e, FD EUROPEAN FUSION DEVELOPMENT AGREEMENT
R I", A JET

EFDA-JET-PR(04)76

V.V. Plyusnin, V. Riccardo, R. Jaspers, B. Alper, V.G. Kiptily, J. Mlynar,
S. Popovichev, E. de La Luna, F. Andersson, and JET-EFDA contributors

Study of Runaway Electron Generation
During Major Disruptions in JET.






Study of Runaway Electron Generation
During Major Disruptions in JET.

V.V. Plyusnin®, V. Riccardo?, R. Jaspers®, B. Alper?, V.G. Kiptily?, J. Mlynar®,
S. Popovichevz, E. deLaLluna’, F. Andersson®, and JET-EFDA contributors*

! Association Euratom-IST, , Centro de Fusao Nuclear, Lisbon, Portugal
Euratom /UKAEA Fusion Associati on, Culham Science Centre, Abingdon, UK
3Association Euratom-FOM, Nieuwegein, The Netherlands
“4Association Euratom - | PP.CR, Prague, Czech Republic
®Association Euratom-Cl EMAT, Madrid, Spain
® VR-Euratom Association, Chalmers University of Technology, Gothenburg, Sweden
* See appendix of J. Pamela et al., Fusion Energy 2004
(Proc. 20th | AEA Conference, Vilamoura, portugal 2004

Preprint of Paper to be submitted for publication in
Nuclear Fusion



“This document is intended for publication in the open literature. It is made available on the
understanding that it may not be further circulated and extracts or references may not be published
prior to publication of the original when applicable, or without the consent of the Publications Officer,
EFDA, Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK.”

“Enquiries about Copyright and reproduction should be addressed to the Publications Officer, EFDA,
Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK.”




ABSTRACT

Extensive analysis of disruptionsin JET has enabled an advance in the understanding of disruption
generated runaway €electrons. Tomographic reconstruction of the soft X-ray emission has made
possible a detailed observation of the magnetic flux geometry evolution during disruptions. With
the aid of soft and hard X-ray diagnostics the runaway electrons have been detected at the very
beginning of disruptions. A study of runaway electron parameters has shown that an approximate
upper bound for the conversion efficiency of pre-disruptive plasma currentsinto runawaysis about
60% over awide range of the plasma currentsin JET. Runaway generation has been simulated with
atest particle model in order to verify the results of experimental data analysis and to obtain the
background for extrapolation of the existing resultsonto larger deviceslike I TER. It wasfound that
close agreement between the modelling results and experimental data could be achieved if in the
calculations the post-disruption plasma el ectron temperature was assumed equal to 10eV and if the
plasma column geometry evolution is taken into account in calculations. The experimental trends
and numerical simulations show that runaway electronsare acritical issuefor ITER and, therefore,
the development of mitigation methods, which suppress runaway generation, is an essential task.

1. INTRODUCTION.

Runaway Electrons (RES) with energiesin the range from several MeV till to several tens of MeV
have been observed during numerous disruptionsin large tokamaks, such as JET [1-3], JT-60U [4,
5], TFTR [6], TORE SUPRA [7]. The interaction of RE beams with Plasma Facing Components
(PFC) resulted in large heat | 0oads, melting and sputtering of the armour material and of the vacuum
chamber itself. In future reactor-scale devices, like ITER [8], localized deposition of several Mega-
Amperes of multi-MeV RE currents onto the first wall will inevitably cause its severe damage. In
order to elaborate efficient methods to minimize the deleterious effects of REs on PFC, a good
understanding of the mechanisms responsible for RE generation and confinement is required both
from atheoretical and an experimental point of view.

The experimental data on disruptions and disruption-generated RES has been collected since the
beginning of JET operations [9]. In many disruptions a very high electron density (ne>1020 m'3),
strong MHD activity or slow current quenches and electron temperatures of about T,~100eV after
the thermal quench [2, 9, 10] were the reasons for absence of noticeable RE generation. However,
asignificant number of disruptions revealed intense RE generation.

