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Abstract:

The data collected during ASDEX Upgrade experiments in which external 3D fields have
been deployed in the attempt of mitigating runaway electrons (RE) are interpreted by a
numerical test particle approach. To this end the Hamiltonian guiding center code ORBIT
has been used, with the implementation of the magnetic perturbation spectrum modeled
by the code MARS-F which takes into account also the plasma response to the applied 3D
fields. In agreement with the observed phenomenology, ORBIT simulations show that the
configuration of the currents in the top/bottom arrays of error field coils which maximizes
the plasma response to the external perturbations is the one that most affects the high energy
test electron trajectories in the edge region, thus leading to an enhancement of the energetic
electron losses. This occurs in particular during the disruption, i.e. taking into account of the
increased toroidal electric field associated to the fast plasma cooling. Used in a predictive
way, the numerical results suggest which coil configuration could further improve the RE
mitigation.

1 Introduction

The generation of high energy electrons in tokamak devices and their potential damage to plasma
facing components remains a matter of serious concern in fusion experiments [1], including
ITER [2]. While in standard conditions the current is originated by the bulk electrons motion,
it is however possible that a small population of relativistic electrons becomes a significant
or even the dominant current carrier. This happens because the friction force by collisions
above a threshold velocity decreases with increasing speed for fast electrons which can then be
accelerated by an electric field so becoming ’runaway’ with kinetic energies rising up to several
MeVs [3]. Runaway electrons (RE) might appear in low density plasmas (≤ 1019m−3) which
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represent a relatively safe and useful regime to study their generation/suppression mechanisms
and to characterize their energy distribution [7]. Nevertheless the great interest in RE is mainly
correlated to their production during disruptions [5] [6], large scale macroscopic events that lead
to a rapid termination of the discharge. These deleterious phenomena might be characterized
by a precursor phase, during which plasma pressure and current build up to conditions that
trigger MHD instabilities, followed by the loss of the thermal energy to the first wall (Thermal
Quench or TQ phase). Then, the plasma current rapidly falls inducing electromechanical forces
on plasma facing components (current quench or CQ phase); finally the CQ phase can be
followed by the formation of a runaway plateau i.e. a regime when the majority of the current
is carried by RE. During the thermal quench phase the plasma conductivity drops together
with the electron temperature and the toroidal electric field rises and makes it easier for the
electrons to become runaways. The theoretical studies have shown that there are several basic
production mechanisms for the runaways, in particular those more common are: the diffusive
leak of electrons from the Maxwellian tail into the runaway range [7], the hot tail generation i.e.
the incomplete thermalization of the electron velocity during the rapid plasma cooling [9, 10]
and knock-on collisions that multiply the runaway population [8].

In many fusion devices disruption events with runaway beam generation are intentionally
produced in order to test mitigation methods like the Massive Gas Injection (MGI) [11, 12, 13, 14]
or the killer pellet [15, 16], the latter being the most promising one in view of ITER plasmas to
avoid the damages due to RE beams. These strategies are based on the dissipation of the fast
electron energy via Coulomb scattering by increasing the density. An alternative approach is
given by deconfinement techniques which reduce the RE loss time, for example by applying non
axisymmetric magnetic fields generated by external coils [17] [18] [19] [20]. A complementary
contribution to these studies has come from the experiments recently performed in the medium
size tokamak ASDEX Upgrade [21] where resonant magnetic perturbations (RMP) applied before
the disruption have been found to significantly reduce the current and lifetime of the resulting
RE beam current. The strength of the mitigation effect strongly depends on the perturbation
poloidal spectrum evaluated taking into account the plasma response to the RMP computed
by the code MARS-F [22] which is significantly different from the one obtained in vacuum
approximation. Similar experiments have been repeated in the COMPASS tokamak and have
confirmed these results [23].

In this paper the Hamiltonian guiding center code ORBIT [24], in its relativistic version
[25], is used to interpret the data collected during the experiments. In particular, numerical
simulations show that the perturbation spectrum that most efficiently reduces the final RE
beam current in the experiment does not produce a significant stochastization in the magnetic
field or in the orbits phase space but severely alters the trajectories of high energy electrons
(≥ 1 MeV) in the edge region. In the next section the experimental results obtained in AUG
on RE mitigation by RMP are briefly summarized; moreover, the main features of RE modeling
by the code ORBIT used in the following of the paper are introduced. Since perturbations are
applied from a time preceding the disruption, Section III investigates the impact of RMP with
different mode spectrum on the electron population in the pre-thermal quench phase. A similar
analysis has been performed in Section IV with the inclusion of the electric field generated by
the fast plasma cooling in order to reproduce the scenario of the disruption phase.
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FIG. 1: Example of two discharges in ASDEX Upgrade without (black-thin line) and with ∆φ =
45◦ RMP (red-thick line) application; the figure shows the time evolution of (a) plasma current,
(b) core electron temperature, (c) electron density and (d) HXR radiation. The ECRH heating
is turned on between 0.9s and 1s while the disruption is triggered at 1s (dotted vertical line).

