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Abstract

This paper presents a survey of the experiments on runaway electrons (RE) carried out
recently in frames of EUROFusion Consortium in different tokamaks: COMPASS, ASDEX-
Upgrade, TCV and JET. Massive gas injection (MGI) has been used in different scenarios for
RE generation in small and medium-sized tokamaks to elaborate the most efficient and reliable
ones for future RE experiments. New data on RE generated at disruptions in COMPASS

and ASDEX-Upgrade was collected and added to the JET database. Different accessible
parameters of disruptions, such as current quench rate, conversion rate of plasma current into

2 See the author list of [59].
b See the author list of [60].
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runaways, etc have been analysed for each tokamak and compared to JET data. It was shown,
that tokamaks with larger geometrical sizes provide the wider limits for spatial and temporal
variation of plasma parameters during disruptions, thus extending the parameter space for
RE generation. The second part of experiments was dedicated to study of RE generation in
stationary discharges in COMPASS, TCV and JET. Injection of Ne/Ar have been used to
mock-up the JET MGI runaway suppression experiments. Secondary RE avalanching was
identified and quantified for the first time in the TCV tokamak in RE generating discharges
after massive Ne injection. Simulations of the primary RE generation and secondary
avalanching dynamics in stationary discharges has demonstrated that RE current fraction
created via avalanching could achieve up to 70-75% of the total plasma current in TCV.
Relaxations which are reminiscent the phenomena associated to the kinetic instability

driven by RE have been detected in RE discharges in TCV. Macroscopic parameters of RE
dominating discharges in TCV before and after onset of the instability fit well to the empirical
instability criterion, which was established in the early tokamaks and examined by results of

recent numerical simulations.

Keywords: Tokamak, disruptions, runaway electrons, hard x rays

(Some figures may appear in colour only in the online journal)

1. Introduction

Disruptive termination of plasma discharges is one of the most
critical issues for tokamak operations. International thermo-
nuclear experimental reactor (ITER) is based on the tokamak
concept [1, 2]. Together with excessive electromagnetic forces
and heat loads onto plasma facing components (PFC) the
major disruption in tokamaks causes an induction of strong
electric fields occurring during thermal quench (TQ) and
plasma current decay stage—current quench (CQ). If these
electric fields are strong enough to overcome the dissipa-
tive effect of the Coulomb collisions, they accelerate plasma
electrons into runaway regime [3—7]. Such runaway electrons
(RE) will be accelerated ever more rapidly because the dissi-
pative collisional friction decreases with increase of electron
velocity. Unlimited acceleration will inevitably lead to the
relativistic energies acquired by RE.

Major disruptions in tokamaks often resulted in genera-
tion of large populations of high-energy RE. Large number
of spontaneous and intentional major disruptions in the JET
tokamak led to generation of RE beams with the energies from
several MeV till to several tens of MeV and current values
sometimes exceeding 2.5 MA [8-13]. Generation of intense
RE beams with relativistic energies has been detected during
major disruptions in TORE Supra [14], JT-60U [15] and TFTR
[16]. The density of RE generated during disruptions in these
large tokamaks was high enough to create post-disruption cur-
rent plateaux with values up to 60-70% of the pre-disruptive
plasma currents [11]. Such intense RE beams constitute a
serious problem for the safety operation of tokamaks since
the interaction of these beams with surrounding PFC resulted
in high heat loads, sputtering and melting of the first wall
materials. In TORE Supra the RE beam damaged the actively
cooled limiter and caused the water leak into vacuum vessel
[14]. Experimental trend in disruption generated RE [11] sug-
gests that ITER disruptions could generate much higher RE

currents resulting in much severe consequences when relativ-
istic RE beams will interact with the first wall.

Significant efforts in theoretical studies and numerical
modelling of the RE generation during disruptions have been
done to investigate the trend in this process toward the domain
of ITER operational parameters ([1, 2] and references cited
therein). The main mechanism responsible for generation of
large RE currents during disruptions in ITER is considered to
be an avalanching of secondary RE. These secondary RE are
generated due to close distance electron—electron collisions
between existing seed RE and thermal electrons, thus the latter
become runaway [17-19]. The RE avalanching is not possible
without the RE seeds that can exist in pre-disruptive plasmas,
or they can be produced due to several processes during TQ
and CQ [9-11, 20].

The first known source for seed RE is the Dreicer accelera-
tion [4-7]. Performed in recent decades studies allowed char-
acterization of other mechanisms, which could be responsible
for the creation of RE seeds, in addition to the Dreicer genera-
tion. One of such mechanisms is hot tail runaway generation
[21-23]. The energetic particles in the tail of initial distribu-
tion function of high temperature plasma need longer time to
slow down than those in low energy part of the distribution if
the plasma cools down sufficiently fast. These energetic par-
ticles constitute a hot tail of the mainly cold post-TQ electron
distribution. Due to the increase of electric fields in TQ and
CQ a significant part of this hot tail can be converted into RE.

Also, it was pointed out that even a small sources, such as
the tritium decay and Compton scattering of ~-rays emitted
by activated wall on plasma electrons, would be sufficient to
generate significant RE populations during CQ [24]. In [25] it
was shown, that interaction of high energy RE with the first
wall also could cause an additional yield of the high-energy
electrons (with MeV energies) from surrounding surfaces.

Simulations of runaway process, which might occur at
major disruptions in ITER without mitigation, demonstrate
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the possibility to generate RE currents with up to 10 MA in
multi-MeV energy range (for example [26]). Localized inter-
action of such intense RE beams with surrounding surfaces
inevitably will result in inacceptable loads and evaporation of
the Be first wall [27]. Therefore, in the tokamak-reactor, such
as ITER, the generation of RE is inacceptable.

To prevent detrimental consequences of disruptions and
RE generation events the efficient methods for disruption
mitigation and suppression/avoidance of runaway process
are essential. Massive gas injection (MGI) is considered as
a part for the prospective design of disruption mitigation
system in ITER (ITER-DMS) to suppress/avoid detrimental
effects of major disruptions and generation of intense RE
beams. Significant advances in experimental studies of MGI
capabilities and characterization of the methods for the fast
plasma shutdown have been achieved during recent years
[28, 29]. Despite that MGI demonstrated the ability to miti-
gate a majority of severe processes caused by disruptions, a
set of problems related to RE avoidance/suppression is still
unresolved [12, 13]. To overcome existing problems a detailed
knowledge of runaway generation physics and improved
models for simulation of interaction of RE beams with large
quantities of injected impure gases are required.

This paper presents a survey of the first series of experi-
ments on RE generation carried out in frames of EUROFusion
Consortium program [30-32] in small and medium-sized
(MST) European tokamaks—in COMPASS, TCV and
ASDEX-Upgrade. Results of these experiments have been
analysed in comparison to the data collected in experiments
on RE generation carried out in JET with PFC made from
carbon (JET-C) and in JET with ITER-like wall (JET-ILW).

