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Abstract. The paper describes under which plasma and machine conditions runaway
electrons (REs) are generated during ASDEX Upgrade plasma disruptions. The REs
are created by argon injection to investigate methods of current and energy dissipation.
The RE beams are stable and last up to a few hundred milliseconds. The experimental
findings are described and made available for the validation of theoretical models. In the
following, a simple 0D fluid model is used to simulate the observed RE current magnitude
and time behavior. In spite of its simplicity, the model is consistent with the measured RE
current. The injection of heavy gases into the RE beam is then discussed in some detail:
The injected gas penetrates into the low density background plasma and through the beam
without ionizing significantly. Therefore its effect on the REs can be tested directly and
it is found to be consistent with the known Coulomb collisional theory.

1 Introduction

Fusion reactors of the tokamak type must rely on a large plasma current, an elongated
plasma and a large major radius for a good confinement and a large fusion energy gain,
Q, at affordable costs. ITER has been designed to reach Q ≥ 10 at a plasma current Ip
= 15 MA and elongation k = 1.70 (lower values in table 2 of [1]); the European DEMO1
and DEMO2 tokamaks are being designed to reach Q = 10 with Ip = 20 and 22 MA, and
k = 1.6 and 1.8 respectively (figure 3 in [2]).
Unfortunately, tokamak plasmas are subject to disruptions caused by MHD instabilities
[3]. Moreover, disruptions at reactor-relevant currents are predicted to convert a large
fraction of the current into high-energy runaway electrons (REs) because of the large
avalanche gain [4]. When quickly lost by the plasma (e.g. because the plasma becomes
vertically unstable or/and it suffers of other MHD modes) and deposited on the plasma
facing components, the REs can cause significant melting of their surface. Therefore,
in order for a tokamak to become attractive as a fusion power plant, disruptions must
either be absent or be limited to a few events in the plant lifetime while the avoidance
or suppression of post-disruption REs must still be demonstrated.
Methods of avoiding, controlling and suppressing the REs are being investigated exper-
imentally on existing machines. Well diagnosed experiments are indispensable for the
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validation of RE generation and suppression models, which can then be used for the sim-
ulation of reactor scenarios. Particularly the quest for RE loss mechanisms during both
the thermal quench (TQ) and the RE beam lifetime, and for ways to enhance the losses
are being pursued.
In this spirit, RE experiments have been carried out at ASDEX Upgrade (AUG) since
2014 [5]. RE beams do not usually occur in AUG mitigated or unmitigated disruptions
and they have to be generated in unusual, otherwise uninteresting, circular and low-
density plasma scenarios. Argon injection is used to induce a fast current quench (CQ)
and the consequent large toroidal electric field. A low density target plasma is chosen to
minimize the friction force on the electrons during the CQ, and a circular poloidal cross
section is imposed to provide a vertically stable plasma.
The generation of a long-lived RE beam is the prerequisite to study the loss mechanisms
of suprathermal electrons, the RE confinement properties, the RE beam MHD stability,
its interaction with induced magnetic perturbations and the beam dissipation by injected
impurities.
This paper reports on the analysis of experimental measurements during the RE gen-
eration and suppression, and on the comparison of these measurements with simplified
theoretical models. Its content is organized as follows:
The RE avoidance and mitigation schemes foreseen for ITER, along with the uncertainties
relative to the effectiveness of their application, are reviewed in section 2. The AUG RE
generation scenario is described in section 3 and the relevant measurements are discussed
in section 4. The comparison of the measured RE current generated during the induced
CQ with the current calculated with a zero dimensional (0-D) model is outlined in section
5. The measured and calculated effect of high-Z (Z is the atomic number) impurities on
the RE current suppression is reported in section 6.

2 RE avoidance and mitigation schemes foreseen for

ITER

Since unstable RE beams can deposit their energy onto a small area of the surface of
plasma facing components and melt it, they should not form in the first place. In theory,
the suppression of the RE generation during the CQ is achievable by increasing the
background electron density above the so-called critical density [3]:

nc(10
20m−3) ≃ 11Eφ (V m−1) (1)

where Eφ is the toroidal electric field generated by the Ip decay during the CQ.
The avoidance of REs by simultaneously increasing the density and tailoring the Ip decay
- i.e. by keeping the friction larger than the driving force - was suggested in [6]. It
consists of injecting a large amount of deuterium (with a small argon concentration)
before the TQ, in order to mitigate the divertor heat load during the TQ and suppress
RE generation. The amount of deuterium necessary for the suppression of the RE seed
was found to amount to 14 kPa×m3 in ITER, which translates to a volume-averaged
electron density of 4× 1021 m−3. This density is large but close to the values of the line-
integrated density reached in AUG [7] after massive gas injection (MGI), and in DIII-D
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after MGI and shattered pellet injection (SPI) [8]. In order to suppress REs, the number
of electrons must increase before the TQ (within a few ms) over all the flux surfaces,
especially in the plasma centre, where the electric field is the largest. Nevertheless, ITER
is bigger than existing devices and it is presently not known, whether RE suppression
is physically and technically feasible. In addition, this method would not assure RE
suppression, if the injected material reached the plasma after the TQ, because of e.g. a
late trigger.
The injection of high-Z material is very efficient in dissipating the current of a vertically
stable RE beam in middle sized machines (see section 6). In fact, each atom carries many
electrons and the RE-ion elastic collisions significantly influence the RE current decay,
because of the large cross-section (∝ Z2). Nevertheless, this scheme might not be suitable
for RE suppression in an ITER-like vertically-drifting post-CQ plasma. DINA modelling
of mitigated ITER disruptions with RE beam formation and secondary argon injection,
have challenged the effectiveness of this RE mitigation scheme [9]. In the simulations,
a 15 MA ITER discharge is quenched by adding 1019 m−3 argon atoms to the plasma,
which develops ∼ 6 MA of RE current. 30 ms after the TQ, up to 1022 m−3 of argon is
added to the background plasma, but this second argon injection is found to affect the
RE deposition on the wall only weakly for two reasons. Firstly, 30 ms after the TQ, the
plasma has significantly moved vertically (by 2 meters, figure 6 of [9]) and the RE beam
is scraped-off on the divertor. Secondly, the second argon injection accelerates not only
the current decay but also the vertical drift.
The possibility of controlling the plasma position during the RE beam phase, which
requires a smaller elongation and the plasma positioned at the neutral point, would make
the RE suppression feasible.
The injection of high-Z impurities into the plasma before TQ, or into the RE beam, for
RE suppression, has the advantage that each atom carries many electrons and that the
RE-ion elastic collisions significantly influence the RE current decay, because of the large
cross-section (∝ Z2). Nevertheless, high-Z impurities have the disadvantage of causing a
too fast CQ and therefore a large electric field. Whether the massive injection of high-Z
impurities, initiated before the TQ and protracted into the RE beam phase, could be a
viable solution for RE suppression needs to be studied with experiments and simulations.
Moreover, the solution of the RE problem could call for the removal of the constrains
now limiting the minimum rate of current decay and the maximum amount of injected
gas [10].
It is very uncertain above which plasma current and magnetic energy an ITER disruption
will generate significant REs. A major unknown in the problem is the number of energetic
electrons, present in the plasma after the TQ, which can exponentially grow in number
(avalanche) in the presence of a large electric field (due to the CQ). Several papers ([4] and
references within) point out the importance of studying theoretically and experimentally
the generation and confinement of energetic electrons, called seed electrons, during the
fast quasi-ideal magnetic reconnection phase, i.e. the TQ. A better understanding of this
phase would increase the confidence in the simulation of ITER RE scenarios.
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3 Experimental scenario