In this paper we present recent results of RE studiesin JET, which have been focused mainly on
the disruptions with post-disruption current plateaux created by REs (Igg). Prior to divertor
installation the disruptions with plasma current (Ip) up to 6MA resulted in creation of long-lived
RE plateaux (tp|8¢eau~l sec) with |xe up to 2-2.5MA. Divertor installation resulted in increased
vertical instability of the current-carrying channel, thus substantially decreasing the duration of
measured RE plateaux (tp|ateau < 100ms). Despite this the RE plateaux with Ige up to IMA have
been observed in various magnetic configurationswith different toroidal magnetic fieldsand plasma



currents. Primary (Dreicer) acceleration [11] and secondary avalanching [12-14] aretwo mechanisms
responsible for the creation of RES during disruptions. Both mechanisms have been simulated
using atest particle model in order to reproduce experimental data and to obtain the background for
extrapolation of the existing results onto larger devices, like TER. It wasfound that close agreement
between the modelling results and experimental data could be achieved if the plasma column
geometry evolution istaken into account in calculations.

Theresultsof numerical simulationsand experimental dataanalysis show that disruption generated
REsareacritical issue for ITER. Thus, the development of techniques, which suppress or mitigate
RE generation, is essential in view of ITER operations. Some results on the development of these
techniquesin JET are discussed in this paper.

2. CHARACTERISTICS OF DISRUPTION GENERATED RUNAWAY ELECTRONS.
Spontaneous disruptionsin JET provided extended data on REs generated at the different toroidal
magnetic fields, plasmacurrents, triangul arity and elongations. Intentional disruptionsfor RE studies
have been produced by programmed noble gas puff (neon, argon or helium) in low elongation
limiter configuration to ensure more stable behaviour of the RE beam during and after disruptions.
An example of along-lived RE beam generated at an intentional disruption provoked by neon puff
(PulseNo: 63117, Ige ~ IMA, 1 0, ~100ms) is presented in Fig.1. The highest ratio of the generated
RE current to pre-disruption plasma current (Pulse No: 53790, IRE/Ip = 0.6, argon) is shown in
Fig.2. RE beamsinteracting with cold post-disruption plasmaproduces detectabl e soft X-ray radiation
(E,<<1MeV) [2]. The contour plots of the soft X-ray emission measured by the horizontal set of
detectors[15] (Figs.1 and 2) provided the information on evolution of RE current-carrying channel
in time and space. In the following, this data has been used in numerical modelling of the runaway
process. The sequence of events in disruptions is well known and its detailed phenomenological
description can befound elsewhere [1-6]. Largeresistive electric fields occur at the thermal quench
and cause the primary RE generation. Gaining very high energiesthe primary RES[2,16] inevitably
will serve as a seed population for the secondary avalanche process [2, 11-13]. The interaction
between these two mechanisms has been studied with the aid of numerical modelling carried out
using atest particle model [17]. A set of equations (1)-(3) has been solved with initial conditions
inferred from the experimental data (plasma current, density, etc.) or reasonably assumed plasma
parameters (temperature, Z, etc) [18].
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P, P, P—arethe parallel, perpendicular and total electron momenta normalized to mg,

Pg =1,

y—Iistherelativistic factor,

Bp—isthetoroidal magnetic field,

Rp—isthe plasmamajor radius,

Nge — iSthe density of runaway electrons,

Epg = €INANZ /47 T~ is the Dreicer field,

Ecr = Epr (Tdmec?),

e = E/Epg.
Thedynamicsof REs, which experience acceleration in the electric field (thefirst term on the right-
hand side of Egs.(1)-(2)), collisions with the plasma particles (the second term) and the sum of
synchrotron radiation |osses due to guiding centre motion and el ectron gyro-motion (the third term),
has been simulated. Inclusion of the avalanching term into the equation for the RE density evolution
(Eq.(3)) madeit possibleto clarify therole of the avalanching process at the early stage of disruption.
The evolution of eectric field in the plasma has been modelled taking into account that RE current
substitutesthe plasmaresistive current and the plasma current decays exponential ly during disruption
with characteristic e-folding time t,=I,* (dI p/dt)"lzL o/Rpinferred form the experimental data. For
simplicity, it was assumed that REs are perfectly confined (tgg — o). Modelling provided close
agreement between evolutions of the measured plasma current in disruption Pulse No: 63117 and
total calculated current, which consists of two fractions: RE current (I xg) and exponentially decaying
plasma current (Fig.3(a)). Numerical simulations also show that the secondary avalanching process
causes the most of the disruption generated REs (Fig.3(b)). Depending on the initial conditions the
RE current densities being inferred from cal culated nge can achieve values up to jre = 1M Alm? with
themaximal energy of relativistic el ectrons determined from cal cul ated y. Results of these smplified
simulations agree well with detailed numerical modelling performed either by Monte Carlo
simulation of the drift kinetic equation for relativistic electrons in toroidal geometry using the
ARENA code or by solving a nonlinear system of equations for the runaway density that exploits
earlier, analytical results on runaway production [19, 20].