In one group of experiments the parameters of disruption
generated RE have been studied depending on increase of the
device experimental parameters: magnetic field (By), plasma
current (f,1), etc. The RE data collected in ASDEX-Upgrade
and COMPASS was included into database elaborated in
experiments on disruptions and RE in JET-C and JET-ILW
[11, 25, 33]. A detailed analysis was dedicated to study of the
RE parameters evolution depending on geometrical sizes of
tokamak experiments. This analysis has demonstrated con-
formity of the recent results from small and medium sized
tokamaks [30-32] to the data on RE obtained earlier in large
tokamaks [11-13, 25, 33].

Another part of experiments was dedicated to the study of
RE generation parameters in stationary tokamak discharges.
A scenario of RE generation under stationary conditions con-
stitutes the subject of a special attention due to the convenient
possibility to measure reliably the plasma parameters during
onset, growth and loss of relativistic RE [34, 35]. This sta-
tionary RE generation scenario was developed in experiments
with low plasma density on COMPASS and TCV. Using the
measured plasma parameters the RE generation dynamics
was quantified in frames of conventional theory of runaways.
Obtained data was compared to the data collected in the JET
stationary RE discharge [35]. Parameters of the observed RE
generation events, such as critical fields and energies, have
been analysed to highlight the differences and similarities of
RE generation in low-density and moderate density plasmas.

MGIs into stationary RE discharges in TCV and COMPASS
were used for establishing the operational regimes for future
experiments on the RE beam dissipation. RE avalanche events
after MGI into RE discharges have been detected and studied
in TCV. The events associated to the kinetic instability driven
by RE have been observed and studied in TCV. Obtained
results are in adequate conformity with the statements form-
ulated in frames of the theory for kinetic instability driven by
relativistic RE.

2. Diagnostics for RE detection and measurements
of RE parameters

Relativistic RE interacting with background plasma and neu-
trals produce a bremsstrahlung hard x-ray emission (HXR)
in the sub-MeV and MeV energy ranges. Also RE produce
~-radiation and photo-neutrons hitting the elements of PFC.
Measurements of these radiations in different time points
and subsequent numerical processing of the obtained data
provide the information on different RE parameters, such as
mean and maximum energies of RE populations, their spatial
locations, etc.

The HXR detectors are used to register the RE generation
in the ASDEX-Upgrade disruption experiments. The neu-
tron spectrometry diagnostic used on ASDEX-Upgrade has
demonstrated that maximal energy of RE in disruptions has
reached up to ~10 MeV.

In JET the HXR emission is measured with the set of
horizontally and vertically viewing Nal(Tl), Bi4GeO;, (usu-
ally referred as BGO) and LaBr; spectrometers. The JET
neutron/y-emission profile monitor with highly collimated
detectors is routinely used for neutron and -rays measure-
ments. These diagnostics allow the measurements of spatial
distribution of HXR emission sources in the JET plasma cross-
section. The data from vertically viewing HXR spectrometer
on JET has been numerically processed using the DeGaSum
code [36] to study the evolution of the RE distribution function
(REDF) in disruptions and during the stationary discharge.
Reconstruction of REDF from the measured HXR spectra
revealed the generation of RE population with maximal ener-
gies up to ~7-8 MeV and with mean energy ~2.5-3 MeV
in stationary discharge [35]. Similar or even higher mean RE
energies were measured in JET-ILW disruptions [12, 13, 33].
The maximum RE energy in disruptions reached up to 12—
15 MeV (sometimes up to 20-25 MeV) [25, 33]. A detailed
analysis of the RE parameters inferred on the basis of HXR
spectrometry and other methods could be found in [8, 11,
25, 33, 36]. The HXR bremsstrahlung, which is radiated fol-
lowing the relativistic electrons scattering on the background
plasma ions, is characterized by very narrow forward radia-
tion pattern with angular half-width about of 0 ~ 14y, (79 is
relativistic parameter of energetic electrons). Two narrow
radiation patterns with angular half-size 6 ~ 0.06-0.1 have
been detected by vertical and horizontal HXR cameras in JET
[35] indicating that maximum energies of electrons scattered
on background ions could be W,,;x ~ 5-8 MeV. One can see
that angular characteristics of the measured HXR radiation
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and the processed data from the HXR spectroscopy yielded
similar values on RE energy allowing cross-verification.

On TCV a photo-multiplier tube for Hard x-rays (PMTX)
is routinely used for measurements of the HXR emission and
detection of RE generation. This detector is placed outside
the torus, in the machine hall. Due to the large production of
energetic HXRs following the RE generation in stationary dis-
charges or during post-disruption RE plateaux the other HXR
diagnostics (with energy thresholds ~20keV and ~200keV)
usually saturate and only the PMTX camera could be effec-
tively used for detection of RE generation regimes.

Two Nal(T1) scintillation detectors with photomultipliers
for HXR measurements were used during RE experiments
in COMPASS. Since these detectors are not shielded, they
are characterized by the energy threshold ~50keV. Also for
measurements of HXR a detector based on ZnS(Ag) scin-
tillator with photomultiplier was used. This detector was
shielded with 10cm of lead. The distance of both detectors
from the tokamak main axis is ~4 m. A detailed description
of the diagnostics used in COMPASS experiments also could
be found elsewhere [31]. During the RE dominated discharges
in COMPASS the synchrotron radiation from RE beam was
directly measured by an infrared camera [37].

3. RE generated during disruptions in Tokamaks

Series of experiments in ASDEX-Upgrade and COMPASS
have been carried out in order to design the reliable scenario
of disruptions with RE generation and to create the basis for
future experiments on RE studies in small and medium-sized
tokamaks. Disruption scenarios with RE generation in both
tokamaks are based on the MGI disruption scenario developed
in JET for RE studies [12, 13]. In JET the disruption mitiga-
tion valves (DMVs) have been used for injection of Ar, Ne, Xe
and Kr. This scenario is described in detail elsewhere [12, 13].
Similarly to JET, the fast injections of large amount of impure
gases have been used to trigger the disruptions in limiter con-
figurations in ASDEX-Upgrade and COMPASS [30-32].

The sequence of events in disruptions triggered by MGI
is similar to those caused by constant gas puff [10, 11], but
occurring in significantly shorter time. These processes are
well known and their detailed phenomenological and quanti-
tative descriptions can be found in many publications [9-13,
24,33, 38]. The main characteristics are: after MGI the plasma
develops strong MHD activity; The growth of MHD modes
enables penetration of the impurity gas into plasma centre;
This process resulted in the cooling of plasma core and for-
mation of the hollow electron temperature profiles [11, 38].
Following these phases the complete plasma energy collapse
occurs very quickly.

