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between that experiment and ITER at 15 MA is fifteen orders 
of magnitude in the expected amplification in the number of 
energetic electrons. (2) The potential for severe damage is too 
great for the use of ITER. Pulses that end with relativistic-
electron damage could takes months to repair. (3) The allow-
able rate of failure, of order once in a thousand pulses, would 
require too long to demonstrate. (4) The nuclear phase of 
ITER operations has an additional risk from relativistic elec-
trons due to the beta decay of tritium.

Theory and simulations are also not sufficient: (1) The 
simulation of the fast breaking of magnetic surfaces is well 
beyond the capability of existing codes. (2) Although the 
exponential sensitivities could be calculated with far greater 
accuracy than they are at present, the uncertainties are too 
great for an adequate determination. Nevertheless, a far better 
assessment could be made of the implications of these uncer-
tainties on the protection of ITER based on methods defined 
in this paper. An organized research program to determine 
what is going on in existing experiments during the thermal 
quench is desperately needed.

The two primary sections of the paper are section 2, which 
considers fast magnetic reconnection and magnetic surface 
breakup, and section 3, which considers the various exponen-
tial sensitivities that arise in the relativistic electron problem.

Boozer’s paper Runaway electrons and ITER [1] had an 
extensive discussion of fast magnetic reconnection. As dis-
cussed in [1] fast magnetic reconnection (1) has an Alfvénic 
rather than a resistive time scale, (2) is a quasi-ideal process 
that conserves magnetic helicity, (3) can not itself accelerate 
electrons to high energies despite causing large changes in the 
dependence of poloidal flux on the toroidal flux, but (4) can 

cause strong skin currents to arise that can greatly complicate 
the avoidance of relativistic electrons.

Unfortunately, a direct simulation of fast magnetic recon-
nection during ITER disruptions is well beyond present codes 
and computers [1]. In tokamak experiments, resistive trans-
port of the poloidal magnetic flux relative to the toroidal 
flux, which can accelerate electrons to relativistic energies, 
is a competitive process to helicity-conserving fast magnetic 
reconnection. Section 2 on magnetic surface breakup explains 
how this competitive interaction can be studied using mean-
field theory to impose the helicity-conservation constraint of 
Maxwell’s equations, which was derived in [1]. As will be 
shown in appendix C, the change in the magnetic energy 
during a helicity-conserving relaxation in a tokamak can be 
very small, which makes the standard proof [9] that helicity 
is better conserved than magnetic energy of little relevance. 
Consequently, the helicity evolution equation, which was 
derived from Maxwell’s equations in [1] is central to the argu-
ments given in section 2 and in appendix A.

Exponential sensitivity of the transfer of current to relativ-
istic electrons to the plasma state has been apparent for twenty 
years, but the the discussion of the exponential dependance 
on τa has been implicit and the exponential dependance on 
τop as been ignored for decades. Each of these exponential 
dependencies has uncertainties, and a change by a factor of 
ten takes the answer from the full current to negligible current 
being transferred. It may well be possible to make τa and τop 
sufficiently long in the non-nuclear phase of ITER operations 
to avoid damage from runaways, but ensuring τa and τop are 
sufficiently long in the nuclear phase is far more demanding.

2. Magnetic surface breakup

The effect of large-scale islands destroying magnetic surfaces 
was ignored in the Rosenbluth–Putvinski [2] study of electron 
runaway for ITER as well as in many recent studies, such as 
the 2017 publications of Martín-Solís et al [7] and Aleynikov 
and Breizman [10]. Nevertheless, as will be discussed, experi-
ments provide clear evidence that magnetic surface destruction 
is associated with thermal quenches, and simulations imply 
that surface breakup should occur. When magnetic surfaces 
are broken throughout the plasma for a time τop that is suf-
ficiently long, the transfer of the plasma current to relativistic 
passing electrons cannot occur because these electrons would 
strike the walls long before they have been accelerated to a 
relativistic energy. It will be difficult to provide convincing 
evidence that all surfaces are broken—even magnetic surfaces 
inside islands can be important [11]. When all magnetic sur-
faces are broken, not only is the time they remain open τop 
important but also whether they re-form from the outside in or 
from the inside out [12].

