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Abstract. The potential impact of disruptions on the lifetime of ITER components makes the management of 
plasma disruptions an integral part of the development of the ITER research plan. This paper introduces the 
concept of a disruption budget consumption for ITER that will aid planning operations and also allows the 
monitoring of the actual impact of disruptions during operations. 

1. Introduction 

Successful operation of ITER and a timely achievement of its objectives require accurate 
disruption management since the severity of the expected disruption loads can have a 
significant impact on the availability of the device and the lifetime of in-vessel components. 
Target values for the disruption rate and the mitigation success rate will have to be defined 
[1]. The loads that determine these target rates for the different phases of ITER operation are 
heat fluxes during the thermal quench (TQ), electro-magnetic loads and halo driven thermal 
loads during the current quench (CQ), and runaway electron (RE) impact [2]. To quantify the 
impact of these events, a disruption budget consumption (DBC) will be associated with each 
of them for the individual operational phases with different plasma currents (magnetic energy) 
and thermal energies. A precise forecast of the DBC is the basis on which target values of the 
disruption and mitigation rates can be defined. Achievement of the target disruption rates 
requires the development of avoidance and prevention strategies, whilst the ability to attain 
the target mitigation rates depends on the development of reliable prediction schemes and an 
effective mitigation process [3].  

2. Concept of Disruption Budget Consumption 

Target values for disruption rates and prediction success rates for ITER have been assessed by 
Sugihara et al. on the basis of divertor and first wall erosion due to heat fluxes during the 
thermal quench [4]. The approach described here is to attribute a disruption budget 
consumption (DBC) that represents the ‘costs’ a disruption at a specific magnetic and thermal 
energy can have for a specific impact. Such a DBC can be attributed to any disruption impact 
that is cumulative. Specifying the DBC values with a good physics basis is a prerequisite for 
establishing a reliable strategy for disruption management in the ITER research plan. 
Improving the physics basis for the definition of the DBC is a continuous process and, 
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especially during operation, the forecast and the accounting of the DBC will have to be 
updated based both on the post-disruption assessment of the actual impact that occurred and 
on scaling laws for disruption loads that will be established. This careful accounting will 
allow identifying deviations from the planned budget consumption and – if required - to react 
accordingly by adjusting the research plan. 

 

An example of DBC values for the different phases of ITER operation until the end of the 
first DT campaign is shown in Table 1. The operational phases given on the left hand side are 
based on the present version of the ITER research plan [5], which is a progressive approach 
towards full performance at the end of the first DT campaign and comprises about 21500 
pulses. The DBC values given here are indicative and not strictly linked to a detailed 
assessment of the load impact, but they reflect the basic restrictions for the different impact 
types as discussed below. It is also important to note that these values are likely too 
conservative as they are given for the maximum values in energy within a specific operational 
phase. For example, only a smaller fraction of the 500 pulses allocated for the approach 
towards 15 MA operation in the hydrogen phase are planned to actually reach the maximum 
current. A significant time will be reserved for testing heating schemes and adapting the pulse 
waveforms at currents below 15 MA. As this is worked out in more detail, also the disruption 
management plan can be broken down further. Nevertheless, from the DBCs given here, the 
impact on disruption and mitigation rates can already be described. Five different disruption 
impacts have been identified here and are discussed below. 

2.1. Fatigue due to halo and eddy currents 

Specification of ITER components including the vacuum vessel are given for disruptions at 
the nominal current level of 15 MA. Only recently studies have been launched to assess the 
lifetime of components when disruptions at lower current and/or magnetic field are 
considered as well. In general, the analysis of the tolerable load cycles at the various phases of 
operation with different electro-magnetic loads is complicated by the fact that for a large load 
range, stresses penetrate into the plastic regime and thus the load history has to be known to 

 

Table 1 – Example of the DBC for the various phases of ITER operation. The box on the left hand 

side indicates the operational phases with the respective scenarios, the maximum current and 

energy as well as the total number of pulses expected from the present research plan. 
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provide an accurate assessment. Moreover, for plasma facing units (PFUs) like the target 
plates of the divertor and their heat sinks, the allowable number of cycles also depends 
strongly on the steady-state heat fluxes determining the temperature of these components at 
the time of the disruption.  