2 Experimental results and modeling approach

The ASDEX Upgrade experimental scenario considered in this paper is based on discharges with
toroidal magnetic field B0 = −2.5 T, pre-disruption plasma current Ip ≈ 800 kA and central
electron density ne ≈ 3 · 1019 m−3. The plasma equilibrium is circular, inner wall limited, and
the safety factor q ranges between a value greater than 1 in the core to just above 4 at the edge.
An example of standard discharge is reported in Fig.1 (black-thin line) with the time evolution
of plasma current, electron temperature, density and of hard-x-ray radiation. A power of 2.5
MW of Electron Cyclotron Resonance Heating (ECRH) is applied for 100 ms from t = 0.9 s to
heat the plasma and introduce a fast particle seed just before the disruption, which is triggered
by the injection of Argon gas at t = 1s.

ASDEX Upgrade is equipped with a set of sixteen non-axisymmetric in-vessel coils [26] [27]
in the form of two toroidal rows of eight coils (termed B-coils) above and below the tokamak
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FIG. 2: Experimental results obtained in AUG with external 3D fields applied before and during
a disruption. In (a) the ratio IRE/IRE0 - with IRE the post-disruption RE current and IRE0

the average post-disruption current in shots without RMP application - as function of the B-coil
phasing ∆φ; in (b) the same data on the y-axis vs the mean amplitude of the radial field for
the n = 1,m = 5 mode in the outer region of the plasma (r/a > 0.8) as computed by MARS-F
with plasma response included. The region between the horizontal dotted lines corresponds to
IRE/IRE0 values for shots without RMP application.

midplane on the outer side of the torus (low field side). They produce a radial field of br ∼ 10−4

T at the plasma boundary in front of a coil ( br/B0 ∼ 10−4 − 10−3 ). The B-coils have been
used to generate resonant magnetic perturbations with dominant toroidal mode numbers n = 1
(square wave form in the toroidal direction). The poloidal mode number spectrum m is defined
by the poloidal dimension of the coils and by their reciprocal distance; generally there is no
single corresponding m, but a broad spectrum of harmonics. The differential phase ∆φ between
the current flowing in the upper (Iupper) and lower (Ilower) set of coils can be modified in order
to change the alignment of the perturbation with respect to the equilibrium magnetic field lines.
The differential phase ∆φ is defined using as reference the dominant n = 1 component of the
square wave through the following relations: Iupper ∝ cos(nφcoil) and Ilower ∝ cos(nφcoil + ∆φ)
where φcoil is the toroidal angle location of the center of a B-coil and φ is the toroidal angle.
In the experiments considered in this paper steps of ∆φ = 45◦ are performed with a current
in the B-coils of IB = 1kA. The perturbation field requires hundreds of milliseconds to build
up in the plasma region because of the surrounding conducting structures, for this reason the
B-coils are turned on 500ms before the disruption, at tRMP = 0.5s. Indeed, if RMPs are applied
only after the disruption no mitigation effect is observed at all (independently from the selected
B-coil phasing) since the RE beam ends before the perturbation has reached its maximum value
inside the plasma. An example of discharge with ∆φ = 45◦ RMP application is reported in
Fig.1 (red-thick line): the post-disruption RE current is lower than in the unperturbed reference
case (−40%) and decays to zero in a shorter time (−60%) .

The main results, reported with details in an earlier paper by Gobbin et al.[21], are sum-
marized in Fig.2-(a) which shows the post-disruption RE beam current IRE with respect to
discharges without external 3D fields applied IRE0 as function of the B-coil phasing ∆φ. A
decrease of the final RE beam current occurs between ∆φ = 0◦ and ∆φ = 90◦ with a clear
minimum centered at ∆φ = 45◦. No effect is observed for larger ∆φ; in particular the exper-
iments with ∆φ in the range 180◦ − 270◦ are not characterized by any variation of the final
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FIG. 3: In (a): the equilibrium implemented for ORBIT simulations relative to the time t =
0.98s of a typical discharge for RE studies in ASDEX Upgrade (shot #33112), just before the
disruption (triggered at t = 1s); in (b): the corresponding safety factor profile.

FIG. 4: Contour of the radial field amplitude for the poloidal mode number components 1 < m <
8 over the minor radius for the most (∆φ = 45◦) and least (∆φ = 180◦) effective experimental
coil configuration in RE mitigation.

RE beam current with respect to standard discharges without RMP. As described in the intro-
duction, these data have been interpreted considering the plasma response to the applied RMP
computed by the code MARS-F which solves the single-fluid linearly perturbed MHD equations
in full toroidal geometry. The output of the code is the spatial profile of the radial perturbed
field for each m poloidal mode number component. It is observed that the plasma response is
maximum for a phasing of 45◦; in particular this results in an amplitude of the first non-resonant
m = 5 mode and nearby harmonics in the edge region about five times greater with respect to
the vacuum field approximation. Panel (b) of Fig.2 shows the clear decrease of the final RE
beam current with the growing amplitude of the m = 5 component (averaged in the interval
r/a = 0.8− 1) normalized to the equilibrium field on axis. This latter figure also highlights the
presence of a non linear threshold-like effect for br/B0 > 0.015% above which the RE current is
rapidly damped. As reported in [21], in vacuum approximation the maximum plasma response
occurs at a completely different phasing and cannot explain the observed phenomenology.
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FIG. 5: Poincaré plots at a fixed poloidal angle for the ∆φ = 45◦ and ∆φ = 180◦ coil con-
figuration in (a) and (c) and corresponding 2 MeV electron particle Poincaré plots in (b) and
(d).

