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Abstract. ITER mitigated CQ scenarios were simulated with DINA-DS code updated by the semi-analytical 

model of RE kinetics. Dominant RE loss mechanism for fast VDEs forced by the large impurity content was 

supposed to be due to the scrapping of the plasma while moving against the wall. The significant, up to the 

150MJ for disruption in 15MA reference ITER scenario, conversion of the plasma magnetic energy to the RE 

kinetic energy was demonstrated. Secondary impurity injection into RE plateau was found to be weakly effective 

for suppression of the RE beam. Secondary injection accelerates VDE thus increasing induced electric field and 

provides significant regeneration of the RE population. Then the total RE kinetic energy deposited to the wall can 

be of the one order of magnitude higher than the instant RE kinetic energy content. 

 

1. Introduction 

A substantial fraction of the plasma current can be converted into runaway electrons (REs) in 

ITER disruptions [1]. Due to their high energy, the relativistic electrons, when being lost, can 

cause severe damage to the first wall. Then, characterization of the RE spectrum, their kinetic 

energy deposited to the wall, size and position of wetted area are of great concern for ITER. 

The kinetic energy of a runaway beam is expected to be much smaller than the magnetic one, 

Wk/Wm~5-10%, depending on the amplitude of the RE current and on the particular form of 

the RE distribution function. However, the loss of current carrying energetic electrons to the 

wall will lead to the rise of the loop voltage sustaining the plasma current and, as a result, to 

generation of new or acceleration of existing REs. Thus, some fraction of the initial magnetic 

energy of the RE beam can be transformed to kinetic energy. A series of papers [2-5] predict 

significant, up to ~ 100%, conversion of the RE magnetic energy into kinetic energy during 

the termination of the RE current plateau stage of a disruption, i.e. when most of the RE losses 

occur. In [2,3], such a termination is associated with scraping off the plasma while it is 

moving against the first wall during a VDE. In [4,5], the origin of the RE loss was not 

specified, while an effective loss time, τdiff, was introduced instead. According to [5], the RE 

kinetic energy deposited to the wall roughly scales as ΔWk≈Wmτdiff/(τres+τdiff) if only 

acceleration (no regeneration) of RE is taken into account. In this estimation, τres is the Ohmic 

current decay time. Then, the conversion is larger when the RE loss is slower. 

In the preceding studies [2-5], the RE distribution function was taken in the form of a 

narrow beam with an exponential spectrum [6]. Then, the RE kinetic energy gain during the 

termination phase was estimated as dWk /dt = Ir(E-Ec), where Ir*Ec is the power necessary to 

sustain the RE current and Ec is the minimum electric field below which the formation of REs 
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is not possible. Recent analysis of the RE distribution function at an electric field slightly 

above Ec [7] has shown that the combined effect of enhanced scattering of relativistic 

electrons on impurities with high Z and synchrotron radiation resulted in widening the 

distribution in velocity space and changing the energy spectrum. Then, the RE kinetic energy 

content as well as it’s increment due to conversion of magnetic energy are different from 

estimated in accordance with [6]. 

 In the present report, for the assessment of the RE energy dissipation, we append a 

disruption simulator [8] based on the DINA code with a new RE kinetic model. This model 

combines solutions to the RE kinetic equation for E~Ec and E>>Ec according to [7] and [6], 

respectively. In addition, it accurately reproduces the linear dependence of the RE current 

decay on the high-Z impurity density found in Monte-Carlo simulations, dIre/dt≈8nAr
20

MA/s 

[9]. As now we deal with the full RE distribution function instead of just the RE current 

density, the direct evaluation of the RE kinetic energy lost to the wall due to plasma scraping 

off at the final stage of a VDE is possible. In the case of a VDE termination of the RE plateau 

phase, the RE loss rate is determined by the plasma vertical velocity and by the RE radial 

profile. In contrast to the simplified modeling of [2,3], in our simulations, the vertical plasma 

motion is calculated self-consistently taking into account development of halo currents and 

allowing for realistic parameters of the conducting structures surrounding the plasma.  

 Main attention in our analyses was addressed to the mitigated disruption scenarios. 

Due to high thermal energy content of the reference ITER 15 MA plasma, mitigation of 

thermal loads on the plasma facing components during thermal quench by means of massive 

impurity injection seems to be mandatory for safety operation and machine protection. Then 

the following current quench (CQ) stage of disruption can be accompanied by the fast VDE, 

when RE losses due to scrapping off the plasma while moving against the first wall should be 

the dominant RE loss mechanism. In such a case the development of MHD instabilities during 

short CQ as studied in [10] can provide the base for an estimations for the value of the 

associated anomalous RE loss (or for central plasma region, rather radial diffusion) time 

τdiff(ρ), but can’t change magnetic energy conversion and RE losses significantly.  