The RE generation scenario in ASDEX-Upgrade is based
on L-mode Ohmic circular plasma discharges with inner lim-
iter (Ry = 1.65m, ap) = 0.5m) and I, < 0.8 MA at By = 2.5T.
The injection of 0.05-0.2 bar-1 of Ar from the piezo-electric
in-vessel valve resulted in characteristic rise of MHD activity
and disruptions [30]. To optimize the RE generation at disrup-
tions the low-density plasmas ({n.) ~ (2.5-3.6) - 10" m?)

ASDEX-Upgrade #32034
1.2 ] T T T T

- lpt, MA -
0.8 .

0.4 ~— MGI valve trigger -

0.0

0.8 |- i HXR, a.u.+
- I -
[ ]

0.0 :

neutrons, a.u. _

ECRH, MW _

Soft X-ray, a.u. |

| 1 L

11 12 13 14
time, sec

09 1

1.5

Figure 1. ASDEX-Upgrade discharge #32034: scenario for

study RE generation at disruptions; disruption was induced by
MGI triggered at t = 1.0s (vertical dash-dot line); disruption time
is t = 1.005 s; rectangle pulse of 2.1 MW ECRH is indicated by
dot-filled shape; plasma current time derivative maximum on CQ
stage is ~—250 MA s~!; ohmic CQ evolution fits well to decay
function with characteristic e-folding time fcq ~ 2.8 ms; noticeable
deviation of current plateau evolution from exponential decay well
corresponds to detection of HXR emission.

were heated by 2-2.5 MW of ECRH applied for 0.1-0.2s
immediately before Ar/Ne injections. Disruptions were well
reproducible with typical thermal quench time #rq ~ 0.001s.
Figure 1 presents an example of temporal evolution of plasma
parameters in the scenario for study of RE generation during
disruptions in ASDEX-Upgrade.

Disruption of the discharge #32034 was induced by MGI
from the piezo-electric valve, which was triggered at 7 = 1.0
(vertical dash-dot line in figure 1). Usually, major disruption
occurs during small time after valve triggering (~4—10ms,
depending on the injected gas type and quantity). In this pulse
the disruption occurred in ~5ms after valve triggering. The
maximum of plasma current time derivative on CQ stage
was ~—250 MA s~!. CQ evolution fits well to decay function
with characteristic e-folding time fcq ~ 2.8ms. Transition
of the plasma current evolution from exponential decay into
slow decaying plateau well coincides to the detection of HXR
emission and photo-neutrons indicating the generation of RE
with energies up to 10 MeV. RE current plateaux with up to
0.4 MA and duration up to 0.4 s have been measured in series
of disruptions dedicated to the RE studies in ASDEX-Upgrade.

Disruptions in hydrogen plasmas in ASDEX-Upgrade
resulted in RE plateaux comparable to those obtained in deu-
terium, while the slightly lower RE currents were achieved
in helium. MGI from the second DMV (triggered on 70th ms
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COMP/}\SS #10825
ZZZZZZZ?: |p|,A
10° :
MGI active phase
0.0 o
3 HXR, a.u.
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time, sec

Figure 2. RE generation scenario in the COMPASS disruptions:
RE plateau with ~25-30 kA generated after disruption triggered by
Ar injection in discharge #10825; MGI was triggered at t = 0.98s;
the injection active stage is indicated by filled area; disruption

time is ~0.983 s; plasma current time derivative maximum on CQ
stage is ~—130 MA s~!; ohmic CQ evolution fits well to decay
function with characteristic e-folding time fcq ~ 0.5 ms; noticeable
deviation of current plateau evolution from exponential decay well
corresponds to detection of HXR emission.

after the first injection) resulted in obvious suppressing effect
on RE plateaux and allowed a study of dissipative effects of
the MGI of high-Z gases on RE beams [30].

Similar scenario for RE generation studies has been
developed in COMPASS: the circular plasma (Ry = 0.56 m,
ap =~ 0.2 m) with carbon limiter from the high field side (HFS)
and additional one from the low field side (LFS) for the vessel
protection [31]. Experimental magnetic field was By = 1.15
T and plasma currents were 80 < Iy < 140 kA. An average
electron density was kept relatively low ((n.) ~ (0.8-2.2)
10" m~3) in order to maximize the RE generation rate.

Figure 2 presents an example of RE generation in
COMPASS during disruption of pulse #10825. MGI was
triggered at t = 0.98s with the active injection phase lasted
till to disruption event (x~0.003s). The maximum of plasma
current time derivative on CQ stage was ~—130 MA s~!. CQ
evolutions in many disruptions fit well to decay function with
characteristic e-folding time fcq ~ 0.5ms. Detection of the
HXR emission coincides to appearance of RE current plateau
with value up to 30 kA. Sometimes the COMPASS disrup-
tions resulted in RE current plateaux with values up to 60 kA.
COMPASS data was added to the data on disruption generated
RE in tokamaks.

The data on RE currents generated in tokamak disruptions
shows an increasing trend with increase of the total plasma
current from small and medium-sized devices toward JET
(figure 3). The data plotted in figure 4 shows that the higher

1.5 T T T T
¢ JET@Ilimiter24&3 T
@ ASDEX-Upgrade, 24T
@® Compass,1.15T
L A
10 ; .
s
- *
& *
0.5 .
(=)
0.0 (©] ] ] ! !
0.0 0.5 1.0 1.5 2.0 2.5
loi, MA

Figure 3. Disruption generated RE currents versus plasma currents
in small, medium-sized and large tokamaks.
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ap;, M

Figure 4. Generation of RE currents in COMPASS, ASDEX-
Upgrade and JET depending on plasma minor radius; solid line
represents a function of “12)1-

RE currents are generated in devices with the larger plasma
minor radius (IR Ave X a]%]).