The speed of thermal quenches implies the surface breaking 
must be due to a fast magnetic reconnection, which is a dis-
tinct physical process from the resistive diffusion of magnetic 
field lines. Although the direct simulation of fast magnetic 
reconnection is too demanding for existing codes and comp-
uters, realistic interpretations of existing experiments and 

Figure 1. This is figure 1 from [8], which gave the evolution of a 
JET plasma into a natural thermal quench. Time traces are shown 
of (a) the plasma current Ip, (b) the internal inductance ℓi , (c) the 
safety factor near the plasma edge q95, (d) the magnitude of magnetic 
perturbations, which presumably open magnetic islands, and (e) 
the electron temperature at three radial positions in the plasma. 
Reproduced courtesy of IAEA. Figure from [8]. © 2016 EURATOM.
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2. Why are tokamaks disruption prone?

A sudden loss of plasma pressure or a flattening of the current profile causes a tokamak
plasma to drift toward the chamber walls; the required vertical field is
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where dB ! Bm " B. The momentum flux is greater when
the wall is not the location of the maximum of the magnetic
field strength. Nevertheless, when dB=Bm # 1 all along the
flux tube, the evaluation of ujj at the maxima of the magnetic
field strength is an accurate approximation.

David Bohm19 showed that to obtain a physical bound-
ary condition for a plasma flowing onto neutralizing surface,
such as a wall, the plasma flow speed into the surface must
exceed

ffiffiffiffiffiffiffiffiffiffiffiffi
Te=mi

p
. The flow is supersonic beyond the magnetic

field maximum. Nonetheless, the Bohm condition jvjjj"
jujjj $

ffiffiffiffiffiffiffiffiffiffiffiffi
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p
at the field line interception that is propelling

the flow can serve as a choke on the outflow and reduce
jujjj=Cs.

B. Radial electric field effect

A radial electric field Er produces a toroidal rotation
Er=Bh between a non-axisymmetric magnetic structure and a
plasma, where Bh is the poloidal magnetic field.

The magnetic perturbation can be written as d~B % ~rwt

¼ SðhÞ sin nðu" u0Þ þ CðhÞ cos nðu" u0Þ, where the phase
factor u0 rotates, du0=dt ¼ vjj=R0 with vjj the velocity along
the magnetic field and R0 the major radius. When the plasma
and the magnetic structure are tightly coupled, the poloidal
flow must vanish in a torus—unlike the case in a cylinder
where modes of the magnetic perturbations have helical
symmetry with a fixed m and n.

The natural ambipolar electric field when magnetic
surfaces exist is given by enEr ¼ dp=dr * nT=D where D is
the scale of the pressure gradient. The plasma flow is
~v ¼ ð"Er=Bþ vjjr=qR0Þĥ þ ðvjj=RÞu. No poloidal flow rela-
tive to the structure requires vjj ¼ Er=Bh, where

vjj ¼
T

eBh

1

D
¼ Cs

qh

D
; (30)

where qh is the poloidal gyroradius.
End losses on open magnetic field lines are ambipolar

when the electric potential U + 3Te=e, which gives a some-
what larger radial electric field, when D is the radial scale of
the electron temperature on the open lines.

There is no requirement that the end losses be ambipo-
lar, and currents flowing in and out along magnetic field lines
that contact a wall produce a force between the plasma and
even an axisymmetric wall that is perfectly conducting.13

The ions in the plasma produce the required balancing force
when the thickness of the open field line region is compara-
ble to the radial distance that the ions that strike the walls
cross the magnetic field. The non-ambipolar force is impor-
tant when the safety factor times the ion gyroradius is com-
parable to the width of the halo current, Dh.

IV. SUMMARY AND EXPERIMENTAL COMPARISON

Stefan Gerhardt16 analyzed the features of halo currents
in NSTX and in particular gave a detailed description of the
evolution of the halo current in shot 141 687. The theory
developed in this and an earlier paper7 can be summarized
by a comparison with Gerhardt’s description of the evolution
of the halo current in that shot.