3.1 RE generation and dissipation

REs have been generated in AUG by injecting between 3× 1020 and 4.8× 1021 atoms of
argon into low density circular target plasmas. Larger quantities of argon would induce a
short-lived RE beam, uninteresting for the purposes of our studies. 2× 1020 atoms cause
a disruption without the formation of a RE beam. Argon was injected with one of the
three fast in-vessel valves available on AUG for disruption mitigation studies. Figure 1
shows the position of the valves and of relevant diagnostics in the vessel. The valve in
sector 13 is typically used for the first injection, while the valve in sector 4 or the similar
valve in sector 6 is used for the second injection. Additional details about the valves can
be found in [11].
The injection of neon does not induce any significant RE beam. A possible explanation
is that neon cools the plasma less or less rapidly than argon, but simulations are needed
to confirm this hypothesis.
The target plasmas had Ip = 0.7 - 0.8 MA, a low density (line averaged n̄e = 2−4×1019

m−3), a toroidal magnetic field Bt = 2.5 T and ∼ 2.3 MW of ECRH input power; the
plasma equilibrium was kept the same.
Experiments with different values of Bt, Ip and ECRH power (and therefore electron
temperature) are still ongoing and therefore are not discussed here. Discharges with
RMP (resonant magnetic perturbation) coils on were discussed in [12]. For sake of com-
pleteness, these discharges are shows along with those without RMPs on several scatter
plots throughout the paper but, unless specified otherwise, they are excluded from the
analysis.
The range of variation of other plasma parameters, relevant for RE generation (see also
section 5), are listed in table 1.

R0(m) a (m) li (adim) q95 (adim) k (adim) Te(0) (keV)
1.61 - 1.63 0.55 - 0.56 0.95 - 1.15 3.6 - 4.1 1.05- 1.10 ∼ 5

Table 1. Range of variation of target plasma parameters. R0 and a are the major and
minor radius, respectively; li is the internal inductance; q95 is the edge safety factor; k
is the elongation; Te(0) is the central electron temperature, measured by the Thomson
scattering diagnostic.

The injected argon induces a fast Ip decay, followed by a long-lived RE beam, carrying
a toroidal current of up to 420 kA, and lasting up to half a second. Although the target
plasmas were similar, different initial RE current values were observed, independently of
the amount of argon injected and of other measurable plasma parameters (see section
5). Therefore, a 0-D model is used to discuss the parametric dependencies expected from
theory versus those deduced from the experimental measurements.
In some of the RE beams, argon and neon were injected a second time to study their
effect on the dissipation of the RE energy and current, and on the MHD stability of
the beam. The noble gas is injected into a cold post-disruption plasma with a line
integrated density of ∼ 5 × 1019 m−3 and an electron temperature of less than 2 eV,
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typically. The plasma density increase after the second injection is discussed in section
4.2.1. Both noble gases accelerate the RE current decay (see figure 2) as expected and
the quantitative comparison with theory is presented in section 6.

3.2 Plasma position and current control

The target plasmas were chosen to be circular because they are inherently vertically stable
during the discharge and after the TQ. In fact, most of the RE beams remained vertically
stable during the slow current decay and the consequent inward radial shift. The position
and the shape of the plasma resulting from the magnetic equilibrium reconstructed with
CLISTE are in agreement with line integrated Soft X-Ray (SXR) measurements.
The arrows in figure 3 indicate the position of the emission peak, which is consistent
with the position of the plasma centre. The plasma control system did not contribute
to the vertical stabilization because the control coil currents were part or all of the time
saturated. Only in a few cases, a fast vertical displacement did set-in - for reasons not
understood - and terminated the RE beam abruptly.
The plasma current is ramped down by the control system. After injection of small
amounts of argon, the controlled current follows the pre-programmed time trace (figure
4 (a)). Larger amounts of argon, instead, increase the RE losses, accelerate the current
decay and the ohmic heating (OH) coil system cannot keep the actual current at the level
of the reference value (not shown).
The RE current does not exhibit a regular monotonic decay but rather a bumpy temporal
behavior correlated to sporadic MHD events. A minor MHD event, frequently found to
occur after circa 20 ms from the beginning of the RE beam formation, causes a small
current spike and has a (m,n) = (1,0) non rotating structure (figure 4 (b) and (e)). Diode
bolometer and SXR arrays show a redistribution of the central radiation (figure 4 (c) and
(f)). The current spike (figure 4 (a) and (d)) suggests a drop of the internal inductance
and the flattening of the current profile. The faster decay of the plasma current after the
spike is quickly counteracted by the control system with a larger loop voltage.
The final phase of the RE current is often characterized by the faster loss of some tens
of kA. Alternatively the current goes to zero with a constant slope. A MHD mode
is observed only rarely and in case of the premature termination of the RE beam by
vertical instability. Otherwise, the last spike in the Mirnov coils (figure 4 at 1.27 s) does
not present any poloidal or toroidal asymmetry.
The value of q95 from the CLISTE equilibrium reconstruction at the beginning of the RE
beam is larger than 10. At the time of the rapid current drop, the edge safety factor
q95 is not known in general, because the equilibrium reconstruction fails and radiation
emission from the beam is not strong enough to allow its own localization. Linear time
extrapolation of qedge, toward the end of the RE beam, indicates that its value does not
drop below 5 at the time of the final current decay.
In general, the RE beams are quiescent and do not suffer of major MHD instabilities.
Therefore they are ideal for the study of RE transport across the magnetic surfaces due
to diffusion, turbulence or drifts.
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4 Experimental measurements