Figure 5 presents the data on RE generated in different
tokamaks versus toroidal magnetic fields. In this Figure the
data from smaller devices is added to the data on RE col-
lected in JET-C and JET-ILW [11, 25, 33]. One can see, that
values of RE plateaux measured in COMPASS disruptions at
By =1.15T and currents I; < 120 kA are similar to the JET
data at Bp=1.2 T and currents 1 MA </ < 1.2 MA. The
MGI disruptions in ASDEX-Upgrade at current /I ~ 0.8 MA
and By =2.5 T resulted in RE plateaux with values similar to
those obtained in JET at By =2-2.4 T, but with pre-disrup-
tion plasma currents in JET at least two times higher: 1.4
MA <1, <2 MA [11, 25, 33]. It is likely that maximum of
RE current values generated in disruptions scales as a function,
which is proportional to B3. In figure 5 the dotted line repre-
sents the function fiBy) = &‘% -B(z), where gy = ap/Ro = 0.33,
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Figure 5. RE generation versus toroidal magnetic fields in small,
medium-sized and large tokamaks (compare to data presented in
figure 7 of [11]); dotted line represents a function of 3 - B3, where
€0 = ap/Ro ~ 0.33 as in JET (in COMPASS: ¢y = a, /Ry ~ 0.35; in
ASDEX-Upgrade: €9 = a,/Ry ~ 0.303).

which corresponds to the JET geometry sizes. Note, that
ASDEX-Upgrade geometry provides g = ap/Ro = 0.303 and
for COMPASS case: gg = ap/Ro ~ 0.36. Generation of RE
beams with the measured currents about of tens/hundreds kA
at magnetic fields By = 1-1.2 T in JET-ILW and COMPASS
evidently indicates the absence of background for statements
about existence of the threshold for RE generation on toroidal
magnetic field value [2].

Maximum values of the RE current generated in ASDEX-
Upgrade disruptions reached up to one half of pre-disruption

plasma currents I1RTIF < 0.5, while the RE current plateaux in
COMPASS sometimes reached up to IIRT]E ~ 0.66 of pre-dis-

ruption values (figure 6(a)). This data on conversion rate of
plasma current into runaways is quite similar to the recent
JET-ILW results confirming observed earlier apparent weak
sensitivity of the current conversion rate versus I, values and

geometrical sizes of experiments [11-13, 21, 22].

1 dln
T dr
revealed strong dependence on the scale of experiments
(figure 6(b)). The CQ process is usual driver for generation of
high E—one of the determining factors for RE generation.
In JET [11] the value of RE currents generated in disruptions
has demonstrated almost linear dependence versus values of
ning of CQ. From the CQ rate the average RE generation rate

YRE = jédﬁ%, where jrg = ecngg, can be quantified when a

Unlike the current conversion rate, the CQ rate 1, =

plasma current time derivatives (=) evaluated on the begin-

measurable deviation of the plasma current from the exponen-
tial decay due to RE is detected, or even when RE plateaux
are measured [11, 25, 33]. During RE plateau total plasma
current is constant Iy, = Iy + Irg and its time derivative is
zero. Meanwhile, the plasma resistive current decays with

di,

characteristic e-folding time 7¢q [8-13]. So that, df% = -

on the beginning of RE plateaux. Therefore, if the evolution of
the plasma cross-section during CQ is known from magnetic

measurements, one can evaluate the growth of RE in time

ing: 4 [ — _dy
using: £ [ jredS = — 2.

Figure 7 summarizes the dependence of RE current con-
version rate versus CQ rate values at disruptions. One can see
that CQ rates in smaller devices should be approximately 10
times higher than in large tokamaks in order to cause compa-
rable RE generation at disruptions. Simple calculation using
the CQ data from figures 6(b) and 7 shows that CQ rate evo-
lution from COMPASS to JET depends not only on I;,;, Bo, 7,
T., etc, but also on the value of plasma total inductance deter-
mined by the major and minor plasma radii of the devices:
L, = po - Ro - (In(8Rp/ap)-2). In the same time, measured CQ
rates allowed to deduce the ranges of average post-disruption
plasma temperatures: T, < 7eV in COMPASS, T, < 10eV
in ASDEX-Upgrade and 7. < 20eV in JET. Therefore, the
devices with larger geometrical sizes and higher plasma
operational parameters, i.e. large tokamaks [2], provide wider
limits of the spatial and temporal evolutions of plasma param-
eters during disruptions, thus extending the parameter space
for RE generation.

Small and medium sized tokamaks revealed characteris-
tics of RE in MGI disruptions similar to those in JET-C and
JET-ILW. However, significant differences in RE parameters
have been found also. In particular, the RE experiments in
COMPASS (with carbon limiter) have demonstrated obvious
non-increasing trend in generated RE currents versus plasma
current time derivatives (figure 8(a)). This result is quite dif-
ferent from the data collected in JET-C, where the stable
increasing trend of generated RE current versus plasma cur-
rent time derivative was found [11]. Note that this JET-C trend
is based on the data obtained in spontaneous disruptions and
those triggered by slow gas puff. In contrast to this data from
JET-C, MGI experiments in JET-ILW did not demonstrate
such an obvious trend [33].

The change of plasma current direction in COMPASS also
resulted in certain differences in runaway generation param-
eters. This difference could be linked to the change of the heli-
city direction at unchanged directions of the plasma particles
drifts due to grad-B. It is expected to extend the data presented
in figure 8(b), because, the availability of a small number of
this data may be misleading.

Despite the observed similarity in the sequence of pro-
cesses during disruptions, a strong difference between the RE
plateau current average densities in JET-ILW and ASDEX-
Upgrade has been found. The pre-disruptive average densi-
ties of plasma currents have been evaluated: (j,) ~ 0.5 MA
m~?—in JET and (ji) ~ 0.8 MA m *—in ASDEX-Upgrade
(figure 9). After disruptions the average current densities
of RE plateaux in JET remained close to pre-disruption
values. Sometimes the increase of average RE current den-
sity was observed achieving almost 2 times larger values at
the time of plateau termination. Meanwhile, during ASDEX-
Upgrade disruptions the runaway acceleration provided the
average density of RE plateaux about 2-3 times lower rela-
tively to pre-disruptive values and there were no indications
for similar to JET increase of the RE current density during
plateaux. This result could be explained by the fact that char-
acteristic e-folding time of plasma current decay in JET is
8 < fcq < 12ms, which is significantly larger than in ASDEX-
Upgrade (fcq ~ 2-3ms). Therefore, sustained for a longer
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Figure 6. Conversion of plasma currents into RE currents—chart (@), and CQ rates in disruptions with RE generation—chart () in small

medium-sized and large tokamaks.

time the runaway process in JET provides accumulation of
higher RE density. With the increase of RE fraction in total
current during CQ the generation process is self-limited by the
decrease of electric field. At the sufficient decrease of electric
fields the generation of new REs is ceased and the remaining
plateau current is carried by RE.

The second possible reason for the observed difference
between parameters of RE plateaux in JET and ASDEX-
Upgrade is the difference between the values of lost plasma
currents due to the current peeling effect. This effect inevi-
tably occurs during fast inward motion of the plasma on CQ
and it should result in higher electric fields due to the addi-
tional loss of the corresponding magnetic flux [39].

Yet another reason for observed difference could be the sub-
stantially shorter gas travelling distance from in-vessel valve
to the plasma after MGI in ASDEX-Upgrade. As a result, the
faster gas penetration, better its assimilation and more effec-
tive RE dissipation could be achieved. Similarly to the results
from the D-IIID tokamak [28], the ASDEX-Upgrade experi-
ments have shown dissipative effects of the second MGI of
Ar/Ne on RE beams for both, far and close located injection
valves [30].