 

2. Simplified kinetic model for relativistic electrons 

Semi-analytical kinetic model for RE distribution function combines theoretical results 

obtained in [6,7]. Following to [6], in a uniform magnetic field B and constant electric field E 

along the magnetic field lines the RE distribution function F satisfies the relativistic Fokker-

Planck equation  
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is the normalized time of synchrotron losses. In fully ionized plasmas Z is 

the ion charge, whereas in cold post-disruption plasmas with impurities, Z should be adjusted 

to capture the effects of fast-electron scattering on impurity ions of different charge states 
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including neutral impurity atoms. In present report we use the model described in [9 and 

references therein] to account for RE interactions with impurities.  

In the near-threshold regime the pitch-angular relaxation timescale is shorter than the 

momentum evolution timescale in Eq.(1). It allows us to find analytically the angular 

distribution to the lowest order. The average pitch angle of this distribution is  
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We use this angular distribution to integrate Eq. (1) over all pitch-angles, which gives a one-

dimensional continuity equation,  
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for the momentum distribution function G(t; p) with the ”flow velocity”  
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The roots of the equation ( ) 0U p , pmin and pmax exist for E>E0, where E0 is called in [7] as 

critical field to provide sustainment of REs. For RE avalanche multiplication [7] predicts 

higher threshold, Ea: Ec<E0<Ea 

Separation of the time scales allows to represent solution to the kinetic equation (1) in 

a constant near-critical electric field, 
0E E , in the form  

  , , , exp cos
2sinh

A
F p t G t p A

A
 .     (5) 

The momentum distribution G(t,p), regardless to initial distribution, after sufficiently long 

time interval t peaks around pmax: max( )G p p . Then integration of (5) yields for 

the RE current density 
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where maxp has to be found numerically. Fig. 1 presents the value of re rej n ec  (green line) 
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calculated according to (6) for Z=10 (Argon 

dominated plasma), B=5.2T, full electron density 

(free + 0.5 bound) 
20 330 10fulln m  depending 

on the electric field (Ec~3V/m in this case). With 

rise of the electric field RE distribution tends to 

form the parallel beam. Purple line on the Fig. 1 

represents the fast decay of the RE current due to 

the slowing-down losses of the existing population 

through the pmin boundary. Formally, to describe 

this process delta-functional distribution in 

momentum space is to be substituted by the narrow 

Gaussian. pmax dependence on the electric field 

amplitude is shown by the blue line. Fig. 1. The normalized RE current and  

pmax dependence on the electric field 

 

Calculations with various plasma parameters show that momentum equilibration 

timescale in general lies in the range of 10 to 100 . Then the simplified kinetic description of 

the REs in a near-threshold regime is valid when plasma parameters and electric field vary 
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slowly in time This condition is satisfied during the RE mitigation in ITER, where the density 

is significantly increased by the injection of impurities ensuring that 20 318 / [10 ]ems n m  

has a shorter than 1 ms timescale while VDE timescale is much longer.  

 For the higher electric field amplitude (in simulations we set 
02.5E E ) we apply 

well known avalanche model [6] for the increment of the RE current. Then the runaway 

electron distribution function takes the form of the narrow beam parallel to the magnetic field 

with exponential energy spectrum, dnre/dWre~exp(-Wre/Tre), where nre and Wre are the RE 

density and energy, respectively and the RE "temperature" Tre depends on the plasma 

characteristics including impurity(ies) concentration(s) and charge state distribution(s) of 

impurity ions. Formally the only difference with results of [6] is in the evaluation of the 

“effective” plasma charge Z. 

 For simulation of the CQ dynamics one needs a model for the evolution of the RE 

current rather than for the complete distribution function. The total current density is 

represented by the sum 
rej j j . Taking into account, that the Ohmic part of the current 

can be expressed with the Ohms law j E  we obtain in cylindrical approximation: 

0

, , 1 1re re

E const

E j E t j E tE
r E

t t t E r r r
,   (7) 

where  is a plasma conductivity, the second term 
,re

E const

j E t

t
should be associated with 

the phenomena of the avalanche growth of the RE current in the constant electric field and the 

third term 
,rej E t E

E t
 is a change of the RE current associated with the evolution of the 

RE distribution function (i.e. “form-factor” or “re-shaping” term). These two terms have to be 

determined with use of the above formulated RE kinetic model. 

