must grow to a measurable size, which takes finite time, 

comparable to the duration of these discharges.

Hence, E and ne at the time of onset detection may not be 

the same as E and ne at the RE threshold

Caveats of using ‘onset’ method to determine 

threshold E-field
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Several possible ways to measure  

threshold E-field:

(3) Start in low-density regime with RE’s and increase ne to find 

threshold for RE suppression



Measuring RE growth & decay rates on DIII-D

• First, get RE’s by reducing density

• Then change density to new value and hold constant to reach new steady-state

• Determine growth or decay rate



Measuring RE growth & decay rates on DIII-D

• Transition from growth to decay occurs at E/Ecrit ~ 3 – 5



Measuring RE growth & decay rates on DIII-D

• Transition from growth to decay occurs at E/Ecrit ~ 3 – 5

• Theory says this should occur at E/Ecrit = 1



Measuring RE growth & decay rates on C-Mod

• First, get RE’s by reducing density

• Then change density to new value and hold constant to reach new steady-state

• Determine ne, E//, and dnRE/dt for each case

increasing RE’s nearly steady RE’s decreasing RE’s



Measuring RE growth & decay rates on C-Mod

• First, get RE’s by reducing density

• Then change density to new value and hold constant to reach new steady-state

• Determine ne, E//, and dnRE/dt for each case

• Center case has ne=0.61020 m-3, E//=0.25 V/m

increasing RE’s nearly steady RE’s decreasing RE’s



Thresholds for RE onset (◆) and 

suppresion (◼) on multiple machines



Summary: results

A study of runaway electrons under well-controlled, well-diagnosed 

conditions in a number of tokamaks finds that the threshold density for 

both onset and decay of RE signals is at least 4 – 5 times less than 

expected from collisional damping only.

This implies that there are other significant RE population loss 

mechanisms in addition to collisional damping, even in steady-state 

quiescent plasmas.

Possible RE loss mechanisms in addition to Coulomb collisional drag include:

• synchrotron emission losses from Larmor motion

• drift orbit losses

• stochastic losses due to B (which are probably much larger during 

disruptions)

• scattering in velocity space due to RE instabilities


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conditions in a number of tokamaks finds that the threshold density for 

both onset and decay of RE signals is at least 4 – 5 times less than 

expected from collisional damping only.

This implies that there are other significant RE population loss 

mechanisms in addition to collisional damping, even in steady-state 

quiescent plasmas.

Possible RE loss mechanisms in addition to Coulomb collisional drag include:

• synchrotron emission losses from Larmor motion

• drift orbit losses

• stochastic losses due to B (which are probably much larger during 

disruptions)

• scattering in velocity space due to RE instabilities





Runaway electrons generate characteristic 

radiations in a tokamak

HXR photon (100’s keV)

𝛄-rays (MeV)

B-field required



Relativistic particles emit synchrotron radiation1,2

that is forward-peaked in their direction of motion

1/𝛾

1. Schwinger 1949 Physical Review

2. Westfold 1959 The Astrophysical Journal

How do we know that a camera looking at visible 

light is seeing synchrotron radiation?



How do we know that a camera looking at visible 

light is seeing synchrotron radiation?



Normal plasma (no 

REs) has toroidally 

uniform emission, and 

no speckles

How do we know that a camera looking at visible 

light is seeing synchrotron radiation?



This plasma has 

speckles (HXR) and 

synchrotron emission 

on the side where the 

current goes into the 

page

How do we know that a camera looking at visible 

light is seeing synchrotron radiation?
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Absolutely-calibrated visible/NIR spectrometers 
(~300-1000 nm) measure SE on C-Mod.

SE

C-Mod ITER

Btor (T) 5.4 (2 – 8) 5.3

തne (1020 m-3) 1 (0.2 – 4) 1.0

Top 
View



[3] I.M. Pankratov. Plasma Phys. Reports 25, 2 (1999).
[4] J.H. Yu, et al. PoP 20, 042133 (2013).
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Synchrotron spectra contains information on RE energy 
and pitch

Mono-energetic/pitch [3,4]

5.4 T

Fit Pankratov theoretical 

spectrum at B = 5.4 T to 

measured spectrum to get RE 

energy (assuming mono-

energetic REs with pitch = 0.1)
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Consider an electron with energy E = 40 MeV and pitch = 0.1 in three 
different magnetic fields.

[3] I.M. Pankratov. Plasma Phys. Reports 25, 2 (1999).

[3
]

Does synchrotron emission limit the 
maximum energy of REs?
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Absolutely-calibrated visible/NIR spectrometers 
measure synchrotron emission on C-Mod

2.7 T 7.8 T1
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5.4 T

• RE densities are difficult to reproduce, so we are not interested in the 
absolute amplitude. 