4.1 Pre-thermal quench, thermal quench and fast current quench

phase duration

Figure 5 shows the sequence of phases which, initiated at time t = 1 s by the first argon
injection, lead to the RE formation. The durations of these observable phases are briefly
discussed here because they influence the RE generation and confinement.
The argon reaches the plasma in front of the valve at t = 1.001 s (figure 5 (b)), cools
the plasma edge and induces the growth of MHD modes (figure 5 (c)), which cause the
TQ. We call the phase between the arrival of the first gas at the plasma edge and the
TQ onset, the pre-thermal-quench (pre-TQ). The pre-TQ phase lasts some ms and its
duration is expected to decrease with increasing number of atoms injected, Ninj, as a
result of the faster cooling of the plasma edge. This trend is qualitatively found in the
experiment and is illustrated by figure 6, which shows the measured pre-TQ durations
as function of Ninj/Vp, where Vp is the plasma volume. Additional but still unidentified
variables cause the scatter in the figure. The pre-TQ duration is a significant variable
for two reasons: firstly, the longer it lasts, the more impurity atoms are injected into
and assimilated by the plasma; secondly, the variation of the pre-TQ duration among
repeats hints to the somehow unreproducible development of the MHD modes, which
then determine the onset of the TQ.
The fast TQ phase lasts typically 0.5 ms, independently of gas and plasma parameters,
and can be identified in several diagnostics: the plasma thermal energy is suddenly lost
(figure 5 (a)), the central SXR emission drops (figure 5 (d)), the plasma current exhibits
a spike (figure 5 (a)) and the magnetic fluctuation amplitude grows significantly (figure
5 (c)). The fast decay of the toroidal current carried by the thermal electrons, i.e. the
current quench - CQ -, then follows (figure 5 (a)).
Increasing the amount of argon injected, is expected to increase the plasma current decay
rate, |dIp/dt|, because larger radiated power induces a lower electron temperature and a
larger electrical resistivity. This is indeed observed experimentally and shown in figure
7. The origin of the scatter affecting the data in this figure is not known. Moreover,
there is no correlation between dIp/dt and ∆tpre−TQ, as figure 8 shows. |dIp/dt| shown
in figure 7 was calculated in two different ways, to insure that the choice of the way does
not influence the result: (1) as ∆Ip/∆t during the first ms (labled ”1 ms” in the figure)
after the current spike and (2) as (Ip(tTQ)− 500 kA)/(t(Ip = 500 kA)− tTQ), where tTQ

is the time at the end of the TQ.
The variables dIp/dt ∝ Eφ, Te and Zeff (effective ion charge) influence the RE generation
rate and the next question is, whether the magnitude of IRE (which can be measured,
while the RE generation rate cannot) is in agreement with theoretical expectations. Sec-
tion 5 will discuss the answer to this question.

4.2 Density measurements during disruption

The RE generation and suppression rates depend strongly on electron, main and impurity
ion densities and on the ion charge state (see section 5 and appendix A). Therefore,
the density measurements are discussed in detail in this section while the spectroscopy
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measurements were shortly discussed in [5].
Measurements of the free electron density, ne, during the disruption and the RE beam
lifetime are provided by two diagnostics, namely the CO2 and the DCN interferometers,
located in the same toroidal sector, whose geometry is illustrated in figure 9.
The CO2 interferometer relays on a short wavelength and is less susceptible to fringe
jumps during fast density transients (e.g. after the first and the second gas injection).
In addition, a data analysis technique explained in [13] allows the evaluation of the
integrated density also during fast transients with a time resolution up to 200 ns. Two
vertical chords are available and view the plasma between plasma centre and edge (figure
9).
The DCN interferometer can follow slow transients and provides data every 0.1 ms. It
consists of 5 chords (figure 9) viewing the plasma from the LFS midplane. Data analysis
based on [14] indicates that the measurements are incorrect during and immediate after
MGI but correct again circa 30-40 ms after it.
In the following, both diagnostics will be used to discuss the plasma density evolution in
three phases (see figure 10): during and after the first gas (argon) injection, during the
RE beam and during and after the second gas injection.

4.2.1 Argon assimilation after first gas injection

The assimilation of argon MGI in AUG (neon assimilation was discussed in [11]) has not
been documented in the literature so far and therefore it is discussed here. The argon
amounts injected to create the RE beam are relatively small - if compared to the amounts
needed to reach the critical density - since larger quantities would suppress its generation.
The corresponding fueling efficiency ∆ne,V−1/(Ninj/Vp) = 60 + / − 20% (figure 11) is
large and similar to the measured and calculated [15] assimilation of neon in this range of
injected number of atoms, Ninj. ∆ne,V−1 is the increase of the electron density, averaged
along the V-1 chord of the CO2 interferometer during the 5 ms following the thermal
quench (TQ) (see figure 12). Measurements along the more-peripheral V-2 chord often
indicate a density on the high field larger than the core density (figure 11). They suggest
an influx of gas from the high field side scrape-off layer or from the inner wall during the
TQ and therefore are not used in this analysis. The magnetic equilibrium was available
for all the discharges in figure 11, that is the interferometer chord length crossing the
plasma and Vp are known. The assimilated argon amount, nAr = ∆ne/ZAr, can then be
evaluated when the average argon ion charge, ZAr, is known (see section 5).
Additional uncertainties affecting the densities experienced by the REs are due to the
unknown toroidal asymmetry of the density and to attributing the measured density to
the confined plasma region.