2.2. Plastic deformation of vacuum vessel components 

A strong requirement on the mitigation success rate at high current operation is imposed by 
the expected high probability for high halo currents in unmitigated VDEs and MDs. The 
reason is the slow current decay in disruptions with low radiation level. A peak halo current 
that exceeds 6.3 MA could potentially lead to plastic deformations of some vacuum vessel 
components. Although the VV design has significant margins and its safety function will not 
be affected, such so-called category III events would require an inspection and would 
consequently have at least a severe impact on the operational schedule. At present, to be 
conservative, it is assumed that an unmitigated disruption is exceeding this halo current limit, 
imposing a very high DBC for such events (100%). Further analysis work on disruption data 
and systematic simulations with the upgraded DINA code as described in the next section 
would be required before relaxing this assumption.  

2.3. Heat fluxes through the halo region 

Heat fluxes associated with the open field lines in the halo region during vertical displacement 
events have been observed experimentally already more than 20 years ago [6]. However, the 

more recent melt 
events with the metal 
wall in JET have drawn 
again attention to these 
heat loads [7]. For 
more accurate 
predictions for ITER, 
the DINA code has 
been updated to 
include energy losses 
in the halo along open 
field lines [8]. This 
DINA version allows 

self-consistently 
simulating the energy 
dissipation in the CQ 
and the related current 
decay times, halo 
currents, and heat 
fluxes. An example of 
an unmitigated major 
disruption at 15 MA 

initial plasma current is shown in Figure 1a. The energy that is conducted through the halo to 
the upper first wall (FW) components is about 200 MJ. 

The detailed impact of halo heat fluxes on material erosion is analysed with the 3D field line 
tracing code PFCFLUX [9] to calculate the heat load distribution on the FW and with the 1D 
code RACLETTE [10] to estimate the quantity and depth of melted and vapourised material. 
As the equilibrium is evolving during the time of the heat deposition in the CQ, the heat flux 
mapping and subsequent melt calculations are more elaborate than those for the TQ. Due to 

 

Figure 1 – Right: Total melted and evaporated mass of Be during the 

CQ calculated with PFCFLUX and RACLETTE and the related current 

assuming Ewall = 200 MJ for Ip = 15 MA; Left: DINA simulation of an 

unmitigated major disruption with a beryllium density of 4.5×10
19

m
-

3
.Shown is the plasma current (IP), the toroidal halo current (IH,tor), the 

vertical position (ZP), the total energy dissipated during the current 

quench (Etot) as well as the energy lost through the halo (Ehalo) and 

through impurity radiation (Eimp).  
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movement of the footprint, the heat flux waveforms differ from one grid point of the FW to 
the other. To limit the numerical effort, these waveforms have been grouped in 12 classes. For 
each class, 10 RACLETTE runs were performed to build look up tables that link the heat flux 
density to the melt and evaporation depth. The heat flux mapping calculations have been done 
for a similar but not fully matching equilibrium evolution as in the DINA case. The CQ 
duration for the heat flux calculations is tCQ = 180 ms, whereas the DINA run results in 
tCQ = 240 ms. The e-folding length in the scrape-off layer / halo region during the CQ is 

assumed to be λq of 30 mm for the heat flux mapping calculations. The mass of potentially 
ablated Be as a function of the deposited energy is shown in Figure 1b together with the 
plasma current related to this energy assuming that 200 MJ are dissipated in the halo at full 
15 MA as seen in the DINA run. The critical current above which melting is expected is of 
the order of 5 MA. The melt events during the current quench (CQ) are expected to have a 
more severe impact on first wall erosion compared to those in the thermal quench because of 
the longer timescales involved, which can facilitate melt movement or even splashing. 

2.4. Heat fluxes during the thermal quench 

The resulting erosion from thermal quench heat loads has been analysed previously [4] for an 
initial assessment of the required mitigation success rates. At that time, shielding of the 

incoming heat flux by the impurity 
vapour in front of the affected plasma 
facing component (PFC) had not been 
quantified. More recently MEMOS 
simulations for VDEs and MDs at a 
nominal current of 15 MA were 
performed including the vapour 
shielding effect. The analysis for the 
beryllium FW shows that a significant 
quantity of the impinging energy is 
absorbed in the vapour layer for high 
thermal energies, up to about 60% at 
280 MJ (see Figure 2a and b). As a 
consequence, the surface temperatures 
are much reduced and material loss 
through evaporation becomes 
negligible. However, as it requires 
some vapourisation, this effect is 
much less efficient at low energies 
close to the melt threshold. 
Consequently, the DBC for these heat 
fluxes is already relatively high at 

energies still far away from the target of 350 MJ for DT H-mode operation.  