The loss of axisymmetric control is a standard starting
point for the development of a strong halo current. As illus-
trated in Figure 1 axisymmetric control was lost 400 ms into
NSTX shot 14 687 and the plasma moved toward the divertor
region at the bottom of the confinement chamber. The
plasma current dropped as the plasma moved downward,
Figure 2, but the plasma conductivity was sufficiently high
that the edge safety factor, qedge, also dropped as the outer
parts of the plasma were lost by being pushed into the wall,
Figure 3. A weak halo current was seen, Fig. 4, as qedge

passed through three at 408 ms, and a strong halo current,

FIG. 1. Axisymmetric plasma control was lost at 400 ms in NSTX shot
141 687, and the plasma moved downward on a time scale set by the resistiv-
ity of the wall. A strong halo current was developing in the bottom-most
illustrated plasma position. The halo current was measured using six instru-
mented tiles that were outboard from the open slot at the bottom of the
plasma chamber. This figure was part of Figure 2 of Ref. 16 and is repro-
duced with permission from S. P. Gerhardt, Nucl. Fusion 53, 023005 (2013).
Copyright 2013 International Atomic Energy Agency.

FIG. 2. Although the plasma current in NSTX shot 141 687 dropped signifi-
cantly before 410 ms, the primary drop was later, during the period of a
strong halo current. This figure was part of Figure 2 of Ref. 16 and is repro-
duced with permission from S. P. Gerhardt, Nucl. Fusion 53, 023005 (2013).
Copyright 2013 International Atomic Energy Agency.
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3. How do disruptions place ITER at risk?

1. Power load on the divertor: The rapid cooling during the thermal quench, <∼ 1 ms,
would place an unacceptable power on the divertor unless almost all of the power is
radiated uniformly.

2. Forces from induced wall currents: Induced currents in the walls: (a) a cosinu-
soidal current Iv to maintain a fixed normal (vertical) field to the walls, (b) a net poloidal
current Gw due to displaced toroidal magnetic flux, (c) an equal but opposite toroidal
current It to the change in the net toroidal current in the plasma.

3. Forces from halo currents: Halo currents flow along the magnetic field in the
plasma edge and close by flowing through the wall. Arise when the plasma becomes
too kink unstable to be stabilized by a perfectly conducting wall. Happens when plasma
position control is lost and plasma drifts into the wall, ∼ 150 ms, before the current can
be quenched. The edge safety factor drops due plasma scrape-off to qedge ≈ 2, which
gives a strong kink. Rotational enhancement of forces and arcing are also issues.

4. Multi-megaampere currents of relativistic electrons striking walls: The loop
voltage required to remove the poloidal flux ≈ 75 V·s in 150 ms in ITER gives V` =
500 V. Electrons can runaway when V` > Vch ≈ (2.9 V)(ne/1020m−3).

A current quench time of 50 ms is considered acceptable for ITER for which V` ≈ 1500 V.
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4. What are the relativistic electron issues?

Damage from currents or relativistic electrons are the disruption issue that can most
endanger the ITER mission. ITER must be operated as conservatively as necessary to
ensure a major relativistic electron incident occurs no more than once in a thousand
pulses (less than once a year).

Relativistic current exponentiates
dIrel
dt

=
Irel
ψex

dψp
dt
, where ψex ≈ (0.30 MA)µ0R0.

Can amplify an initial (or seed) current by up to 1016 times.

Two types of sources of seed electrons:

a. Remnant seed
Passing and trapped electrons from the pre-thermal-quench Maxwellian that have not

lost their kinetic energy by collisions, which takes <∼ 15 ms, or been lost along open
magnetic field lines. Only source in non-nuclear phase of ITER operations.

b. Steady production
Tritium decay and Compton scattering by gamma rays from irradiated walls provide a

steady source of seed electrons, but only after nuclear operations begin in ITER.
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Dangerous level of poloidal flux

For the remnant seed from hot tail electrons, ITER is in danger of a transfer of a large
fraction of the plasma current to relativistic electrons unless either the cooling time or
the time magnetic surfaces are open is >∼ 15 ms.

Neither of these conditions is adequate in the nuclear phase of ITER operations when
the poloidal flux between any magnetic surface and the chamber wall satisfies ψp >
Ψdang, and a major danger exists of transferring an unacceptable fraction of the plasma
current to relativistic electrons.