4.2.2 Density during the RE plateau

The electron density of the background plasma is evolving slowly during the RE beam
plateau and the DCN measurements are correct again in this phase (30-40 ms after the
MGI). Therefore, the different interferometer chords (CO2 and DCN) allow the recon-
struction of the density profile when the magnetic equilibrium is available. An example
is shown in figure 13: the density profile and magnitude do not change significantly over
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150 ms, ne ≃ 1− 3× 1019 m−3 at the separatrix, i.e. rather large, and there is a plasma -
with a measurable electron density - outside of the last closed flux surface. The density
is constrained to become zero at ρθ = 2 by the fitting program.
The scatter plot of figure 14 shows that the average plasma density derived from the
H-1 chord, during the RE beam phase of several discharges, is around 6 − 9 × 1019 m−3

independently of the RE current or of the RE current density (averaged on the poloidal
cross section). The line averaged ne is also independent of the amount of the injected
argon, which was varied by a factor of 10 (not shown). Therefore, the RE background
ne is likely to be the result of particle and energy balance dominated by plasma-wall and
plasma-RE interaction, recombination and ionization, recycling and atomic physics pro-
cesses at very low temperatures, which are not easy to model. The electron temperature
is known to be less than 2 eV from spectroscopic measurements [5].

4.2.3 Argon assimilation after second gas injection

The injection of noble gas into the RE beam is performed to measure its effect in sup-
pressing the REs. The background plasma density is correctly measured by the CO2

interferometer after the second injection. Figure 15 shows the increase of the line inte-
grated density over circa 10 ms and the following decrease, due to the plasma shrinking
towards the HFS and neutralizing, after the decay of the RE current. The time scale of
the density rise is given by the gas delivery rate of the valve. In fact, this time scale is
shorter for neon (not shown). The density increase after this second injection is consid-
erably smaller than after the first injection, causing the TQ: figure 16 shows a ∆ne of the
order of 3% during the first 10 ms after the valve trigger and a maximum of 10% increase,
before the current vanishes and the whole plasma recombines. The CO2 interferometer
chord length lenV −1 = 0.50 m and lenV −2 = 0.55 m were used to estimate ∆ne. Striking
is the immediate reaction of the RE current to the gas injection, triggered at t = 1.07 s
in figure 15, and implies the existence of a very fast transport of the impurity atoms into
the plasma or/and an enhanced outwards transport and loss of the REs.
Estimates of the ionization mean free path (mfp) of the neutral gas into the cold back-
ground plasma, indicate that the AUG RE background plasma is transparent to the gas
species injected, i.e. argon and neon. The ionization mfp is defined as

mfpi,I = vI/(ǫI ne) vI =
√

γTI/mI (2)

where vI is the velocity of the I-type gas, ne is the background electron density, ǫI is
the generalized collisional radiative coefficient 1 and γ is the adiabatic index (= 5/3 for
monatomic gas).
The gas exits the valve with a temperature lower than room temperature, because of
adiabatic expansion. Elastic and inelastic collisions with the plasma and neutral particles
filling the vessel heat up the gas. Figure 17 shows the magnitude of mfps of hydrogen
and noble gases in the 1-20 eV temperature range and in the 1019 − 1021 m−3 ne range .
In particular, it shows

• the ionization mfp of the gases traveling at a speed velocity corresponding to 20
oC through a background thermal plasma with temperature T ;

1http://open.adas.ac.uk/
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• the ionization mfp of the gases traveling through a background thermal plasma of
temperature T and in thermal equilibrium with it;

• the collisional heating mfp, defined as mfph,I = 1/(πd2I ne) where dI is the kinetic
diameter of the gas atom. It is smaller than the ionization mfp.

For all the gas species, with the exception of krypton, the mfp for Te < 2 eV is larger
than 1 m, while the AUG plasma minor diameter is less than 1 m. In addition, the gas
atoms heat up while crossing the plasma; their temperature, velocity and ionization mfp
increase, and therefore they remain neutral. This means that the increase of the density
cannot be explained with a fluid model for gas and plasma and that it must be treated
kinetically, which complicates modelling considerably.
Different mechanisms can contribute to the gas ionization and assimilation by the back-
ground plasma:

• the low energy part of the neutral velocity distribution;

• the high energy part of the background electron distribution, which is non-Maxwellian;
the RE electron themselves do not contribute significantly to the ionization because
of their huge velocity and small cross section;

• atomic reactions other than excitation ionization of the gas by the background
plasma. Unknown is also, how correct are the ǫI coefficients in the T < 2 eV
temperature range.

Experiments of RE suppression with high-Z gas injection have been carried out in several
middle sized tokamaks (e.g. [16] and [5]) and in JET [17], the largest existing tokamak.
In the smaller devices, the RE current is dissipated by the high-Z gas, as expected on
the basis of collisional theory (at least qualitatively if not always quantitatively) while in
JET the effect is not significant. The difference has not been explained yet. Nevertheless
it is known that in DIII-D [16] and AUG [5] the RE beam background plasma has Te < 2
eV while the JET plasma has Te = 5 − 15 eV 2. Therefore, the mfp of the injected gas
is much smaller than the JET plasma dimension, the gas ionizes at the plasma edge and
can only reach the RE beam by diffusing towards the plasma centre. The diffusion of
ionized gas is much slower than the penetration of neutral particles into the plasma.
As exploratory study, the slow density rise after argon-gas injection in a JET-like RE
beam has been calculated with the following simple model. The diffusion equation for a
ionized gas is solved in cylindrical geometry assuming that a fraction of the gas injected
by the valve is ionized at the plasma edge and diffuses into the plasma (see appendix C).
The classical diffusion coefficient is used and only the collisions among the ions of the
injected gas are considered, while the interaction with the deuterium background plasma
is neglected. The evolution of the gas density, penetrating into the plasma, is shown in
figure 18: it takes several tens of ms for the gas to penetrate to the plasma centre, where
the RE are confined. In addition, in order to reproduce the density measurements on
page 7 and 8 of footnote 2, an assimilation efficiency of the injected atoms Aeff < 1%
must be assumed.