In contrast to D-IIID [28] and ASDEX-Upgrade [30] the
dissipative effect of secondary MGI on already accelerated
RE beam was not achieved in JET [12, 13]. These JET experi-
ments have demonstrated the presence of low temperature
but dense enough post-disruption background plasma (77 <
10?° m~3), which fills almost all vacuum volume comprising
the space of open magnetic field lines and nested magnetic
surfaces formed by RE beam current [12, 13]. Interacting with
background hydrogen neutrals and impurity ions relativistic
RE, both, well confined and already drifted out, can generate
secondary (not runaway) electrons [40—43]. The ionization
cross-section of hydrogen by relativistic electron is described
in [40]. Subsequently, for an ion X; with ionization potential
Ix. and having Ny, outer shell electrons the formula for cross-
section ionization by relativistic electron with energy charac-
terized by Lorentz factor 7, was derived in the form [41, 42]
given below:

¢ JET, 1.4MA@3T
B ASDEX-Upgrade, 0.8 MA@2.4 T
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Figure 7. Dependence of conversion rate of plasma resistive
currents into RE currents versus CQ rates at disruptions in tokamaks
(values of disrupted currents are given in header).

2

Mo 0 (15,85 — In(ly) + 2In(~0)).
1 X; Yo — 1 '

ey
In [42, 43] it was pointed out that relativistic electron ioniz-
ation could generate low temperature electrons with mean
energy ~40eV. Analysis of the spectroscopy data measured
during the runaway plateaux in JET indicates the presence
of argon lines with wavelengths corresponding to 3- and
4-times ionized Ar. This data well corresponds to the state-
ment above, since to achieve observed Ar ionization stages the
background plasma should have significant electron temper-
ature 10eV < T, < 20eV [44]. Therefore, the ionization of
background gas by RE serves as a source for plasma cloud,
which surrounds the RE beam [12, 13]. It is obvious, that such
plasma will have a screening effect on the penetration of the
injected gas [45] to the location of RE beam thus decreasing
the effect of the second MGI.

ox, =7.24-107%
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4. RE in stationary discharges in TCV, COMPASS
and JET

4.1. Runaway critical energies and runaway critical electric
fields in tokamaks

Transient nature of disruptions does not allow reliable mea-
surements of plasma parameters evolution. Modelling of RE
generation at disruptions is still very complicated task also,
since it requires an inclusion of many parameters, which are
strongly varied during disruptions. Therefore, a scenario of
RE generation in stationary discharges in tokamaks consti-
tutes a subject of special attention due to possibility to mea-
sure reliably plasma parameters during onset, growth and
loss of relativistic RE [34]. This steady-state scenario with
low plasma density was used in the second group of experi-
ments in COMPASS and TCV. Obtained data on RE genera-
tion dynamics was compared to the data measured during RE
stationary phase of the JET discharge JPN #86078 [35].

The baseline scenario for RE studies in TCV is: L-mode,
inner wall limited Ohmic discharges (Rp=0.89 m, ap =
0.25 m) at Bo=1.43 T, plasma currents I,; < 200 kA and
average plasma density (n.) <3-10" m~3. Conditions for

measurable RE generation during flattop were achieved by
controlled plasma density ramp-down (figure 10).

RE in COMPASS are normally produced during the cur-
rent ramp-up phase providing the measurable seed RE popu-
lation detected using HXR diagnostics. The baseline scenario
for RE studies is: Bg = 1.15 T, 90 kA < I < 150 kA, (ne) <
3 - 10" m~3, Ohmic inner wall limited discharge in L-mode.
Using different fuelling scenarios the RE populations could be
generated (figure 11) allowing studies of MHD effects on RE
confinement [31].

Similarly to the JET data, plasma parameters in COMPASS
and TCV have been numerically processed in order to mini-
mize the effect of the data large scattering (filtering noise, etc)
onto results of numerical evaluation of runaway dynamics.
All measured parameters were used in simulation of runaway
generation in radially averaged model with the aid of itera-
tive method [20]. In this modelling the value of effective ion
charge (Z.sr) was used as iterative parameter and calculated
using the equation of plasma electro-conductivity on the basis
of measured plasma current, loop voltage (Vigop), €lectron
temperature (7,) and density (7).

Analysis of stationary RE discharges in COMPASS, TCV
and JET [35] has shown that the primary (Dreicer) process
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Figure 10. RE generation scenario in stationary discharge in TCV.

is dominating in these series of experiments. In low-density
stages the mean velocities of plasma current increased up to

Uy = > = 10°m s~ in COMPASS, 4.0 - 106 m s~ in
TCV and 223 - 10° m s~' in JET. One can see that achieved

asymmetry of electron distribution function (EDF) at corre-

sponding streaming parameter £* = ;‘70 2 0.1 should result
in increase of the number of electrons (up to 10%) moving

in a velocity space close to and above the critical runaway
velocity [46]

e nelnA (2 + Zegr)
UCcR = . 2
R \/ 4redmeE 2

This velocity is determined by the balancing between the
electron acceleration in external electric fields (Ep) and the
dissipative drag, i.e. when electrons achieve v. > Ucgr, they
become runaway. Corresponding critical threshold in kinetic
energy for runaway process is

e3nelnA (2 + Zeff)

Wer = = .
R 2 8me2E, )

This threshold is only a parameter, which is valid for char-
acterization of both main mechanisms responsible for RE
generation in stationary discharges—primary (Dreicer) and
secondary avalanching [17-19]. In COMPASS, TCV and
JET the critical energy (Wcr) varied between ~10-40keV
and ~100-120keV depending on electric fields and other
plasma parameters. In terms of electric fields one can form-
ulate that the runaway generation will develop if applied
electric field Ey will exceed a certain critical value (Ecg)
determined by the balancing between energy gain and dis-
sipation. For electron populations with thermal velocities
vr, = \/kT./2m, < ¢ (non-relativistic energies), the run-
away critical field is

ennA (2 4 Zegr)
4regmevy

Ecr = Epr = 4)
This field (Epr) characterizes the primary (Dreicer) runaway
generation process. If Ey > Epg all plasma thermal electrons
will runaway. For typical plasma parameters in tokamaks with
EDF close to Maxwell distribution Ey < Epg, so that only an
exponentially small population of the electrons from the tail
of EDF will experience collisionless acceleration with genera-

tion rate [47]:
Zegr + 1
s .

)

Here v, is collision frequency and € = Ey/Epg. Primary rate
is strongly depending on plasma density and temperature (7).
Large asymmetry of EDF provides an additional electron flux
into runaway regimes.