• Instead, we are interested in the spectral shape.
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5.4 T

• Select one time-slice near maximum emission during steady plasma 
parameters.

• Take the ratio of two spectra and normalize.

Absolutely-calibrated visible/NIR spectrometers 
measure synchrotron emission on C-Mod
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*Relative to the reference spectra

Positive slope

• More brightness at longer wavelengths

• Shifted toward the red

Negative slope

• More brightness at shorter 
wavelengths

• Shifted toward the blue

Compare synchrotron emission at three magnetic fields
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Compare synchrotron emission at three magnetic fields

Mono-energetic/pitch [3,4]

[3] I.M. Pankratov. Plasma Phys. Reports 25, 2 (1999).
[4] J.H. Yu, et al. PoP 20, 042133 (2013).

E = 28 MeV
pitch = 0.1
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E = 28 MeV
pitch = 0.1

≠

Mono-energetic/pitch [3,4]

Compare synchrotron emission at three magnetic fields

[3] I.M. Pankratov. Plasma Phys. Reports 25, 2 (1999).
[4] J.H. Yu, et al. PoP 20, 042133 (2013).
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[3
]

106

B = 5.4 T, pitch = 
0.1

[3] I.M. Pankratov. Plasma Phys. Reports 25, 2 (1999).

Decreasing RE energy decreases synchrotron 
emission amplitude and shifts toward the red

→ To keep the brightness the same, an increase in magnetic field    
requires a decrease in energy.
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Synchrotron emission limits the mono-energetic RE energy

3 November 2016



• Per particle, synchrotron emission increases and shifts toward shorter 
wavelengths with increasing magnetic field and energy (for fixed pitch).

• Measured synchrotron brightnesses at three magnetic fields (2.7 T, 5.4 
T, and 7.8 T) have similar spectral shapes.

• Assuming a mono-energetic RE beam at a fixed pitch, an increase in 
synchrotron emission per particle (from an increase in magnetic field) 
reduces the energy.

→ Synchrotron emission is limiting the energy of REs.
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Summary of Results



















































Runaways can occur during several different 

phases of a tokamak plasma discharge

‒ Disruptions: HUGE loop voltage, but plasma conditions are 

poorly controlled, and not well diagnosed.

‒ Steady-state flattop: well-controlled conditions for research 

physics

‒ Plasma startup: loop voltage is higher than normal and 

density is low



Runaways can occur during several different 

phases of a tokamak plasma discharge

‒ Plasma startup: loop voltage is higher than normal and 

density is low

‒ Steady-state flattop: well-controlled conditions for research 

physics

‒ Disruptions: HUGE loop voltage, but plasma conditions are 

poorly controlled

• Of concern for ITER because breakdown & burnthrough must be done at very low pre-fill

• Poorly understood; Ongoing ITPA joint activity



Cross-machine comparison of runaway electron 

generation during tokamak start-up 

for extrapolation to ITER 

ITER is a Nuclear Facility INB-174. The views and opinions expressed herein do not necessarily reflect those of the ITER Organization.

P.C. de Vries1, Y.  Lee2,3, Y. Gribov1, A.B. Mineev4,5
, Y.S. Na2,3,  

R. Granetz6, B. Stein-Lubrano6, C. Reux7, Ph. Moreau7, V. Kiptily8, B. Esposito9,  

D.J. Battaglia10,11, J.R. Martin-Solis12 and ITPA IOS collaborators. 



❑ Ohmic plasma initiation in ITER may only succeed in a narrow range around a low prefill

pressure. Consequentially the density during breakdown and burn-through will be low,

which is often quoted as reason for the formation of supra-thermal or runaway electron

discharges. Runaway electron (RE) discharges could damage in-vessel components and

should be avoided.

❑ In the first two decades of tokamak research, start-up RE got a great deal of attention. But

this has now shifted to the, more risky, formation of RE by tokamak disruptions.

❑ The generation of runaway electrons during plasma initiation was simply linked to too low

a prefill pressure for a given toroidal electric field. Often suggesting, that if the right prefill,

breakdown or start-up sequence was applied, start-up RE could be avoided.

❑ This might have been true for smaller devices, for which the plasma initiation process is

very short in duration, however, for larger devices, such as JET, it was shown that the whole

process is significantly more complex1.

[1] P.C. de Vries, et al., Plasma Phys. Control. Fusion 62 (2020) 125014.



C-Mod discharge with startup runaways



C-Mod discharge with horrendous startup 
runaways and damage



Horrendous startup REs



XTOMO signal cables go down D-bottom port





Close-up of damaged XTOMO signal cables