To validate our reduced kinetic model we compare results with the self-consistent 

Monte Carlo modelling of the RE and the plasma current evolution [9]. In these calculations, 

a high-Z impurity (Argon and Neon) is introduced at the ”plateau” stage of the RE evolution, 

to mimic the Massive Gas or Shattered Pellet Injection. This instantly changes Ec, Z and τrad 

values. Transport equations for plasma temperature and density combined with electric field 

diffusion were solved in cylindrical approximation. 

Fig. 2 shows an example of such comparison. In this example, a prescribed seed RE 

current initiates the avalanche, which reaches saturation by ≈ 15ms. The injection of Argon 

with nAr = 3 · 10
20

m
−3

 takes place at ≈ 30ms. The subsequent evolution of RE current is linear, 

as expected. The electric field and current evolution obtained from simplified model and from 

the self-consistent Monte Carlo solution of the kinetic equation agrees very well. The RE 

average energy evolution diverges significantly after the impurity injection, however saturates 

to a similar value later. This reflects that the momentum relaxations timescale discussed 

earlier is rather slow and this is not taken into account in a simplified model. Fig.3 illustrates 

the mitigation of the RE beam with injection of different amounts of Ar impurity. Linear 

decay rates against amount of injected Ar and Ne are shown in Fig.4. Deviation of the found 

decay rates from reported in [9] is due to evolution of the RE current profile and 

corresponding variation of the li during CQ. 
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Fig.3 Total current evolution for various amount 

of injectedArgon - [5; 30] (in 10
20

m
-3

). 

 

 

Fig.2 A mitigation of the RE current with Ar MGI. 

The Ar density is introduced as a flat profile 

instantly at t = 30ms 

Fig. 4 Total current decay rate as a function of 

impurity amount: Argon (red) and Neon (blue) 

 

3. CQ simulations with DINA-DS 

DINA-DS simulations of the CQs with different amount of 

Ar impurity were done for series of disruption scenarios 

including those with vertically stable plasma, Upward and 

Downward VDEs, cases with and without secondary 

impurity injection into RE plateau. In all simulations 

reported here CQ begun with the RE seed current of 

Iseed=80kA. All variants with secondary injection started 

from after TQ Ar density of 1*10
19

m
-3

 in accordance with 

predictions of [11] for the impurity amount necessary for 

the thermal load mitigation. Secondary injection was 

simulated as an instant increase of the Ar density to the 

level of nAr={10; 100; 1000}*10
19

m
-3

. The largest injected 

amount is roughly equal to 50% of the total capacity of the 

ITER MGI system for the RE suppression.  

 

Fig. 5 RE current decay rate  vs Ar 

density in no VDE simulations 

 Simulations of no-VDE cases were performed with nAr={1; 10; 100; 1000}*10
19

m
-3

. 

These amounts were introduced before and, thus, initiated TQ, and then slowly evolved 

(decayed) during CQ in accordance with transport equations (no secondary impurity 

injection). Calculated RE current decay was found to be in a perfect agreement with estimated 

in simpler 1D simulations. dIre/dt=8nAr{10
20

m
-3

} MA/s scaling shown in Fig.5 is very close to 
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given in Fig.4 and agree with earlier predictions [9]. The plasma magnetic energy in the no-

VDE case dissipates mostly via radiation including synchrotron radiation from RE beam.  

 One of the principal goals of the ITER DMS system is mitigation of the electro-

mechanical loads on the conducting structures. More specifically, this requirement puts the 

lower limit for permissible CQ duration (maximum plasma current decay rate). According to 

the DINA-DS results VDE with initial Ar density of nAr=1*10
19

m
-3

 is already too fast to be 

close to the lower boundary of the permissible domain. Then instead of rising impurity density 

in the beginning of CQ the secondary injection of nAr={10; 100; 1000}*10
19

m
-3

 was 

introduced at the RE plateau (IRE~6MA) stage to provide consistency (if possible) of the 

mechanical loads and RE beam mitigations.  

  

  

  

Fig. 6. Upward VDEs with different amount of Ar impurity: nAr=1*10
19

m
-3

 without secondary injection 

- top figures and with secondary injection into RE plateau of nAr={10; 1000}*10
19

m
-3

 – the middle and 

bottom figures, respectively. Left column shows evolution of currents. Magnetic energy dissipation 

channels are shown in the figures in the right column. 