Usually REs are detected when they produce the hard X-rays (EY > 1MeV) and photo-neutron
emission (EY >>1MeV). Quasi-stationary plateaux and intense bursts of hard X-ray emission show
that an appreciable number of REs have energy well above 1MeV. The neutron emission rate has
been determined using three 235y fission chambers [21]. Photo-neutron emission observed during
disruptionsisthe direct evidence that RE energies can be as high as 11MeV, if neutrons are caused
by Fe(y,n)-reaction, or even higher than 19MeV, if they are the result of 12C(y,n)-reaction. Using
these threshold values the properties of RES have been examined in experimental dataanalysisand
numerical modelling. In particular, two RE populations have been distinguished in disruptions:
small population of very energetic REsand large RE fraction with relatively low energy. According
to numerous studies[2-4,12-14] the distribution function of the primary REsis expected to be close
to mono-energetic with very high average kinetic energy, whilethe secondary avalanche mechanism
results in the nearly exponential RE distribution function at substantially lower energy. Large RE
population created in Pulse No: 53790 resulted in a fast decay of the electric field due to current
substitution effect. The efficiency of the Dreicer mechanism is decreased, but REs are still created
due to secondary avalanching mechanism, which provide the lower energy of REs. The photo-
neutron emission during Pulse No: 53790 (Fig.2) is till negligibly small at the large RE plateau
and intense hard X-rays radiation. High bursts of the photo-neutron emission (> 410t counts/s)
have been observed only when some current filaments obviously containing high-energy REs
(Wge>10MeV) interacted with PFC. Unlike Pulse No: 53790, steady-state photo-neutron emission
(~2-1014 counts/s) in Pulse No: 63117 indicated that substantially larger fraction of high-energy
REs is present during smaller current plateau. Thus, the larger population of high energy RES is
caused by less current substitution effect. These two experimental cases have been analysed using
numerical simulations. The evolution of thetest runaway €l ectron in amomentum space and temporal
evolution of RE density have been modelled assuming that the cross-section of RE beam might have
different size during current quench phase. Calculated trgjectories of accelerated test electron in
momentum space and evolution of RE density for two cross-sections of RE beam (8yc112 = 28yem1)
arepresented in Figs.4(a) and 4(b). Increase of RE current (asaresult of larger beam cross-section)
at other equal initial plasmaand runaway generation parameters decreasesthe maximal RE densities
and energies. Note, that close correspondence of the modelled and measured currents in Fig.3(a)
has been obtained with taking into account the evolution of the beam cross-section.

3.EVOLUTION OF MAGNETIC CONFIGURATION DURING DISRUPTIONS.

Modelling of runaway process during thethermal quenches[16, 22] showsthat dueto the continuous
character of the el ectron accel eration, significant RE populations should already exist at the beginning
of current quench stage. On the other hand, RES are sensitive to magnetic fluctuations, which
decrease the characteristic life-time of the runaways: TRE:a2/5.8Dr, where D, = anOc(br/Bo)2 is
the coefficient of the radial diffusion caused by the presence of magnetic field perturbations with
the magnitude b,. Very large magnetic perturbations |ead to the enhanced | osses of fast particlesand
limit the energy and total amount of REs [2]. Hard X-ray bursts during the negative loop voltage



spikes show that substantial populations of REs with energiesin the MeV-energy range have been
created in the early stages of a disruption and survived to the current quench phase. The strong
dependence of the runaway process on the magnetic turbulencelevel makesimpossiblethe prediction
of the RE parameters evolution within the frame of atest particle model. To simulate the evolution
of the RE parameters at this stage of disruptions it is necessary to take into account the strong
influence of the magnetic configuration evolution on REs confinement, which constitutes a separate
very complicated task [23].