The RE generation dynamics on the basis of measured
plasma parameters for all experiments was modelled using an
equation for the radially averaged RE density (ngg) evolution

3(Z€ff+l) .
AR = C(Zefr) - NeVeeE ™~ 16 - €XP (— —
€

NRE NRE

d
IRE I

dr fo ©

Tconf

A perfect RE confinement is assumed, i.e. infinite runaway
electron confinement time: T¢onr = 00, because, during the
times of interest in these experiments an attainable maximum
of RE kinetic energy is much higher than in fact possible RE
energy increase. Since the RE generation occurs on steady
state of low-density discharges in all tokamaks, the domi-
nating source of RE is the Dreicer mechanism. In fact, during
transient processes, like disruptions, which are resulting in
fast plasma cooling the hot tail generation could be the domi-
nating mechanism to generate seed RE [21-23, 48]. In our
studies the primary generation provides the seed RE popula-
tion (the first term in equation (6)) for further possible devel-
opment of runaway process due to avalanching of secondary
RE [17-19].

The evolution of RE density due to secondary avalanching
is characterized by the second term in equation (6), where f
is characteristic avalanching time. Corresponding growth rate
of secondary avalanching is yay = 1/#. The avalanching time
was proposed on the basis of the analysis of the integral of
close collisions [18] in the following form:

_ V12InA mec (2 + Zegr)
- 9eE0 '

(N

fo

This parameter is inferred in assumption that there are seed
RE with high energies (>1 MeV) and accelerating electric
field is much higher than critical one (tens V m~ ), as it usu-
ally observed during disruptions [18, 49, 50]. In more general
case, the parameter 7y depends not only on Ej, but also on
the critical field determined by drag force acting on relativ-
istic electrons. The critical field for relativistic electrons was

3
. . . _ _e’nglnA
derived in [47] as: Eg = dmedmec

5. It was shown that relativistic
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Figure 11. Chart (a)—evolutions of plasma parameters in RE generating discharge in COMPASS; chart (b)—examples of electron
temperature and density profiles measured by Thomson scattering diagnostics during RE generating stage.

effects as well as effect of plasma impurity ions (Zeg >1)
significantly modify the dynamics of runaway process. The
critical field derived in [47] subsequently was proposed as
a threshold field (Ecr avy) for avalanching process [19, 24,
48], etc, so that Ecg av = Eg. Ina majority of recent studies
the avalanching time f, is calculated using the interpolation
formula [19]

dredmicd 3 a—1 Am - (Zegr + 1)
= T [ (245 + .
0= Fnefa—1) | mp B ) J o« T Zmr @t &)
(8)
Here, o = (1+ 146 \/r/Ry +1.72-r/Ry) >, @ = Eo/Ecr_av-

This formula (8) was derived on the basis of analytical solu-
tion of the bounce-averaged relativistic Fokker-Planck equa-
tion in different limits [19, 48]: for Ey > Er when pitch-angle
scattering is neglected and when pitch-angle scattering is
dominant; and near critical field (Ey > ER).

In fact, the growth rates calculated according to both
formulas, (7) and (8) [18, 19] at the presence of relativistic
RE and very large electric fields (Ey > Ecr av) that usu-
ally measured during disruptions are very close. Numerical
evaluation of RE generation at disruptions in frames of both
approaches confirmed their validity yielding the values of RE
currents in adequate agreement to the experimental ones [10,
11]. In opposite case, the RE growth rate should vanish if
Ey < Ecr av, and, therefore, below Ecg av (or ER) no run-
away gene}ation will occur ([34] and references cited therein).
However, in experiments the condition Ey > Ecr av, Which
is considered to be sufficient for generation/avalanching of
RE [34], does not signify that these processes should inevi-
tably occur. Low-density stationary discharges in COMPASS,
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Figure 12. Critical electric fields for different critical energies in
RE generating discharges in tokamaks: data of several discharges
from COMPASS and TCV and one JET pulse is presented.

TCV and JET [35] are characterized by enhanced generation
of primary RE at very low critical energies. Critical field for
this process is significantly higher than Eg. In particular, for
energies, which are substantially lower than relativistic case
(which is ~mc?), the drag force acting on accelerated elec-
trons is significantly higher than for relativistic RE and corre-
sponding critical field is

%
%~ 1
One can see that the critical field will be much higher

than asymptotic relativistic value (Egr) at critical energies
Yo =~ 1.05—1.1 (Wcr is of the order of tens keV). The data on

e nelnA (2 + Zer)
dedmec?

&)

Ecr =
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Figure 13. MGI into RE generating discharges in COMPASS: chart (a)—scenario for slow dissipation of RE beams using Ar injection;
chart (b)—summary on dissipative effect of Ar injection on RE populations.

critical fields inferred from the parameters of runaway genera-
tion dynamics in COMPASS, TCV and JET [35] discharges
fits well to this dependence (figure 12).

4.2. MGls into stationary RE beams in tokamaks

Close distance collisions are less frequent than usual long-
distance Coulomb collisions by a factor 8 * InA, here InA is
the Coulomb logarithm. Therefore, at very low background
electron densities the frequency of close distance collisions
does not enable the avalanching despite the presence of high
energy RE: vay < 1 according to formula (8). Condition for
avalanching requires the presence of both, substantially higher
plasma densities and seed RE electrons with very high ener-
gies. In [49] the RE avalanching dynamics was studied using
numerical modelling depending on background plasma den-
sity. The increasing trend in avalanching of secondary RE
with the increase of plasma density was demonstrated.

The RE avalanching has been examined in RE experiments
on TEXTOR [50, 51]. Ne puffs into discharges with small RE
fractions were used to study the control of runaway process
by changing Z.. In [50] authors reported that variation of Z.¢
was 1.5 < Zer < 2. In [51] authors claimed that the increase
of Z.g was varied in limits 0.7 + 0.2 < AZs < 4 + 1. After
the Ne puff the signals of HXR, electron cyclotron emission
(ECE), photo-neutrons and data from infrared (IR) diagnostic
indicated significant changes of RE parameters, which have
been linked to onset of avalanching. However, the changes in
neither Z.¢ nor plasma density did not result in generation of
significant populations of secondary RE due to insignificant
change of the avalanching growth rate yav ~ 1 [51].

Recent experiments with massive injections of Ne and
Ar into stationary discharges with large RE populations
have been carried out in COMPASS and TCYV in order to
mock-up the RE suppression experiments carried out in
JET-ILW [12, 13]. In JET the first injection of Ar/Ne from
DMV was used as usual trigger for disruptions with RE
generation and MGI from the second DMV was applied
during RE plateaux to study the dissipative effects of

1
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Figure 14. Scenario for study of interaction of RE populations with
MGI of different impure gases into RE generating discharges in
TCV.

impure gases on runaways [12, 13, 33]. Impurity injections
into RE dominating discharges in TCV and COMPASS
had purpose to investigate an interaction of RE beams with
large quantities of injected impure gases and to distinguish
dissipative effects.