2.1 RE modeling by ORBIT

A deeper understanding of the different effects on RE suppression obtained by varying the
plasma response requires a detailed analysis directly by modeling the RE trajectories in the
applied 3D fields, which is the main subject of this paper. To this end the relativistic version
of the code ORBIT - which integrates the equations of motion for ions or electrons in toroidal
fusion devices - has been used. The equilibrium given as input to the code is shown in Fig.3
and corresponds to the safety factor profile - in panel (b) - at the time t = 0.98s, just before the
disruption event.

The radial eigenfunctions relative to the m-components of the n = 1 RMP require to be
expressed in a suitable form to be implemented in the ORBIT code. The starting point is the
output of MARS-F code which computes the map of the radial field br(R,Z, φ) - with plasma
response taken into account - for a given configuration of the B-coils (R,Z are the horizontal
and vertical axis at a fixed toroidal angle φ). In general if brL(R,Z)ei(φ+φL) and brU (R,Z)ei(φ+φU )

are the radial fields produced by the lower and upper coils respectively, then the total perturbed
radial field in complex notation is given by their sum. Taking the real part, for a general phasing
between the coils ∆φ = φU − φL, the corresponding radial field is:

br∆φ(R,Z) = Re(brL)cos(φL)− Im(brL)sin(φL) + Re(brU )cos(φU )− Im(brU )sin(φU ). (1)

Such a quantity can be expressed as a function of polar coordinates r =
√

(R−R0)2 + Z2 (minor
radius) and θ = arctan(Z/(R −R0)) (poloidal angle). Moreover straight field lines coordinates
are generally used so that a relation θ∗(θ) links the used poloidal angle θ∗ with the geometrical
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one θ so that br∆φ = br∆φ(r, θ
∗). The Fourier transform of br∆φ(r, θ

∗) along the angle θ∗ at
different r allows to reconstruct the radial profile of the m-component for the perturbed radial
field br∆φ,m(r) and the corresponding initial phase φ∆φ,m. An example of this reconstruction is
shown in Fig.4 with the contour of the amplitude of br45◦ and br180◦ as function of the radius and
of the poloidal mode number component in the range 1 ≤ m ≤ 8. The maximum value observed
when ∆φ = 45◦ is at least five times greater than for ∆φ = 180◦ and this is in particular more
evident in the edge region (r > 0.5m) for the mode components m = 4, 5, 6.

The perturbation implementation in ORBIT requires the computation of a scalar function
α∆φ,m(r) which is related to the perturbed field by the relation b

r

∆φ,m = ∇×(α∆φ,m(r)B0) where
B0 is the axysimmetric equilibrium field [28]. Inverting this expression in toroidal geometry for
each m-component of the radial perturbation obtained by MARS-F is possible to calculate the
corresponding α∆φ,m(r). The radial profile of α∆φ,m(r) and the initial phase φ∆φ,m are the
quantity implemented in ORBIT to represent the perturbations; in the simulations reported in
this paper the harmonics considered are in the range −29 < m < 29 (with n = 1).

An example of ORBIT output is reported in Fig.5 with the reconstruction of the magnetic
field at a given poloidal section for ∆φ = 45◦ (a) and ∆φ = 180◦ (c). The greater plasma
response obtained for the former phasing leads to larger magnetic islands even if a macroscopic
stochasticization of the field is not visible. The plots on the right hand side of the same figure
have been obtained by considering 2 MeV passing (with pitch λ = 1) fast electrons, i.e. the
particle Poincaré map. For both the phasing ∆φ = 45◦ (b) and ∆φ = 180◦ (d) magnetic islands
are more distorted and shifted towards the outer region, this is in particular true for the former
case where the drift of the islands is very close to intercept the last flux surface. Nevertheless
also for the electron orbits a macroscopic ergodization of the trajectories is not visible; despite
this, as will be shown in the next section, different spectra of perturbations have a relevant effect
on the single particle motion and might significantly influence their drift and losses .

3 Impact of the applied 3D fields on the electron population

before the disruption

The code ORBIT has been first used to investigate the effect of perturbations with different
phasing on the electron population before the TQ phase. The simulations have been done
considering several ensemble of mono-energetic electrons, from few keV (i.e. thermal energy) to
4 MeV (i.e. relativistic energy). The values of RMP phasing used as input for ORBIT are those
applied during the experiments, i.e : ∆φ = 0◦, 45◦, 90◦, 180◦, 270◦. Moreover, even if only square
wave forms with 45◦ steps were feasible in AUG, in the simulations also ∆φ = 15◦, 30◦, 60◦ are
considered in order to increase the phasing resolution around the most effective experimental
condition (i.e. 45◦) . Indeed we will show that, in qualitative agreement with experimental
findings, only RMP phasing in a selected range of values, i.e. ∆φ between 15◦ and 60◦, can
significantly enhance the losses of relativistic electrons.