2C.Reux et al. https://tsdw2018.princeton.edu/2017-talks-presentations/
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These considerations are also useful in the case of the use of SPI for ITER. In fact, a SPI
system injects a mixture of gas and ice. The RE beam background plasma in ITER will
be hotter than 1-2 eV. Therefore, part of the gas could ionize outside of the last closed
flux surface and remain around the plasma; the gas entering the plasma will ionize and
diffuse towards the core; the frozen fragments sublimate on their way towards the plasma
centre and RE beam. At the latest, the fragments will sublimate at the edge of the RE
beam and the gas will subsequently diffuse inwards and outwards from that flux surface.

4.3 D2 pellets in RE beam

Frozen deuterium pellets have been injected into an AUG RE beam with the purpose of
studying the refueling efficiency of the beam background plasma with frozen D2 pellets.
AUG is equipped with a centrifuge injecting cryogenic pellets from the HFS [18]. The
centrifuge is suitable for the injection of D2 pellets but not of heavier frozen gases. For
the experiments reported in [19], neon pellets were injected, and this led to the damage
of the so-called stop-cylinder in the centrifuge.
A sequence of 15 D2 cryogenic pellets were injected with a frequency of 70 Hz into a RE
beam with an initial RE current of 0.25 MA. The relatively (for AUG plasma refueling
purposes) large pellets had a volume of 1.9 × 1.9 × 2.0 mm3 containing 5 × 1020 D2

molecules each. Figure 19 shows the time evolution of several plasma parameters during
the RE beam lifetime. The most striking observations are:

• The RE beam lasts 420 ms, i.e. longer than any other beam created up to now in
AUG. It is ramped down by the control system and the RE current follows exactly
the prescribed reference current (figure 19 (a)).

• The loop voltage, larger than unity in the first 100 ms of the beam, drops to and
then below zero in the remaining 300 ms. This means that the plasma resistivity
has become negligible and the REs do not encounter a significant friction from the
background plasma (figure 19 (a)).

• Each pellet clearly induces a spike in the line integrated radiation measured by the
diode bolometer chord viewing the plasma core - which indicates that an interaction
between pellet and plasma takes place (figure 19 (b)).

• None of the density measurements shows an increase of the electron density after
pellet injection. The electron density decreases after the injection of the first pellet
and becomes zero after 150 ms from the beginning of the beam (figure 19 (c)), while
the RE current is still ∼ 200 kA.

The D2 pellets carry a total amount of 1.5 × 1022 deuterium atoms which, if uniformly
distributed in the vessel volume of 41 m3 results in a density of 3.7 × 1020 m−3. The
question is therefore, why the pellets do not increase the RE background density at all.
There is experimental evidence - from diodes and manometers - that the pellets enter the
plasma, ablate and that neutral atoms (or molecules) cross the plasma and are detected
in the lower divertor. Cryogenic pellets are launched from the HFS along a well defined
trajectory. Figures 20 (a) and (b) show, for comparison, the light traces generated by a
pellet of the same size ablating in a H-mode plasma and measured by two diode arrays
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(the horizontal and the vertical, respectively, whose geometry is shown in figure 21 (e))
located in the injection sector. At the time of the first D2 pellet injection in the RE beam,
the same diode arrays record the measurements shown in figure 20 (c) and (d). In this
case the radiation intensity is of one order of magnitude smaller and the radiation is more
diffuse. The pellet has the effect of significantly decreasing the plasma radiation in the
background plasma after its interaction with it. The background radiation is subtracted
in figure 20 and negative values of the radiation emission are visible in the sub-figures
(c) and (d).
The radiation traces from the two arrays can be mapped to the plasma equilibrium, and
figure 21 (a) shows the locations of the start and of the maximum radiation. According
to a simple estimate of energy balance (appendix B), a cryogenic pellet crossing a cold
(some eV) background plasma, in the presence of REs, does not ablate but sublimates at
the edge of the RE beam. This fact is consistent with the position of start and maximum
radiation and with the location of the RE beam deduced from the radiated power profile
measured by the diodes. The bolometers measure radiated power of the order of magni-
tude of the ohmic power. Moreover, they allow to reconstruct a radiation profile peaked
in the plasma centre and shown in figure 21 (b). Since the plasma temperature derived
from spectroscopic measurements is of the order of 1.5-2 eV, the plasma current is carried
mostly by the REs. The only source of heating comes from the collisions of the REs with
the background plasma. Therefore it is reasonable to assume that the RE current flows
in this same central plasma region, which is significantly radiating, although the large
transport coefficient could broaden the radiation profile.
The manometer measurements are consistent with the hypothesis that the pellet and then
the neutral gas crosses the plasma with the initial velocity and direction of the pellet. In
fact, manometers in the divertor and in the toroidal section of the pellet injection see an
increase of the pressure first, before other manometers located in different sectors do.
The lack of ne increase after each pellet has been an unexpected observation at the time of
the execution of the experiment (May 2017). Nevertheless, a a posteriori literature search
reveals that this phenomenon is known: a small amount of hydrogen added to argon glow
discharges decreases both argon and electron densities (see [21] and references within).
Reference [21] describes a model for the different species present in argon-hydrogen glow
discharges with a small H2 percentage. The model attributes the drop of ne to the electron
recombination with ArH+ and H+

3 ions, whereas the drop in Ar+ is attributed to H-atom
transfer of Ar+ ions with H2 molecules. This is expected to be true also for an AUG RE
background plasma.
Reference [20] also reported that deuterium injection reduces the argon population in the
RE beam in DIII-D by a mechanism not fully understood.