The first massive injections of Ar in discharges with RE
populations in COMPASS allowed establishing the regimes
with relatively slow termination of the currents with RE frac-
tions (figure 13(a)). Plasma current time derivative in these
discharges (d/,/df) has been used as a parameter for assess-
ment of dissipative effect of Ar injections. This parameter has
been varied between 1 and 10 MA - s~! and increased with the
increase of injected Ar quantity (figure 13(b)).

A study of RE dynamics depending on amount and type
of injected gas was carried out in TCV using injections of Ne
and Ar into stationary stage of RE discharges (figure 14). In
was found that impurity with higher Z (for example, Ar in
comparison to Ne) resulted in faster RE current termination
indicating stronger dissipative effect on runaways. Similarly
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to COMPASS, the increase of injected Ar quantity has dem-
onstrated more efficient RE current dissipation.

In experiments on interaction of RE populations with Ar/
Ne injected in TCV a new evolution of RE stationary dis-
charges without slow termination and disruptions has been
discovered. Subsequent analysis of the measured plasma
parameters suggests the link of observed phenomena to the
process of secondary RE avalanching in TCV. A new data on
the avalanching of secondary RE was collected and studied.

Figure 15 (chart (a)) presents temporal evolutions of the
main plasma parameters in TCV pulse #52716, which entered
into RE generation regime following the programmed plasma
density ramp-down. Plasma density decrease from ¢ ~ 0.35s
to t = 0.45s, subsequent decrease of (Viep) from ~0.85 V
to ~0.56 V and appearance of HXR (PMTX) signal are appro-
priate indications of RE generation (this stage is marked by
light blue colour). Quantification of RE generation process
has been carried out in 0D-model (radially averaged) using
the same approach as in [11, 20]. The measurements of elec-
tron temperature and density using Thomson scattering diag-
nostic (Te(r), ne(r), see figure 15, chart (b)) and the measured
macroscopic plasma parameters Vioop, 7 and I have been
numerically processed to benchmark the conformity of all
experimental data. For this the equation for plasma electro-
conductivity with inclusion of RE generation was solved self-
consistently by iterations using Zg as iterative parameter [20].

The Dreicer generation is the main source for RE in the
first several hundreds milliseconds of the stationary low-den-
sity discharges in TCV. Numerically processed experimental
data has been used to calculate the primary (Dreicer) genera-
tion till to t = 0.45s (figure 15, left chart). It is found that RE
with average density up to 7igg < (5-6) - 10" m~3 could be
generated. This density corresponds to the average RE cur-
rent density ~250 kA m~2, so that, the RE component in a

12

total plasma current does not exceed ~40-50 kA. The critical
runaway energy in this stage was ~50keV. Using the meas-
ured loop voltage and taking into account that electric field in
the plasma centre is lower (7, (0) =~ 700eV) one can assess the
maximum energy of RE, which reaches up to <1-1.5 MeV.
This result is supported by measurement of very small HXR
(PMTX) signal. Calculated from the measured plasma param-
eters an avalanching growth of the secondary RE during this
stage was absent or negligibly small (yay < 1) due to the low
density and frequency of close distance collisions.

Massive Ne injection at # = 0.47 s significantly changed the
evolution of plasma and RE parameters. However, neither dis-
charge disruption, nor slow discharge termination due to fast
plasma cooling has been occurred. Plasma density increased
up to ~(5-6) - 10'¥ m~3 during less than 10 ms. During the same
time, the almost complete thermal collapse occurred resulting
in decrease of electron temperature from T, ~ 300eV to
T. < 50eV. Simultaneously to density increase and T, col-
lapse a large increase of stationary HXR emission (PMTX
signal) was measured (figure 15). Together with the increase
of stationary HXR emission (PMTX signal) the intense HXR
bursts were measured during whole remaining discharge
stage. Their magnitude reached up to ~10 times higher values
than stationary signal level.

During T, collapse the fast increase of Vigop up to 1.2V
was measured. Soon after observed increase (in ~ 10-15ms),
Vioop decreased to the value even lower than pre-injection one:
(Vioop_fittered) = 0.25 V despite the high plasma resistance.
Time resolved analysis of the plasma and RE parameters
on this stage has shown that electric field in plasma during
transition could reach more than 10 times higher value in
comparison to that measured on plasma surface. Therefore,
a combination of such significant increases of plasma den-
sity and Ej resulted in corresponding increase of avalanching
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Figure 16. Termination of TCV discharge #52716: HXR signal is
saturated due to intense HXR emission burst following the loss of
RE population.

growth rate. For certain time interval the avalanche growth
rate was even higher than 100, thus providing the generation
of large RE population. The duration of discharge transition
into low voltage phase (~10ms), the ranges of T, decrease
and density increase, and the presence of already generated
primary RE rule out possible significant contribution to RE
generation due to hot-tail mechanism [22, 23, 48].

After the transition, the Vioop signal quickly decreased indi-
cating the self-limiting of avalanching process. Evaluation of
the RE density dynamics (equation (6)) with calculated ava-
lanching growth rate demonstrated that after transition RE
could carry up to 150 kA in a total plasma current in this dis-
charge. This value corresponds to the average RE current den-
sity ~800 kA m~2. The RE current fraction corresponding to
calculated RE density is consistent with the results of assess-
ment of the RE current fraction from the analysis of the meas-
ured loop voltage evolution: op(#)Eo(f) = jou(t) — jre(?),
where Ey = Viop/2mRy and oy (1) is a plasma conductivity.

This discharge lasted till to = 1.581s when it was ter-
minated by disruptive-like event following the negative
loop voltage spike. During this termination an intense burst
of HXR emission was detected. In the same time a loss of
approximately of one half of the total plasma current was
measured (figure 16). A loss of the remaining current fraction
after r = 1.584s did not indicate any evidence (HXR, etc) of
the presence of any energetic electron population in residual
current. Analysis of plasma parameters during decay stage of
#52716 yielded slightly lower RE current fraction (/gg ~ 90—
100 kA). Therefore, despite the uncertainties caused by
measurements, numerical data processing and limitations of
0D-model, the values of RE current calculated in stationary
discharge are in acceptable conformity to the value of RE
fraction deduced from the measured experimental parameters
during discharge termination.
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4.3. Analysis of instability events in RE dominating
discharges in TCV

The relaxation events and RE losses were detected from the
time of discharge transition into low-voltage phase in many
TCV pulses (for example, #52711, #52712, #52716, etc).
In particular, from this time the abrupt intense bursts of HXR
coinciding with characteristic positive/negative spikes in Vigop
signal and small decrease step-like relaxations in the plasma
current signal I, etc were measured (figure 15). Detected
relaxations in TCV are very similar to those observed in dis-
charges with large populations of RE in early tokamak experi-
ments [52, 53] and in recent studies [16, 20, 54, 55].