Main results of the simulations for Upward VDEs with and without secondary impurity 

injection are shown in Fig.6. Of about 550 MJ of the energy of polidal magnetic field inside 

the plasma including halo region  

    
0

t

dis tot

plasma t

W t j Edt dV         (8) 

was dissipated in all cases considered. From this the fraction of  

      
0

0

t

re kin re

plasma t

W t j E E dt dV        (9) 

was converted into the kinetic energy of the RE beam which has been eventually lost to the 

wall during the VDE. From the right column of Fig.6 one can see that almost all plasma 
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magnetic energy deposited to REs (~jreE, red lines at the graphs) of about 150MJ was 

converted into their kinetic energy. The energy spent for the sustainment of the RE current 

and, therefore, lost through the radiation (~jreE0, blue lines at the graphs) was negligibly small 

except for the injection of extremely high Ar density of 10
22

m
-3

 (of about 70 MJ shown at the 

bottom graph).  

 RE kinetic model allows (in principle) direct evaluation of the RE kinetic energy loss 

to the wall during shrinking the plasma surface S due to VDE as 

   
0

_ 2

t

re VV m re re p

t

W R T n S dt  ,      (10) 

where an averaged RE temperature Tre corresponds to the solution of the kinetic equation in a 

near-threshold [7] or avalanche [6] regimes. However, as it was already mentioned above, due 

to the fast VDE in the mitigated scenarios CQ duration is short compared with relaxation time 

of the RE distribution function in the momentum space. The instant RE kinetic energy 

estimated with simplified model was found at the level of few tens of MJ, i.e. of about 1 order 

of magnitude smaller than the integral value deposited to the wall as calculated according to 

Eq.(9). 

 In general, the effectiveness of secondary injection of impurities to suppress RE beam 

was found to be rather weak. Indeed, secondary injection accelerates VDE. The time from the 

secondary injection till the loss of the last closed magnetic surface decreases with rise of 

impurity density (see Fig.7). The induced parallel electric field after second MGI increased 

due to a)faster drop of the current ( ~re Arj t n  ) and b)accelerating of the VDE and thus 

scrapping off the plasma . These hamper mitigation due to systematic excess of E|| over E0 

(Fig.8). Then RE population remains mostly in the avalanche regime and suppression is hardly 

possible. Apparently these explanations are appropriate also for the recent JET experiments 

[12], where no visible effect from secondary MGI on the RE beam was seen. 

 
 

Fig.7 Shortening the RE decay phase after 

secondary Ar injection 

Fig.8 Simultaneous increase of the E|| and E0 with 

rising the Ar density in mitigated Upward VDEs 

 Downward VDE with initial impurity density of nAr=10
19

m
-3

 was found to be rather 

fast for secondary injection being meaningful. Scrapping off the plasma by the wall limited 

RE current by the maximum value of ~3MA and RE plateau was never reached. The main 

threat in Downward VDE scenario is apparently associated with a large amplitude of the halo 

currents. Then the mitigation of the REs loses its first priority.  

4. Summary and discussion 

ITER mitigated CQ scenarios were simulated with DINA-DS code updated by the semi-

analytical model of RE kinetics. Dominant RE loss mechanism for fast VDEs forced by the 

large impurity content was supposed to be due to the scrapping of the plasma while moving 
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against the wall. The conversion of up to the 150MJ of total plasma poloidal magnetic energy 

into RE kinetic energy for disruption in 15MA reference ITER scenario was demonstrated. 

Secondary impurity injection into RE plateau was found to be weakly effective for 

suppression of the RE beam. Secondary injection accelerates VDE thus increasing induced 

electric field and provides significant regeneration of the RE population. Then the total RE 

kinetic energy deposited to the wall can be of the one order of magnitude higher than the 

instant RE kinetic energy content. 

 These findings indicate that DMS scenario development should be addressed to RE 

avoidance rather than to their suppression strategy. In our view significant potential for DMS 

scenario development belongs to the light impurity injection for the thermal load mitigation. 

At the Fig.9 an example of the CQ scenario started with Be impurity content of nBe=1*10
20

m
-3

 

is shown. According to estimations of [11] this impurity amount may be sufficient for 

successful re-radiation of more than 90% of the plasma thermal energy (TL mitigation target 

value). Electromechanical loads remain within the tolerable limits due to sufficiently slow 

current decay rate and low amplitude of the halo current at the end of CQ. Sufficiently high 

plasma temperature prevent rapid generation of RE (seed current of 80kA was assumed here 

as in the above simulations with Ar). REs appear at the final stage of VDE only and do not 

pose any threat to the plasma facing elements.  

 

Fig. 9 ITER CQ scenario with Be impurity of  nBe=1*10
20

m
-3

 

Disclaimer: The views and opinions expressed herein do not necessarily reflect those of the 

ITER Organization. 
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