The soft X-ray measurements, despite their qualitative character, have provided important
information about the evolution of the magnetic field structure during disruptions [24,25].
Tomographic reconstruction of the soft X-ray emission [26] in theimmediate proximity and during
the negative voltage spikes allowed observation of strong re-arrangement of the magnetic
configuration. This analysis has been performed taking into account that the energy isotropisation
along the magnetic field lines is still considerably faster than the evolution of the MHD modes
[24,25,27,28]. Therefore, the assumption that the soft X-ray emission is constant on a magnetic
flux surface remainsvalid throughout this stage. The soft X-ray diagnostics[14], used here, consists
of two soft X-ray cameras, one vertical and one horizontal. The vertical pinhole cameraislocated
at the top of the vessel with a multi-channel photodiode array that provides 35 viewing lines. The
horizontal cameraislocated at thelow field side and has 17 separate photodiode channels. Beryllium
foil windowsand depth of photodiode sensitive layer enabled the detection of the soft X-ray emission
in the energy range 2 keV < EYS 10keV. A constrained optimization method on arectangular grid
with adistance between the grid points of 7.5cmwas applied [26]. The set of equationsrel ating soft
X-ray emissivity in grid points to detected line integrals is heavily underdetermined, besides
tomographicinversion being ill-conditioned by nature. Themain constraint for physically acceptable
solutionsisthe smoothness of the reconstructed emission image. In the JET tomographic inversion
algorithm, the smoothness of soft X-ray emission is expected to be an order of magnitude higher
along flux surfaces than along the plasma profile. The smoothing level is then set in an iterative
process so that the reconstructed soft X-ray emission provides line integrals that fit best within the
given data error-bars.

Figure 5 presents the evolution of the magnetic configuration in disruption Pulse No: 53790 as
a sequence of soft X-ray tomographic images. They provide a detailed view of the disruption
reconnection event with expulsion of the plasma core and subsequent formation of nested magnetic
surfacesin the plasmacore on atime scale of hundreds of microseconds. Therefore, initial confining
conditions for existing population of super-thermal or low energy runaway €electrons are created
very soon after magnetic flux reconnections. As the runaway electrons gain more energy at the
current gquench, the soft X-ray bursts become a consequence of the interaction of the runaway beam
with heavy impurity atoms[2] whenit hitsthe surrounding surfaces of the device. A clear coincidence
between the bursts of hard X-rays and neutron emissions and the appearance of the soft X-rays
bursts when the runaway beam hits the wall has been observed.



4. EXPERIMENTAL SUMMARY AND DISCUSSION ON THE METHODS FOR

AVOIDANCE OF RUNAWAY ELECTRONS.

In this chapter we summarize the experimental data obtained before and after divertor installation
and analyse the trends of disruption-generated REs. A fairly linear dependence of the RE current
plateaux on plasmacurrent derivatives and pre-disruptive plasmacurrents allows the establishment
of an approximate upper bound for the conversion efficiency of pre-disruptive plasmacurrentsinto
runaways of about 60% over awiderange of the plasmacurrentsin JET (Fig.6(a,b)). Plasmacurrent
decay times or JET disruptions are concentrated in a range between 10ms and 20ms over a wide
variation of the pre-disruption plasma currents. Analysis of this data yields the values of post-
disruption electron temperature T, = 10-15eV at given plasmainductance Ly =4.510"°H [2]. With
these T, valuesthe numerical modelling predictsaRE current conversion ratesimilar to that observed
in experiments. Detailed numerical simulations[19,20] show that the current conversion efficiency
inl TER could reach 60% leading to the generation of RE currentsof about 10 MA with significantly
better confinement of runaways. The RE plateaux current observed in JET has a non-linear
dependence on B, (Fig.7) above a certain threshold in toroidal magnetic field (B;=2T) [2,3]. In
fact, adoubling of thetoroidal magnetic field resulted in anincrease of the photo-neutron production
by two orders of magnitude [3].