Each ORBIT run is executed with the same equilibrium and with the set of perturbation ra-
dial eigenfunctions relative to the B-coil phasing analyzed, obtained as described in the previous
section. For every ∆φ value several runs are executed by varying the energy of an ensemble of
2000 electrons with an initial uniform distribution in pitch; since preliminary tests have shown
that electrons in the core remain confined, the initial spatial distribution for electrons is assumed
uniform in toroidal and poloidal angle but with r/a > 0.6. The duration of each simulation cor-
responds to 1 ms to be compared with the time between two collisions which might vary between
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0.5 ms for E = 10 keV to more than 150 ms for E > 2 MeV. On the other side for low energies
(∼ 1 keV) the collision time is much smaller, about 0.01 ms. In the following it will be shown
that only a negligible fraction of low energy particles escape from the plasma. Most of the losses
appear at energies above 800 keV and in this case the duration of the run is of the same order
or much lower than the collision time.

At the end of one run, for each energy and B-coil configuration, the percentage of losses
-i.e. the number of electrons intercepting the last equilibrium flux surface - with respect to the
initial population is obtained: the results are reported in Fig.6. For electrons with energy lower
than 1 keV losses are only a small percentage of the initial population, below 1.5%, with larger
values obtained in particular for ∆φ = 30◦ and for ∆φ = 45◦. Note that when ∆φ = 180◦ - or
if no RMPs are applied - no particles are lost at low energy. As energy increases, a fast growth
of lost electrons up to 15% is observed in the most favorable phasing - i.e. an enhancement of
about 10% with respect to the case without RMPs (at the same energy considered). For the
experimental most effective phasing (∆φ = 45◦) the losses increase from 1% at E = 1 MeV to
10% at E = 4 MeV to be compared with ∆φ = 180◦ where in the same energy range they vary
from 0.2% to 5% with a negligible difference with respect to the case without RMPs.

The impact of different phasing on the fast electrons is more evident by looking at the losses
vs ∆φ for a fixed energy as reported on the left hand side of the plot in Fig.7. The dotted
line is relative to the results obtained when no-RMPs are applied. An enhancement of losses
for ∆φ < 90◦ is already evident at E = 500 keV (a) but the peak becomes more and more
significant at E = 1 MeV (b) and E = 3 MeV (c). In numerical simulations the most efficient
phasing in depopulating the high energy electron component is the one with ∆φ = 30◦ where
the losses are at least the double with respect to ∆φ = 45◦. On the right hand side of the figure,
the same data have been reported by using the amplitude of the m = 5 radial field averaged in
the edge region (r/a > 0.8) instead of ∆φ. A threshold occurs for all energies when the radial
field becomes greater than 0.5mT, corresponding to ∆φ = 90◦. For E = 3MeV electrons, a
variation of the m = 5 radial field amplitude of less than 0.1mT results in a double amount of
losses. Such a behavior is similar to the experimental observation reported in Fig.2-(b) where a
fast drop of the final RE beam current is visible after a threshold value of the radial field relative
to the m = 5 component of the applied RMP.

It is worth to underline that plots similar to Fig.7-(b) would be obtained also using different
harmonics of the poloidal spectrum (like the (4, 1) or (6, 1) for instance) and that the number
of lost electrons in the simulations is not simply determined only by the amplitude of the (5, 1)

FIG. 6: Percentage of lost electrons at different energies and phasing ∆φ (a) and zoom in the
low energy range (b).
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FIG. 7: On the left hand side: variation of losses as function of the phasing at more energies;
the dotted line corresponds to the lost electron percentage in runs without 3D fields applied. On
the right hand side: same quantity on the y-axis as function of the corresponding radial field for
the m = 5 mode amplitude (evaluated by MARS-F) in the edge region.

FIG. 8: Summary contour of electron losses as function of energy and coil configuration (i.e.
phasing).
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mode. Indeed the amount of losses, for a given ∆φ, depends on the relative amplitudes and initial
phases between all the harmonics and in part also on the energy of the electrons considered in
the simulations. For instance, test simulations show that multiplying all the components of the
∆φ = 45◦ poloidal spectrum by an appropriate constant, so that the (5, 1) harmonic amplitude
becomes the same of the ∆φ = 30◦ case, does not lead to the same number of lost electrons for
the two phasing.

A summary of the results for all the simulations is reported in Fig.8 with the contour of loss
percentage with respect to the initial population as function of the energy of the electrons and
of the phasing of the perturbations applied. The red spot highlights that the depopulation of
electrons before the TQ is limited to a very narrow region in term of phasing and that concerns
only their high energy component.

3.1 Losses characterization

The energy considered in the simulations and the phasing applied influence the time when
electrons are lost and also their final pitch λ = v · B/(vB) (with v the particle velocity and
B the equilibrium field), as reported in Fig.9. When E = 300 keV the electrons are lost only
for few phasing of the RMPs; a fraction of them is trapped since |λ| < 0.4 thus they describe
banana orbits radially outward shifting until they reach the last flux surface in less than 0.01
ms. An other group of electrons is lost at higher pitch, greater than 0.6, and are lost in longer
times, about 0.5 ms; these correspond to barely passing particles in runs with ∆φ = 90◦.