Ψdang ≡ `fψ10

`f ≡ log10

# of relativistic electrons required to carry current
# of seed electrons



ψ10 ≡ ln 10× ψex ≈ (0.70 MA)µ0R0 ≈ 5.5V · s in ITER (1)

Tritium decay `f ≈ 7.8, so Ψdang ≈ 43 V·s. Runaway can be blocked when ne >∼ 1021 m−3.

Compton scattering `f is 6.3 to 9.3 at ne = 1020 m−3, but `f is 3.6 to 6.6 at ne =
500 × 1020 m−3, and Ψdang ≈ 20 to 51 V·s. Expected γ-ray flux 1015 to 1018m−2s−1 is
based on unpublished data and is the major uncertainty.

Poloidal flux planned for ITER is ≈75 V·s, and its mission requires >∼50 V·s.
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5. How do impurities affect disruptions?

Impurities (carbon, Z=6; neon, Z=10; and argon Z=18) are needed to cool plasma sufficiently for the
plasma current to be quenched before the plasma drifts into the walls, within 150 ms,
and to spread the thermal quench energy evenly over the walls through radiation.

Carbon-covered walls provide the impurities in many existing tokamaks. In ITER
and in recent JET experiments, the walls are metal and impurities must be injected.
Disruptions can be initiated by the accidental or intentional injection of impurities.

Unfortunately, the radiation curves of impurities naturally lead to rapid cooling, <∼
1 ms, which rapidly brings the parallel electric field force, eE|| above the drag force of
the background electrons eEch, far shorter than the <∼ 15 ms it takes tail electrons to
follow the Maxwellian to a lower temperature.

The mechanism by which impurities rapidly reach the center of plasmas, <∼ 1 ms,
during a disruption is not understood.

The drag force, eEch, or Connor-Hastie loop voltage, Vch = 2πR0Ech is Vch ≈ 2.9 V
ne/(1020 m−3) can in principle be made bigger than the actual loop voltage during the
current quench, V` >∼ 500 V, by raising the hydrogenic density—impurities would radi-
ate too much. Even electrons bound in impurity ions contribute to the drag force.
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6. How does breaking of magnetic surfaces affect disruptions?
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between that experiment and ITER at 15 MA is fifteen orders 
of magnitude in the expected amplification in the number of 
energetic electrons. (2) The potential for severe damage is too 
great for the use of ITER. Pulses that end with relativistic-
electron damage could takes months to repair. (3) The allow-
able rate of failure, of order once in a thousand pulses, would 
require too long to demonstrate. (4) The nuclear phase of 
ITER operations has an additional risk from relativistic elec-
trons due to the beta decay of tritium.

Theory and simulations are also not sufficient: (1) The 
simulation of the fast breaking of magnetic surfaces is well 
beyond the capability of existing codes. (2) Although the 
exponential sensitivities could be calculated with far greater 
accuracy than they are at present, the uncertainties are too 
great for an adequate determination. Nevertheless, a far better 
assessment could be made of the implications of these uncer-
tainties on the protection of ITER based on methods defined 
in this paper. An organized research program to determine 
what is going on in existing experiments during the thermal 
quench is desperately needed.

The two primary sections of the paper are section 2, which 
considers fast magnetic reconnection and magnetic surface 
breakup, and section 3, which considers the various exponen-
tial sensitivities that arise in the relativistic electron problem.

Boozer’s paper Runaway electrons and ITER [1] had an 
extensive discussion of fast magnetic reconnection. As dis-
cussed in [1] fast magnetic reconnection (1) has an Alfvénic 
rather than a resistive time scale, (2) is a quasi-ideal process 
that conserves magnetic helicity, (3) can not itself accelerate 
electrons to high energies despite causing large changes in the 
dependence of poloidal flux on the toroidal flux, but (4) can 

cause strong skin currents to arise that can greatly complicate 
the avoidance of relativistic electrons.