5 RE generation: observations and comparison with

theory

The generation of REs in circular low density AUG plasmas has been reliably attained by
means of argon injection. Nevertheless, the amount of RE current generated is not always
reproducible although the target plasmas are very similar. Moreover, RE generation is
expected to depend on the electron and impurity densities but these dependencies do
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not result from the experimental measurements. Figure 22 (a) and (b) show the value
of the initial RE current, IRE,0, (defined as the current at 10 ms after the arrival of the
injected impurities at the plasma edge) versus Ninj/Vp and versus the amount of impurity
atoms injected during the pre-TQ divided by the plasma volume, Ninj(∆tpre−TQ)/Vp,
respectively. Although all data points have similar plasma equilibria and dimension,
density and heating power (within the ranges reported in table 1), the RE current does
not seem to scale with Ninj/Vp, which varies by a factor of 10.
An unexpected finding is the evidence that the ECRH power, inadvertently delivered
to the plasma after the MGI trigger (i.e. during the pre-TQ and fast CQ) can have an
influence on IRE,0 (see figure 22 (c)). This influence is difficult to understand because
during the pre-TQ the injected gas creates a high density layer around the plasma, which
reflects the injected power.
A potential dependence of IRE,0 on the pre-TQ duration, on dIp/dt, on ∆li and ∆Ip was
also checked but not found.
These experimental observations led to the use of the 0-D model outlined in appendix A.
IRE is generated by the large electric field associated with the current decay. Therefore
the three coupled equations 9 - 11 were explicitly integrated with a small time step
to calculate the time evolution of the electric field, the total plasma current and the
RE current. Both the Dreicer and the secondary generation mechanisms contribute to
the thermal-RE current conversion and are described by known first order differential
equations, indicated shortly with [dnRE/dt]1 and [dnRE/dt]2 in appendix A, and outlined
in [4]. Loss mechanisms of fast electrons and REs are not activated in the model; this
corresponds to the experimental observation that the TQ, or phase of large magnetic
perturbation, ends when the fast CQ starts. The integration starts just after the end of
the TQ, with a flat plasma current, a cold plasma and no initial RE current. This initial
conditions are realistic for an AUG RE generation scenario.
Figure 24 shows the magnitude of the RE density expected by the 0-D model for the
following parameter ranges or values: ne = 3 × 1019 − 2 × 1020 m−3 and Te = 2 − 10
eV, Ip = 0.8 MA, a = 0.5 m, R0 = 1.68 m, li = 0.7; Fmag = 0.8. The Dreicer and
secondary generation mechanisms are strong variables of ne, Te and of Zeff = (nD +
Z2

Ar(Te, ne)nAr)/ne. This last quantity was calculated using tabulated values of argon
ionization stages, ZAr. The background deuterium density was kept fixed at 3 × 1019

m−3. For ne < 5 × 1019 m−3 the conversion of the thermal current into IRE is predicted
to be > 50%. For ne > 5× 1019 m−3, IRE is predicted to depend strongly on ne.
The experimental points are superimposed to the nRE(ne, Te) curves, results of the 0-D
model, in figure 24. Two types of symbols can be seen: The blue square data points
pertain to a subset of discharges resulting from the intersection of two sets: the set of
shots with correct CO2 ne measurements and the set of similar discharges introduced in
section 3.1; the yellow circles are the set of similar discharges, with and without available
density measurement, for which ne = 0.6 × Ninj/Vp + 3 × 1019 m−3. The factor 0.6 is
derived from figure 11.
The measured IRE is expressed as nRE and the measured ne (calculated as in figure 11) is
used as a ”proxy” for the RE beam electron density background. In fact, the ne relevant
to the RE generation cannot be measured in AUG during this very dynamic phase. It is
the density in the plasma core, where the RE are created, just after the TQ, during the
1 - 2 ms of the fast CQ. It is not known how much of the argon, assimilated outside of
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the q = 2 surface during the pre-TQ, is convected into the plasma center during the TQ.
The experimental data (for which ne measurements exist) are consistent with the 0-D
model. The data points (yellow circles) with reconstructed ne span a wide range of ne

and lie outside of the model prediction. This suggest that the discharges with the lowest
and with the larges amount of injected argon should be repeated to measure the actual
ne.
In addition, the variability of ∆tpre−TQ and of the gas assimilation among similar dis-
charges can also influence the apparent lack of Ninj-dependence of IRE,0. Profile and
kinetic effects, not taken into account in the 0-D model, should be studied and quantified
to confirm this hypothesis.
Assuming an initial population of REs (seed) does not change considerably the result.
It was verified that varying the equilibrium parameters within their measured variability
ranges does not explain the observed scatter of the IRE,0 values in figure 24.
The 0-D model can also be used to infer an average Te during the fast CQ. The dIp/dt
calculated during the first ms of the fast CQ is plotted versus Te in figure 25 (a). The
experimental range of dIp/dt = 1.8−2.6×108 A/s corresponds, according to calculations,
to Te = 3.5−7 eV and Zeff = 1.7−2.7, shown in figure 25 (b). Appropriate spectroscopic
measurements, not available now, could confirm these values of Te and Zeff .

6 RE current dissipation by high-Z impurities

REs lose energy through different known mechanisms: By inelastic collision, mainly with
bound electrons, through small angle scattering and transfer of energy to the matter in
which they travel; by collision with ions and Bremsstrahlung radiation; by synchrotron
radiation. In addition, RE elastic collisions with ion nuclei reduces IRE by deflecting the
parallel - to the magnetic field - component of the RE velocity into the perpendicular
direction.
In some of the RE beams generated, argon or neon were injected 70 ms after the first
argon puff. The argon quantities were in the range 0.4−2.5×1022. In addition, 2.1×1022

and 4.3× 1022 amount of injected electrons atoms of neon were injected, and 0.9× 1022

and 1.18× 1022 of kripton. The RE current decay rates show a clear dependence on the
amount of high-Z gas injected, confirming that interaction of REs with high-Z material is
an effective IRE dissipation mechanism. Figure 26 shows the speed of RE current decay
versus the total amount of electrons injected with the impurity gas (1st and 2nd refer to
the first and to the second injection), e.g. Ne,inj = [Ninj × Z]1st + [Ninj × Z]2nd.
The collisional damping rates observed from current decay and inferred from Ninj and
density measurements are discussed in this section. The radiative losses, evaluated to
be smaller than the kinematic losses, are not discussed in the following. Bremsstrahlung
measurements and analysis are reported in [22]; synchrotron measurements were carried
out with a diagnostic describes in [23] and are in the process of being analysed.
In [5], only the effect of the high-Z impurities during the RE flattop was discussed. Neither
a model for the penetration of the gas into the RE beam and background plasma, nor
fluid equations describing the suppression of the RE current by high-Z material were
available to the first author at the time of publication. In fact the 0-D model of appendix
A cannot be used during the RE flattop because equation 13 is valid only for Eφ > Ec,
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while during the RE current dissipation Eφ < Ec.
The critical electric field, Ec is a linear function of the plasma density,