Summary trends of the data on REs observed at disruptions prior and after divertor installation
and the results of numerical modelling suggest that in disruptions, which might occur at the ITER
nominal Q=10 parameters([29]: I,=15MA, ne:1020 m'3, MHD safety factor g5 =3) the generated
runaway current could reach 10MA in the MeV energy range. Such intense RE beams inevitably
will damage the device. To avoid these del eterious effects, the methods for RE suppression using
intense puff of noble gases and auxiliary RF plasma heating have been studied. Different noble
gases used for disruption initiations have different effects on the evolution of the disruption aswell
as on the RE generation. Disruptions provoked by puffs of argon or neon usually lead to avery fast
thermal quench and often to intense RE generation. Unlike argon and neon, the use of helium has
shown the absence of REs[30] due to very fast increase of the plasmadensity and smaller plasma
current derivatives. However, longer current quench stage leads to large electromagnetic forces.
Therefore, it remains essential to search the effective procedures to simultaneously suppress RE
generation, mitigate large el ectromagnetic forces and heat |oads during disruptions. Another approach
to avoid RE generation during disruptionsisto use auxiliary plasmaheating to decrease highresistive
electric fields and plasma current derivatives. In the general case, additional plasmaheating can be
used for amelioration of disruptions, when degradation of plasma parameters will be compensated
by additiona radio-frequency plasma heating. Electron Cyclotron Heating (ECH) in T-10 experiments
[24] has demonstrated very promising results on the possibility to avoid (ameliorate) or to postpone
disruption events. FTU experiments|[31] having the purpose to suppress RE generation usng ECH aso
revealed the possibility to ameliorate the disruptionsthemsel ves. Severa pulsesin JET havebeen carried
out with the purpose to suppress RE generation using Low Hybrid Waves. However, these attempts did
not reved any effect due to poor coupling and low heating power density in the plasma core in JET.



CONCLUSIONS

1. Soft X-ray emission tomography has allowed the observation of the magnetic configuration
evolution during adisruption. After fast expulsion of the hot plasma core, subsequent formation
of confining magnetic structures and creation of a narrow current carrying channel has been
observed. Such a configuration provided the confinement of existing runaway electrons.

2. A significant amount of primary RES with energies up to 2 MeV can be generated in the early
stages of a JET disruption. These energetic electrons are observed when the strong magnetic
perturbations cause the release of RES onto the plasma facing components in JET and hence
theappearance of hard X-rays.

3. Two populationsof runaway electrons have been found during runaway current plateaux. Small
high-energy RE population have existed for along time providing the creation of the secondary
runaway electronswith significantly lower energy. Release of high-energy RE population onto
walls resulted in appearance of intense neutron emission (up to 10% counts per second).

4. With the increase of sizes, magnetic field and currents in tokamak experiments the disruption
generated runaway currents might be up to 60% of the pre-disruptive currents. At ITER nominal
parameters the estimated runaway currents can reach 10MA in the MeV-energy range. At these
parameters runaway e ectrons will inevitably cause severe damage of the device if they are localy
deposited onto the componentsof thefirst wall. JET experiments have shown that avoiding of runaway
€lectron generation during disruptions can be achieved with the use of massive helium puff.
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Figure 1: Runaway electronsin Pulse No: 63117 provoked
by neon puff. Plasma current (1), photo-neutron emission
(Neutrons), Hard X-ray (HXR) and loop voltage (V)
signals are compared to contour plot of the soft X-ray
emission measured by horizontal set of detectors. Intensity
of the soft X-ray emission is presented in arbitrary units.

Figure 2: Disruption generated runaway electrons in
Pulse No: 53790 (argon puff). Contour plot of the soft X-
ray emission measured by horizontal set of detectorsis
compared to the evolution of plasma current (1), photo-
neutron emission (Neutrons), Hard X-ray (HXR) and loop
voltage (V)q0p) Signals. Intensity of the soft X-ray emission
is presented in arbitrary units.
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Figure 6: Trends in the creation of RE currents during major disruptions in JET. RE current
plateaux vs. the plasma current time derivatives (a) and the pre-disruptive plasma currents (b).
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Figure 7: RE plateau values vs. toroidal magnetic fieldsin JET.
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