Usually relaxation processes in plasmas with large RE
populations are addressed to the excitation of kinetic insta-
bility, which is driven by RE due to anomalous Doppler effect
[56, 57]. These studies investigated a stability of non-rela-
tivistic RE distributions relatively to the anomalous Doppler
resonance considering different threshold conditions for
this kinetic instability. The instability threshold proposed in
[56]: Upeam > 3Ucr - (ch/("-}pe)?’/2
of instability parameters for non-relativistic or, sometimes,
weakly relativistic RE distributions in medium and small
tokamaks during last couple decades [16, 20, 54, 55]. Analysis
of many RE discharges with instability events revealed a sat-
isfactory agreement of their parameters to this threshold [20,
54, 55].

The critical runaway energy in the low-density TCV
discharges before the transition was ~50keV. Though the
critical runaway velocity reached mildly relativistic values
after the transition, nevertheless, events related to the insta-
bility were observed. According to [57] the instability should
occur at higher RE beam velocities than predicted in [56],
thus appearing to be out of frames of non-relativistic model.
Therefore, the model for kinetic RE instability should include
the relativistic effects.

Significant efforts have been done recently in the develop-
ment of modelling tools for study of RE beam stability with
inclusion of relativistic effects in a view of importance of RE
generation problem in ITER [58]. In particular, the kinetic
instability thresholds for different RE energies calculated
using the numerical tool developed in [58] fit well to empiri-
cally determined criterion for the RE driven instability in dif-
ferent tokamaks [53]. This quite simple condition expressed
in terms of averaged plasma parameters jrg/ (1.4 -ne)> 1,
where jrg—in MA m~2 and ne—in 10'” m~3 has been used to
examine the parameters of RE dominating discharge #52716
in TCV. Two data points have been analysed—before Ne
injection and after, when discharge #52716 entered into low-
voltage phase. One can see, that data point corresponding to
the stage before MGI (7 < 0.45s) with calculated average RE
current density ~0.25 MA m~? and measured average plasma
density ~(2-2.5) - 10'® m~3 is located well below the empir-
ical criterion and modelled instability thresholds (see figure 4

is often applied in analysis
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in [58]). Meanwhile, after transition the evaluated RE current
density becomes ( jrg) ~ 0.8 MA m~2. And even at observed
increase of plasma density till to ~5 - 10'® m~3 this point sat-
isfies well to the criterion when instability occurs. In [58] it
was confirmed that in experiments of [52, 53] the magnetized
plasma wave was the main unstable mode.

The analysis of discharge #52716 in TCV has demon-
strated the conformity of plasma parameters in this RE domi-
nating discharge to the threshold parameters for the kinetic
instability driven by RE given in [56-58]. Moreover, these
parameters satisfy to conditions of empirical threshold for
RE instability. However, the question about the most unstable
mode for observed instability in TCV is still open, since the
instability has been detected in sufficiently wide range of
parameters: 10eV < 7, < 60eV and n, < (4-6) - 10" m3,
that substantially complicates the mode identification [56-58].

A detailed analysis of the data on kinetic instability driven
by RE obtained in recent experiments in the TCV tokamak
will be a subject of future separate study to provide more
information on parameters of instability for numerical simula-
tions and to clarify possible processes capable to destabilize
the disruption generated RE beams in tokamaks.

5. Summary

(1) The first series of experiments on RE, disruption gener-
ated and in stationary discharges, have been carried out
in small and medium-sized tokamaks—COMPASS, TCV
and ASDEX-Upgrade, in support to RE studies in the
large tokamak—JET with ITER-like wall. The most reli-
able disruption scenarios with RE generation have been
designed for future RE experiments.

(2) Disruption scenario for deuterium, hydrogen and helium
plasmas in ASDEX-Upgrade has demonstrated the pos-
sibility to generate RE plateaux with currents up to 0.4
MA, duration up to 0.4s and RE energies up to 10 MeV
that is comparable to RE parameters in JET disruptions.
Disruption scenario with MGI of Ar in COMPASS
resulted in RE current plateaux with values up to 60 kA
and duration up to 20ms. These scenarios are foreseen
for future studies of the dissipative effects of MGI on RE
beams to provide the experimental data supporting the
advances in the physics of runaways and the development
of disruption mitigation system in ITER.

(3) New data on RE generated during disruptions in
COMPASS and ASDEX-Upgrade was collected and
added to the JET database. These results from small
and medium-sized tokamaks have demonstrated their
conformity to the RE data obtained in JET. It was also
shown, that tokamaks with bigger geometrical sizes pro-
vide the wider limits for spatial and temporal variation of
plasma parameters during disruptions, thus extending the
parameter space for RE generation.

(4) Generation of RE beams with the measured currents
about of tens/hundreds kA at magnetic fields By = 1-1.2
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T in JET-ILW and COMPASS evidently indicates about
the absence of the so-called ‘threshold’ for RE generation
on toroidal magnetic field value.

(5) Parameters of RE generation in stationary discharges
including runaway critical fields and energies have been
evaluated for JET, COMPASS and TCV. In all low-density
stationary discharges the primary (Dreicer) mechanism
was the main source for RE generation according to
theory, since the low frequencies of close distance col-
lisions and low critical runaway energies constrained the
avalanching growth of secondary RE.

(6) The evaluation of runaway critical electric field for
stationary low density discharges in JET, TCV and
COMPASS have demonstrated an expected from the
theory the dependence of critical field on electron ener-
gies in sub-relativistic energy range. This critical field
exceeds the relativistic runaway critical field by a factor
of 4-30 in different discharges and devices.

(7) Secondary RE avalanching was identified and quantified
for the first time in the TCV tokamak in RE generating
discharges after massive Ne injection. Simulations of
the primary RE generation and secondary avalanching
dynamics in stationary discharges has demonstrated
that RE current fraction created via avalanching could
achieve up to 70-75% of the total plasma current in TCV.
This result is in adequate accordance to the value of RE
current fraction deduced from the measured parameters
during discharge termination stage.

(8) Relaxations of plasma parameters have been detected in
RE discharges in TCV. These relaxations are reminiscent
the phenomena associated to the kinetic instability driven
by RE. Accomplished analysis of the experimental data
has clarified that observed relaxations should be associ-
ated to the excitation of the kinetic instability driven by
relativistic RE. Macroscopic parameters of RE domi-
nating discharges in TCV before and after onset of the
instability fit well to the empirical instability criterion,
which was established in the early tokamaks and exam-
ined by recent numerical simulations.
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