Ec = e3ncln(Λe,free)/(4πǫ
2mec

2) (3)

Reference [24] suggested

nc = nRP ≡ ne,free +
ln(Λe,bound)

ln(Λe,free)
ne,bound ≃ ne,free + 0.5× ne,bound (4)

which does not take into account the effect of inelastic scattering RE-ion and radiation
effects.
Recent kinetic calculations [25] have suggested a larger nc, which takes into account the
effect of ion nuclei and of radiation. The effective critical field results to be Ec,eff =
neffEc/ne, where

neff = ne,free +K ne,bound K = 1− 2 (5)

The estimation of both nRP and neff requires the knowledge of the plasma atomic species
and their ionization state.
According to section 4.2.1, the density experienced by the RE during and after the second
MGI is calculated as follows: 10 % of Ninj is ionized in the plasma, neon and argon
are assumed to be ionized once; the rest 90 % is in the form of neutral gas uniformly
distributed in the vessel. Therefore the REs experience a volume-averaged free electron
density ne,free ∼ 0.1Ninj(t)/Vp (although the profile of the ionized density is not known
and it could peak in the plasma centre) and a volume average neutral gas density nZ0 ∼
0.9Ninj/Vvv with Vp = 10 m2 and Vvv = 41 m2. Ninj is a function of time, depends on
the geometry of the injection valve and it is illustrated in figure 27 (a).
Figure 27 (b) shows the good agreement between the time histories of the measured and
of the calculated IRE decay, obtained by integrating in time

dIp
dt

= −(Ec −MOH−p
dIOH

dt
)/(LpFmag) (6)

(see Appendix A for the definition of the parameters appearing in the equation). The
assumption that 10 % of the injected neon ionizes in the plasma is based on the measured
density evolution (figure 27 (c)).
It has been argued in [27], that Eφ approaches Ec during the CQ. Our analysis (no figure)
shows that there is up to a factor of 2 difference in the magnitude of the two calculated
Es. Since the difference is not systematic and there are no other plasma or machine
parameters correlated with such a factor, we cannot comment on its origin.

7 Conclusions

Experiments of RE generation and suppression, following the onset of plasma disruptions,
are conducted in AUG to validate theoretical models, which can then be used to evaluate
post-disruption levels of RE current and design RE mitigation schemes in larger devices,
like ITER and DEMO.
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REs are generated by argon MGI in low density circular plasmas. The observed IRE

is not correlated with the amount of injected gas. Nevertheless density measurements
are not available at the minimum and at the maximum of the injected quantities; this
result motivates the repetition of these shots. The measured IRE is in agreement with
the results of simulations with a 0-D model (which evaluates primary and secondary RE
generation) for the discharges with available free electron density measurements.
The large dependence of the RE generation and suppression rate on the density spatial
distribution in the plasma along with the lack of detailed knowledge of this distribution
will be a clear obstacle for the validation of detailed physics models (e.g fast electron
losses due to stochastic magnetic flux surfaces during the CQ).
Deuterium injection, differently from argon, does not increase the electron density of the
RE background plasma. Cryogenic D2 pellets enter the plasma, ablate at the edge of the
RE beam and purge the plasma of argon. This phenomenon is known from cold plasma
and glow discharge studies. It should be clarified how this behavior depends on the
plasma temperatures because ITER (like JET) could develop a RE background plasma
hotter than AUG.
High-Z gas injected into the RE beam is fast and efficient in suppressing the RE current
in AUG. The cold (Te < 2 eV) RE background plasma is transparent to the injected
gas, which can penetrate into the RE beam on its ballistic time scale. This makes the
RE beam in middle sized machine ideal to test the expected damping rate of RE due to
collisions with high-Z gas. JET has a hotter plasma and therefore the gas is expected
to ionize close to the plasma edge and to diffuse into the plasma before intersecting the
RE beam. In large tokamaks, both diffusion and assimilation of injected impurity gas is
expected to retard and limit the refueling of the plasma centre.
After high-Z gas injection into the RE beam, the inferred electric field is comparable to
the calculated critical electric field, as expected from theory, and they agree within a
factor of 2.
Presently, it is unknown whether it will be possible in ITER to increase the electron den-
sity fast enough and high enough, before the TQ occurs, to suppress the REs generated
during disruptions, and maintain it sufficiently large during the whole CQ, to counterbal-
ance the induced electric field. Experiments on existing tokamaks have pointed out that
the process of refueling a post TQ plasma carrying a RE beam depends on the plasma
parameters density and temperature and species composition. Simulation of the different
gas-plasma-RE interactions must be modelled to draw conclusions on the feasibility of
the foreseen RE mitigation schemes.
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A Appendix

The 0-D circuit equation for the plasma current (Ip) is the starting point for the experiment-
theory comparison:

Eφ = −Lp
dIp
dt

− MOH−p
dIOH

dt
−Mvv−p

dIvv
dt

(7)

Eφ is the toroidal electric field acting on the plasma current, Lp is the plasma self induc-
tance

Lp = µ0R0(log(
8R0

a
√
k
)− 2 +

li
2
) (8)

(R0 and a are the plasma major and minor radius, k is the elongation and li is the
internal inductance), MOH−p and Mvv−p are the mutual inductances between the OH
coils (carrying a current IOH) and the plasma, and between the vacuum vessel structure
(carrying a current Ivv) and the plasma, respectively.
The equation is simplified here as

Eφ = −Lp
dIp
dt

Fmag −MOH−p
dIOH

dt
(9)

with MOH−pdIOH/dt ∼ 4.5 V/m in all cases discussed in the following. Fmag < 1 takes
into account that some of the plasma magnetic energy is dissipated in the vessel and in
the passive stabilizing loop; it is treated in this work as a parameter.
During the CQ, the RE current is generated by the large self induced electric field Eφ.
Ip is the sum of the current carried by the thermal electron and the current carried by
the REs. Only the thermal component of the current is related to Eφ through Ohm’s law
which, in the 0-D approximation, becomes