At E = 500 keV a strong increase of losses is observed for ∆φ = 30◦, relative to both trapped
and barely passing electrons, uniformly distributed over a large range of time, from 1 µs to 0.7
ms. As energy grows further, the losses relative to ∆φ = 45◦ RMPs become more relevant and
at 1 MeV electrons begin to be lost also in runs without RMPs and with ∆φ = 180◦. Most of
these particles are trapped or barely passing ( |λ| < 0.8); on the contrary full passing electrons
with pitch very close to 1 are not lost until the energy further increases to 2 MeV as reported
in panel (e). Indeed, at this energy, the number of lost particles rapidly increases especially at
small times ( < 0.01 ms) and for ∆φ = 45◦ and ∆φ = 30◦; such an effect becomes even more
important at E = 4 MeV where the pitch region with |λ| ≥ 0.8 is filled with many more lost
electrons also over longer times.

The mechanisms by which the electrons are lost is mainly due to their drift as energy increases
(larger excursion for banana orbits and also for passing particle orbits) but with a clear effect
due to the trajectories perturbation introduced by the plasma response to RMPs. An example
is reported in Fig.10 which shows the main parameters for the dynamic of two 500 keV electrons
placed in the same initial position but subjected to different RMPs spectrum: ∆φ = 45◦ (red
line) and ∆φ = 180◦ (black line). The quantities reported are the normalized poloidal flux
(proportional to ∼ r/a) in (a), the pitch in (b), the poloidal and toroidal angle in (c) - (d).
The electrons are trapped in the poloidal angle coordinate with a slow precession in the toroidal
direction. While the motion for the particles is the same in the first µs, then the effect of the
different kind of perturbation become important and in the ∆φ = 45◦ case the electron drifts
radially outward till it intercepts the last flux surface in less then 3µs. On the contrary, in
the scenario where ∆φ = 180◦, the electron does not drift at all but continues to bounce in its
banana orbit without never being lost.

An other example is reported for a 4MeV passing electron in Fig.11 again with ∆φ = 45◦

(red) and ∆φ = 180◦ (black). In the latter case the electron covers the poloidal and toroidal
direction without moving too far from the magnetic surface where it is initially placed; the
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FIG. 9: Pitch absolute value and time of losses at several energies for selected B-coils current
configuration.

small variation in the normalized poloidal flux is due to the shift of the orbit, proportional to
the energy, with respect to the equilibrium magnetic field. On the other side with ∆φ = 45◦

RMP the electron trajectory is perturbed significantly and rapidly escapes from the plasma at
t = 1.5µs. Such a particle belongs to the set of cases shown in Fig.9-(f) in the region with
|λ| > 0.9.

Summarizing, the results reported in this Section show that the most effective experimental
phasing (∆φ = 45◦) in RE mitigation has a distinctive behavior with respect to others in
numerical simulations too; indeed, it can partially depopulate the high energy component of
the electrons distribution, in particular when E ≥ 1 MeV. On the contrary a clear impact on
the thermal bulk of the electrons is not observed. Despite the application of ECRH there is



12

FIG. 10: Example of trajectories for two trapped 500 keV electrons with same initial conditions
but different B-coils current configuration: ∆φ = 45◦ (red) and ∆φ = 180◦ (black). In (a) the
radial position expressed as the normalized poloidal flux of equilibrium field, in (b) the pitch and
in (c)-(d) the poloidal and toroidal angle respectively.

no evidence in the experiment of a significant number of electrons with energies of hundreds
of keV before the disruption so a clear and important effect of the RMPs on this phase must
be excluded and might only marginally concern the supra-thermal component (losses are less
than 1% for E ∼ 10 − 500 keV and ∆φ = 45◦). On the other side, as will be reported in the
next section, simulations relative to the disruption phase - when high energy electrons become
a significant fraction [29] - show that the same phasing of RMPs,i.e. ∆φ = 30 − 45◦, severely
impact on the losses amount.

4 3D fields effect on runaway electron losses during the disrup-

tion

In AUG the Thermal Quench phase is triggered by the injection of Ar gas in the plasma which
rapidly cools down; the fast decrease of the electron temperature and of the conductivity leads
to the formation of a large toroidal electric field which can accelerate the electrons to higher
energy. The fast delivery of gas to a magnetic surface tends to create a two-component electron
distribution consisting of the original hot electrons and secondary cold electrons produced via
ionization of the added gas. All hot electrons slow down and lose energy to the cold population
as a result of collisional drag, but it takes longer for the higher energy electrons to slow down
than for the lower energy ones because the collision frequency decreases with energy. The
surviving tail of the hot Maxwellian pre-quench population is strongly susceptible to running-
away, accelerated by the induced electric field [30] [10] [31]. In the following Current Quench
phase the avalanche mechanism rapidly increases the number of high energy runaway electrons.
Since RMPs are still active during the TQ and CQ phase, they can further affect the fast electron
population.