Unfortunately, a direct simulation of fast magnetic recon-
nection during ITER disruptions is well beyond present codes 
and computers [1]. In tokamak experiments, resistive trans-
port of the poloidal magnetic flux relative to the toroidal 
flux, which can accelerate electrons to relativistic energies, 
is a competitive process to helicity-conserving fast magnetic 
reconnection. Section 2 on magnetic surface breakup explains 
how this competitive interaction can be studied using mean-
field theory to impose the helicity-conservation constraint of 
Maxwell’s equations, which was derived in [1]. As will be 
shown in appendix C, the change in the magnetic energy 
during a helicity-conserving relaxation in a tokamak can be 
very small, which makes the standard proof [9] that helicity 
is better conserved than magnetic energy of little relevance. 
Consequently, the helicity evolution equation, which was 
derived from Maxwell’s equations in [1] is central to the argu-
ments given in section 2 and in appendix A.

Exponential sensitivity of the transfer of current to relativ-
istic electrons to the plasma state has been apparent for twenty 
years, but the the discussion of the exponential dependance 
on τa has been implicit and the exponential dependance on 
τop as been ignored for decades. Each of these exponential 
dependencies has uncertainties, and a change by a factor of 
ten takes the answer from the full current to negligible current 
being transferred. It may well be possible to make τa and τop 
sufficiently long in the non-nuclear phase of ITER operations 
to avoid damage from runaways, but ensuring τa and τop are 
sufficiently long in the nuclear phase is far more demanding.

2. Magnetic surface breakup

The effect of large-scale islands destroying magnetic surfaces 
was ignored in the Rosenbluth–Putvinski [2] study of electron 
runaway for ITER as well as in many recent studies, such as 
the 2017 publications of Martín-Solís et al [7] and Aleynikov 
and Breizman [10]. Nevertheless, as will be discussed, experi-
ments provide clear evidence that magnetic surface destruction 
is associated with thermal quenches, and simulations imply 
that surface breakup should occur. When magnetic surfaces 
are broken throughout the plasma for a time τop that is suf-
ficiently long, the transfer of the plasma current to relativistic 
passing electrons cannot occur because these electrons would 
strike the walls long before they have been accelerated to a 
relativistic energy. It will be difficult to provide convincing 
evidence that all surfaces are broken—even magnetic surfaces 
inside islands can be important [11]. When all magnetic sur-
faces are broken, not only is the time they remain open τop 
important but also whether they re-form from the outside in or 
from the inside out [12].

The speed of thermal quenches implies the surface breaking 
must be due to a fast magnetic reconnection, which is a dis-
tinct physical process from the resistive diffusion of magnetic 
field lines. Although the direct simulation of fast magnetic 
reconnection is too demanding for existing codes and comp-
uters, realistic interpretations of existing experiments and 

Figure 1. This is figure 1 from [8], which gave the evolution of a 
JET plasma into a natural thermal quench. Time traces are shown 
of (a) the plasma current Ip, (b) the internal inductance ℓi , (c) the 
safety factor near the plasma edge q95, (d) the magnitude of magnetic 
perturbations, which presumably open magnetic islands, and (e) 
the electron temperature at three radial positions in the plasma. 
Reproduced courtesy of IAEA. Figure from [8]. © 2016 EURATOM.

Nucl. Fusion 58 (2018) 036006The sudden drops in the internal inductance `i
and the current spikes that occur in association
with the thermal quench imply a large fraction of
the magnetic surfaces are destroyed and the cur-
rent profile is flattened during a period <∼ 1 ms.

The sudden change in time scale is evidence of
a fast magnetic reconnection. Natural evolution
time of islands (Rutherford time) is ≈ 200 ms.

The flattening of the current profile and the loss
of plasma pressure during the thermal quench re-
moves the drive for plasma kinking. As seen
in NIMROD and JOREK simulations, the plasma
should quickly return to an axisymmetric state un-
less the normal magnetic field to the walls can be made strongly non-axisymmetric.
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Fast magnetic reconnection
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Even after an ideal evolution, ∂ ~B/∂t = ~∇(~u× ~B), a circular tube
of magnetic flux at one location will generically have a perimeter
that increases exponentially in length as the tube is followed through
space.