Eφ = ρ(jp − jRE), jp = Ip/(πa
2k), jRE = c e nRE (10)

where ρ is the electrical resistivity [30], jp and jRE are the total and the RE current
densities, e is the electron charge, c is the light speed and nRE is the RE density.
REs are generated by the primary (index 1) and avalanche (index 2) mechanisms de-
scribed - in the fluid approximation - by the following equations [29]

dnRE

dt
=

dnRE

dt
|1 +

dnRE

dt
|2 (11)

dnRE

dt
|1 = neνee(ED/Eφ)

3(1+Zeff )/16exp(− ED

4Eφ
−

√

(1 + Zeff )
ED

Eφ
) (12)

dnRE

dt
|2 = nRE

Eφ/Ec − 1

τlnΛ

√

πφ

3(Z + 5)
(1− Ec

Eφ

+
4π(Z + 1)2

3φ(Z + 5)((Eφ/Ec)2 + 4/φ2 − 1)
)−1/2

(13)
ED and Ec are the Dricer and critical electric fields respectively

ED =
nee

3lnΛ

4πǫ20Te
, Ec =

nc e
3lnΛ

4πc2ǫ20me
(14)

16



and
νee = e4lnΛne/(4πǫ

2
0m

2
ev

3
th,e) is the electron collision frequency,

vth,e =
√

2Te/me is the electron thermal velocity,

τ = (c/vth,e)
3ne/(ne,free + ne,bound)/νee, according to [26]

φ = 1− 1.46
√

r/R + 1.72 and r ∼ a,
lnΛ is the coulomb logarithm, nc is the critical density discussed in section 6,
Zeff = (

∑

I nIZ
2
I )/ne is the effective ion charge, ZI is the charge of the ion of species I.

In equation 13, Z is used and allows for an effective ion charge acting on the REs which
includes elastic collisions.

B Appendix

A RE can cross a cryogenic pellet of deuterium and simultaneously deposit in the pellet a
fraction of its energy. Let’s calculate how long a D2 pellet can travel without sublimating
in a cold plasma carrying a RE current. It is assumed that the fraction of energy deposited
is much smaller than - and therefore does not vary - the RE kinetic energy, which can be
verified a posteriori.
The pellet, of dimension L, injected with a velocity vp, penetrates a length L = vp∆t into
the RE beam, until the accumulated energy, deposited by the REs in the pellet, amounts
to the sublimation energy.
The survival time ∆t of a pellet in the presence of a RE current density jRE is given by
the energy balance equation

jRE/(ce)L
2 c∆tS L = nD2

E L3 (15)

where

• c and e are the speed of light and the electron charge respectively;

• S = ǫmD2
nD2

is the linear stopping power, ǫ is the mass stopping power, which
for hydrogen (assumed here to be the same for deuterium) and 1.25 MeV electrons
(minimum value of ǫ) is ǫ = 3.8 MeV cm2/g 3;

• mD2
is the deuterium molecule mass; nD2

is the molecule number density in frozen
deuterium;

• E = 1 − 1.5 × 10−2 eV/molecule is the sublimation energy of frozen hydrogen [28]
(assumed here to be the same for deuterium);

• vp = 560 m/s is the pellet velocity,

then ∆t = eE/(ǫ jRE mD2
) = 0.95/jRE s and L = 530/jRE m, with jRE in A/m2.

This means that a pellet sublimates after traveling 53, 5.3 or 0.53 cm in a RE beam
with jRE = 1, 10 or 100 kA/m2 respectively. Since the pellets of figure 19 were injected
into a 200 kA RE current beam with a minor radius of circa 20 cm (average jRE = 1.6
MA/m2), they are expected to have ablated at the edge of the RE beam. This expectation
is consistent with the experimental observations.

3https://physics.nist.gov/PhysRefData/Star/Text/ESTAR.html
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C Appendix

The diffusion equation for ions of species I in cylindrical coordinates

∂nI(r, t)

∂t
=

1

r

∂

∂r
rDI(r, t)

∂nI(r, t)

∂r
+ SI(r, t) (16)

was solved explicitly by the finite difference method and the assumptions

DI = ρ2I νII , ρI =
mI v⊥,I

eZIBt
, v⊥,I =

√

2 TI/mI , [30] (17)

1

νII
= τII = 12π3/2 ǫ20m

1/2
I T

3/2
I

nIZ4
I e

4lnΛII
[30], (18)

lnΛII = 23− ln(
Z3

I

TI

√

nI

TI

), TI in eV 4 (19)

and a source of particles at the plasma edge of intensity

SI(r, t) =
F (t)

4 π2aR0

Aeff δ(r − a) (20)

were F (t) is the gas flow from the valve, Aeff is the assimilation efficiency, a and R0 are
the minor and major radius of the circular plasma.
Figure 28 shows how DI ∝ Z2

InI and τDI
≡ a2/DI for different plasma parameters. For

n = 1020 m−3 and T = 10 eV, typical of a JET RE background plasma, the τDI
is still

larger than 100 ms, i.e. large for the purpose of dissipating a RE beam by MGI.
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Figure 1: Schematic view of the vessel (from above). A number is associated to each of
the 16 toroidal sectors. The location of the MGI valves (orange rectangle) and of relevant
diagnostics in the vessel is indicated.
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Figure 2: Toroidal current carried by RE beams created with argon injection at 1 s. In
three of the beams, argon was injected a second time at 1.07 s. The gas pressure in the
valve is indicated in bar.
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Figure 3: Evolution of the RE beam magnetic equilibrium and line integrated SXR
measurements from a camera, viewing the plasma vertically from the lower divertor. The
arrows indicate the position of the emission peak.
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Figure 20: Line integrated measurements from the horizontal (h5, (a) and (c)) and from
the vertical (v5, (b) and (d)) diode bolometer cameras. The images show the radiation
emission during the ablation of a D2 pellet launched into an H- mode plasma (top, shot
34182)) and into the RE beam (bottom, shot 34183). Figure 21 (bottom) shows the
camera geometry.
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