It is shown below that numerical simulations by ORBIT performed including the effect
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FIG. 11: Example of trajectories for two passing 4 MeV electrons with same initial conditions
but different B-coils current configuration: ∆φ = 45◦ (red) and ∆φ = 180◦ (black). In (a) the
radial position expressed as the normalized poloidal flux of equilibrium field, in (b) the pitch and
in (c)-(d) the poloidal and toroidal angle respectively.

of the induced electric field and assuming again the pre-disruption plasma equilibrium are in
qualitative agreement with the experimental findings. The assumption of a constant equilibrium
is appropriate in particular in the initial CQ phase; indeed, after few ms, q95 rapidly increases
and then (∼ tens of ms) also the plasma radius becomes smaller. An other difference with respect
to the pre-disruption phase is given by the drop of the electron temperature profile which might
influence the plasma response. For this reason a sensitivity test has been done by multiplying
the amplitude of the pre-disruption mode spectrum computed by MARS-F by a factor famp

between 0.5 and 3 to analyze its effect on the RE losses. As reported in the following the main
findings are not affected significantly.

The same scheme for the simulations described in the previous section is used below. The
analysis is here focused on the comparison between the most effective experimental B-coils
configuration, i.e. ∆φ = 45◦ and the one which has the minor impact on RE mitigation, i.e.
180◦ (almost equivalent to a scenario without RMP application). Moreover also the case with
∆φ = 30◦ is investigated. Mono energetic electrons are considered with initial energy between 1
keV and 10 MeV, with a uniform distribution in the region with r/a > 0.6. The introduction of
an electric field in the toroidal direction, operating all throughout the simulation, allows electrons
to accelerate and increase their energy. The code ORBIT can deal only with a constant value of
the induced electric field, no time or space-dependent. Since in the experiment the electric field
increases to about 80V/m in 0.025s and then drops in the same time, the value implemented
in the simulations is the half of the maximum i.e. Ef = 40V/m. Other assumptions for Ef

only modify the final energy of the electrons but do not change the main conclusions i.e. the
different effect resulting from the application of RMPs with 45◦ and 180◦ phasing. The run
time is equivalent to 0.8 ms, comparable with the duration of the initial CQ phase and of the
simulations concerning the pre-disruption scenario.

During the simulations the passing particles increase their energy with different rates de-
pending on their pitch. As their velocity grows, the corresponding orbit drift is enhanced too



14

FIG. 12: Final pitch and energy distribution for non lost electrons in simulations relative to the
disruption phase and with E = 4 MeV.

and can more easily escape from the plasma. Also in this case the perturbation spectrum given
as input to the code severely impacts on the particles motion and losses. At the end of a run
the particles are characterized by a large variation in energy. Most of the trapped electrons do
not increase their energy significantly and do not contribute to the RE beam generation. Fig.12
reports the results for electrons with initial energy E = 4 MeV and phasing ∆φ = 45◦, 180◦.
Panel (a) and (c) show that the final pitch distribution of the surviving electrons (Nfin) is
peaked close to λ = 1; this is due to the presence of the electric field which tends to align the
velocity of the electrons along the toroidal direction. The two panels have the same y-scale to
stress the comparison between the two phasing. In (b) and (d) the corresponding final energy
is reported: the peak centered at 4 MeV is mainly relative to trapped particles - which do not
gain kinetic energy during their banana motion- while the distribution at E ≥ 7 MeV is mainly
composed of passing particles. The latter panels highlight the relevance of the plasma response
when ∆φ = 45◦: the peak of non lost trapped electrons at 4 MeV is less than the half of that
observed with ∆φ = 180◦ and also the fraction of higher energy passing particles is significantly
reduced. Concerning the electrons escaping from the plasma, Fig.13 reports the relative pitch
and loss times for the two phasing just analyzed. The phasing ∆φ = 45◦ increases the losses at
all times especially in the interval between 10−3 and 0.1 ms with λ = 0− 0.6 (trapped or barely
passing) and with λ = 0.8 − 1 for times lower than few µs (fully passing).

Lost electrons are generally characterized by a uniform distribution in the toroidal angle
while in the poloidal direction they are mainly spread on the bottom half (−π < θ < 0).
Nevertheless their final motion from the last flux surface to the wall is not described by ORBIT
and is beyond the scope of this work. It is worth to note that a possible localized wall heating
is mainly due to the final RE beam which is not simulated by ORBIT; assuming that the lost
electrons are continually replaced by new ones uniformly distributed in the angular directions,



15

FIG. 13: Lost electrons: final pitch and loss time for the two phasing ∆φ = 45◦, 180◦ and E = 4
MeV.

FIG. 14: On the left-hand-side: motion of two electrons with the same initial conditions and en-
ergy of 500 keV but subjected to different phasing of RMPs; from the top: the radial position, the
pitch and the energy variation. On the right-hand-side: similar quantities but for two electrons
with initial energy of 4 MeV.

ORBIT results suggest that the losses would continue to be spread toroidally on the bottom
half of the device without a localization.