This exponentiation implies magnetic field line connections,
even on the scale of the plasma radius, are sensitive to non-ideal effects on an ex-
ponentially small scale.

The small non-ideal spatial scales are δη =
√
τspikeη/µ0 or δskin = c/ωpe. For ITER,

both δ’s are ∼ 0.5 mm.

The reconnection of magnetic field lines that are carrying a differing parallel current
density j|| causes j||/B to relax Alfvénically. The temporal scale that must be resolved
is 2πR0/VA ∼ 5 µs in ITER.

~∇ ·~j = 0 implies ~B · ~∇j||
B

= ~B · ~∇×
~f

B2
, where ~f = ~j × ~B

is the electromagnetic or Lorentz force. When ~f = ρ0d~v/dt, relaxation of j||/B along
the magnetic field is by Alfvén waves, VA = B/

√
µ0ρ0.

Fast magnetic reconnection conserves magnetic helicity,
∫
ψp(ψt)dψt.

9



Direct effect of open magnetic field lines on runaway

Relativistic passing electrons on open magnetic field lines strike the walls too quickly
to produce an important relativistic current.

Trapped electrons remain available to provide an important seed if the magnetic sur-
faces re-form before the trapped electrons have slowed down, ∼ 15 ms.

The absence of runaway electrons in JET with ITER-like walls when they might be ex-
pected may well be due to the opening up of the magnetic surfaces through fast magnetic
reconnection.

Axisymmetric helicity-conserving simulations

When magnetic field lines in a stochastic region behave diffusively, the evolution of
the plasma current obeys

∂I

∂t
= − 2

L
D[I ] where L(ψt) ≡

2ψt
I
ι(ψt) ≈

2κ

1 + κ2
µ0R0, and ι =

1

q(ψt)
:

D[I ] ≡ −ψt
∂

∂ψt

Rψ
dI

dψt
− ∂

∂ψt

ψtΛm
∂2I

∂ψ2
t


 .

Rψ is plasma resistivity and Λm gives the helicity conserving current relaxation. An

axisymmetric equilibrium code is only needed for a more accurate L.
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7. Does disruption prediction help?

Disruptions in a fusion reactor are generally viewed as unacceptable, which means
with a frequency of less than a decade. For the ITER mission to be achievable, major
runaway incidents should have a frequency of less than once a year.

Disruption prediction is critical to achieving these goals, but only when the predic-
tion time is longer than the time required to appropriately steer the plasma to avoid a
disruption or to largely mitigate its consequences.

For worst-case scenarios, this is the time it takes to terminate a plasma starting from
maximum operating parameters without inducing a disruption. Little research has been done, but

the L/R time of tens of minutes may be required.

The shortest prediction time that could possibly be of benefit is the time required to
take an action that might affect the evolution of the plasma. For example, it requires approximately

20 ms for presently designed systems for pellet injection on ITER to deposit any particles in the plasma.

Since particle injection is the only disruption mitigation strategy under intense investi-
gation for ITER, 20 ms is often specified as the required prediction time. This is despite the

low confidence that the particle injection schemes can prevent incidents involving multi-megaampere currents of relativistic

electrons.
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8. What is the status of disruption protection for ITER?

Particle injection can probably provide adequate protection to ITER against all effects
except relativistic electrons currents, but further research is required.

The seriousness of the relativistic electron issue has been known to ITER management
for more than twenty years, but remarkably little has been done assessing it.

The most important period is the thermal quench with its associated `i drop and current
spike, approximately two orders of magnitude shorter than the current quench, ≈150 ms.

Although important data is routinely collected on this short period, little is published,
far less is published showing the measured evolution on a relevant time scale, and es-
sentially no physics analyses, or purposed-planned experiments have been carried out.
Review articles essentially do not exist.

We do know: (1) Existing MHD codes do not have a current spike as large as that seen
in experiments and generally enhance the resistivity well above its experimental value.

(2) Helicity conservation gives a larger current spike than is seen in experiments and
that this can be explained by a much larger spatial average resistivity < η > than the
central resistivity. Since a fast magnetic reconnection can flatten j||/B out to the cham-
ber walls, it is < η > in the region enclosed by the walls that is appears to be relevant.
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