The action of the perturbations on the particle motion is similar to what was described
for the pre-disruption phase in section 2.1 with the difference that electrons are also subjected
to the electric field acceleration. Two examples are reported in Fig.14 relative to electrons
with different initial energy and pitch. On the left-hand-side the trajectory of a 500 keV barely
passing electron under the action of perturbations with ∆φ = 45◦ (red) and 180◦ (black) phasing
is shown; the same initial conditions are assumed. When ∆φ = 180◦ the electron increases its
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FIG. 15: Ratio of surviving electrons in presence of RMP with a phasing of 45◦ (solid black
line) or 30◦ (dotted red line) with respect to 180◦ at different initial energies.

energy and continue to oscillate around the same radial position close to 0.9. On the contrary
the application of the ∆φ = 45◦ phasing changes the trajectory of the electron after 1 − 2 µs :
it becomes trapped, its energy keeps a constant value and is lost after few bounces in less than
20 µs. On the right-hand-side analogous plots are reported for a passing electrons with higher
initial energy (4 MeV). The motion of the electrons in this case are very similar up to 60µs
and also their energy is increased of the same amount. The presence of ∆φ = 45◦ perturbation
phasing makes the electron deviate radially to the edge. On the contrary when ∆φ = 180◦

RMPs are applied, the electron remains confined in the plasma and continues to be accelerated.

Figure 15 summarizes the results at different energies for famp = 1 reporting the ratio of
not lost electrons Nfin between the case with ∆φ = 45◦ and ∆φ = 180◦. While for energies
lower than 1 MeV the ratio keeps a value very close to 1, on the contrary at higher initial
energies it rapidly drops, becoming of the order of 0.4 at E ∼ 8 MeV- 10 MeV. The fraction of
surviving electrons with ∆φ = 45◦ is thus much lower with respect to the pre-TQ scenario and
this is of particular relevance since during the disruption the fraction of high energy particles
significantly increases. It is worth to note that the ratio between the final RE beam current
observed experimentally in the case with ∆φ = 45◦ and 180◦ is very close to 40% (see Fig.2);
assuming that most of the RE current is carried by high energy electrons, this is qualitatively
consistent with the numerical findings in Fig.15. In the same figure also the results obtained
with ∆φ = 30◦ are reported and clearly show a further decrease of the electrons remaining in
the plasma at all energies with a faster decay for E > 1 MeV.

The results described in Fig.15 only marginally depend on the factor famp. Fig.16 (black
line) reports the ratio between the number of electrons not lost from the plasma in simulations
with ∆φ = 45◦ and 180◦ and initial energy of 500keV (left-hand side) or 10MeV (right-hand
side) as function of famp. Panel (a) shows that at famp = 0.5 the ratio is almost the same and
very close to 1 suggesting that very few 500keV electrons are lost with both ∆φ = 45o or 180o.
On the contrary higher famp values can significantly enhance the losses with a greater efficacy
for ∆φ = 45o with respect to 180o since the ratio of the surviving electrons for the two phasing
decreases from ∼ 1 to ∼ 0.6. The same consideration do not apply to high energy 10MeV
electrons as displayed in panel (b). Indeed the ratio is almost constant as famp grows from 1
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FIG. 16: Ratio of not lost electrons in simulations with ∆φ = 45◦ ( or 300) and ∆φ = 180◦ at
different values of the enhancement factor famp.

to 3: this can be explained considering that many electrons are already lost for ∆φ = 45o at
famp = 1 and an increase of the perturbation amplitude leads to a low enhancement of new
losses. On the contrary the multiplication by a factor 2 or 3 of the mode spectrum relative
to ∆φ = 180o makes the radial field amplitude of its components comparable to the ones with
∆φ = 45o and the losses grow significantly. The two opposite effects for ∆φ = 180o and 45o

partially compensate each other so that the ratio of the remaining electrons is approximately
constant. In the same plots also the case with ∆φ = 30◦ (blue line) is reported and shows a
similar behavior to ∆φ = 45◦ but shifted down to lower values.

For a single energy, E = 10MeV, a complete phasing scan has been performed in order to
verify if the simulations qualitatively reproduce the experimental data. The results are reported
in Fig.17 with the ratio of the number of electrons not lost from the plasma with respect to a
scenario with ∆φ = 180o (almost equivalent to a run with no RMP applied) as function of ∆φ
(a) and of the corresponding (5, 1) mode amplitude at the edge normalized to the main toroidal
field B0 (b). The percentage of surviving electrons has a clear minimum at ∆φ = 30◦ (35%)
and keeps a low value also at the most performing experimental phasing ∆φ = 45◦ (∼ +45%).
Moreover panel (b) highlights the non-linear behavior described in the first section which shows a
dramatic increase of the losses for those phasing characterized by a normalized radial amplitude
of (1, 5) harmonic greater than ∼ 0.02%. On the contrary of the pre-disruption scenario, high
energy electrons have been already generated during the current quench: the plots in Fig.17
show that in this phase they can be efficiently deconfined by appropriate configurations of the
currents in the B-coil.

4.1 Discussion

As stated above, the simulations presented in this section are more representative of the initial
part of the experimental CQ phase (∼ few ms) when the equilibrium is still not completely
changed. Within these limits, the simulations show that in this phase the most effective RMP
further depopulate the high energy component of the electrons distribution thus impacting on the
avalanche generation. On the contrary the rapid evolution of the equilibrium in the remaining
current quench phase might represent a strong limit of our modeling since it is assumed to be
no time-dependent. Nevertheless the rise of q95 moves the resonant surfaces closer, therefore
a possible additional channel of transport might be related to a partial ergodization of the
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FIG. 17: Ratio of electrons not lost from the plasma with respect to a scenario with ∆φ = 180o

as function of the phasing ∆φ (a) and (b) of the (5, 1) mode radial amplitude in the edge region
normalized to B0 (E = 10 MeV).

field: under this assumption the losses should further increase with respect to the simulations
performed. An accurate quantification of this issue is beyond the scope of this paper and is
left for future work following also what recently reported in [32] and taking the advantage of a
recently developed RE tracing module within MARS-F [20].

The application of these results to interpret the TQ phase is more complex since the increase
of MHD activity and the associated temporary ergodization of the field in the plasma center is
not taken into account in the simulations. Nevertheless the increase of magnetic chaos in the
core might act as transport mechanism of fast electrons to the edge region where the applied
RMP influence their trajectories and losses. In this sense the RMP with the right phasing can
also contribute to reduce the high energy RE seed generated in the thermal quench making the
hot tail mechanism less efficient.

Since MARS-F is a linear code, the multiplication of the complete mode spectrum by a
factor famp is equivalent to consider a current IB in the B-coil scaled by the same quantity.
Fig.16-(a) shows that the same amount of 500keV surviving electrons (with respect to the 180◦

case) observed at IB = 1kA for ∆φ = 30◦ can be obtained with the ∆φ = 45◦ configuration
and a B-coil current close to 2kA (i.e. famp = 2). On the other side Fig.16-(b) similarly points
out that at higher energies (10MeV) the ratio of N∆φ/N∆180◦ is the same for ∆φ = 45◦ at the
experimental current of 1kA and for ∆φ = 30◦ with half the B-coil current. These findings
suggest to apply, in future ASDEX Upgrade campaigns on runaway mitigation, a phasing of
∆φ = 30◦ to decrease the final RE current and that such a B-coil configuration should already
be efficient at IB ∼ 0.5 − 1kA. A further improvement in the runaways mitigation might be
obtained by increasing the current flowing in the B-coil to its maximum reachable value of
1.3kA; this requires to establish a new RE baseline scenario characterized by a lower toroidal
field (2T instead of 2.5T) and hence by a different safety factor profile.

5 Conclusions

This paper provides an interpretation to the experimental results obtained during the RE mit-
igation campaigns in ASDEX Upgrade where n = 1 fields have been found to reduce the final
runaway beam current only if applied before/during the disruption and with the configuration
of the currents in the B-coils (i.e. phasing ∆φ = 45◦) which maximizes the plasma response to
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the perturbations. Here, the impact of the perturbations on electrons of different energies has
been numerically investigated by means of the code ORBIT. The simulations show that, even
if macroscopic chaotic regions in the field or in the orbit phase space do not appear, the most
efficient coil configuration enhances the drift of test particle trajectories and thus the losses of
the high energy component of the electron population. In the runs relative to the time interval
before the disruption, the plasma response to RMPs allows depopulating only electrons with an
energy greater than 1 MeV which, despite the use of ECRH heating, are not observed in the
experiment. The impact on the thermal bulk and on the long tail of the energy distribution (up
to ∼ 10 keV) emerged from the simulations is very low and cannot explain the phenomenology.
On the other side, a strongest effect occurs during the disruption phase where the presence of
the toroidal electric field can severely affect the losses both of trapped and passing electrons,
also in this case with a major impact on those with higher initial energy. Indeed, in simulations
with the coils configuration maximizing the plasma response (∆φ = 45◦), the relativistic com-
ponent of the electron population is strongly suppressed with respect to other arrangements of
the current in the coils (like the one with ∆φ = 180◦, which experimentally has no effect on the
final RE beam current).

The approach used in this paper is qualitative, indeed the reconstruction of the plasma
response during the dynamic disruption phase is more complex since the system is changing
from a ohmic to a plasma dominated by electrons. Nevertheless, the simulations reported
here describe the different impact on the electrons drift and losses when varying the plasma
response consistently with the observed phenomenology. With a predictive purpose, the code
has been used to perform a scan with higher resolution around the most effective phasing and this
study identifies the presence of a maximum in terms of electron losses for the coil configuration
corresponding to ∆φ = 30◦. Such a value would allow to reduce the RE beam current and
thus reinforce the mitigation effect. A further improvement in reducing the RE current could
be obtained by setting the B-coil in one of their most performant configurations and raising the
current to the maximum value of 1.3kA considering a new reference scenario for the equilibrium
with a lower toroidal field.

If, in the AUG experiments, the application of 3D fields has been shown to have little or no
effect when applied once the RE has fully developed -where other methods like MGI and killer
pellet must be used - we would like to stress here the potential that maximizing the plasma
response has to prevent or at least minimize the RE beam formation if applied prior to the CQ,
as could happen in the context of a series of actions triggered by real-time models that ”sense”
the approach of a disruption. The RE beam current in this way is significantly reduced and
would be easier for the other standard methods to completely dissipate their energy and prevent
damages to the plasma facing components.
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