The possibility of Be droplet ejection caused by eddy current forces during the thermal 
quench has been assessed. According to DINA simulations, the eddy current densities in the 
Be melt can be significant during the beta drop of the TQ with up to 25 MAm-2. With this 
value, the analysis showed that significant growth times of Rayleigh-Taylor instabilities can 
be expected, but, as the wavelength of these instabilities is of the order of mm’s and, 

therefore, much larger than the melt layer thickness (about 80 µm), material splashing can be 
excluded. Instead, a surface modification with a wavy structure has to be expected. 
Simulations to quantify these surface modifications are still outstanding. A similar study for 
the tungsten divertor components arrived at the same conclusion. Also material loss on the 

 

Figure 2 – a,b) MEMOS simulations of melting and 

evaporation of beryllium on first wall panels during an 

upward VDE at different thermal energies. A large 

fraction of the impinging energy is absorbed in the 

radiating layer of vapourised Be in front of the wetted 

are. c) 2D MEMOS simulations of W melting in the 

outer divertor during MDs assuming the entire thermal 

energy arrives in the divertor. 
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divertor PFCs by Kelvin-Helmholtz instabilities or by wave breaking at edges has been 
excluded. Initial 2D simulations of the melt motion driven by plasma pressure on the divertor 
surface have been performed with MEMOS, showing that, although the depth of the melt pool 

in the outer divertor can reach up to about 180 µm, the surface deformation will be more 
benign (see Figure 2c). Assuming, for a first estimate, that the surface deformation grows 
linearly with the number of events, the DBC for the TQ heat flux of MDs in Table 1 has been 
determined by limiting the accumulated deformation to 0.5 mm, which is the height of the 
toroidal chamfer of these tungsten mono-blocks [11]. The question of how the changes in the 
surface topology and especially in the material morphology impact on the heat load 
capabilities of PFCs and their lifetime is ongoing R&D. 

2.5. Heat fluxes due to the radiation flash  

Mitigation of the TQ aims to radiate the thermal energy to deposit it over a wide surface area. 
However, asymmetries in the radiation distribution can still cause critical peak heat fluxes at 
high energies. Experimentally observed peaking factors are in the range below 2 (see for 
example [12, 13, 14]). The first wall of ITER will be mostly made of beryllium but the 
Diagnostic First Wall, which is about 10% of the total area, will be made of stainless steel 
(SS). Due to the different thermal properties of the two materials, the limits in deposited 
radiation energy and radiation peaking to avoid melting are different. Taking a TQ duration of 
1ms (lower limit of the anticipated range) and a first wall area of ~700 m2, the limit for TPF × 
PPF × Eth is 290 MJ for SS and 620 MJ for Be. Thus, for a toroidal peaking factor TPF < 2 
and poloidal peaking factor PPF < 2, mitigated disruptions at energies of about 70 MJ can 
potentially melt the SS (melting threshold heat impact factor of 13 MJm-2 s-0.5), while the 
critical energy for beryllium melting is about 150 MJ. Experimental tests have been 
performed with SS samples at a heat impact factor slightly above melting of 15 MJm-2s-0.5 
(corresponding to ~80 MJ radiated energy with TPF = PPF = 2 during 1 ms) for 3000 cycles 
together with the same number of fatigue cycles at a stationary load of 0.35 MWm-2 [15] and 
for 22.4 MJm-2s-0.5, almost twice the melt threshold, for 200 cycles [16]. These tests showed a 
surface modification with increased roughness. During the tests with higher heat flux, the 
surface roughness increases at a rate of about 1-2µm/event. Theoretical analysis shows that 
melt splashing can be excluded during mitigated ITER disruptions because the thickness of 
the melt layer is too low.  

2.6. Energy deposition through runaway electrons 

Runaway electrons (RE) can potentially deposit a significant amount of the initial magnetic 
energy on the FW or divertor components. Water leaks could be the consequence at the 

highest plasma 
currents. However, to 
quantify the targets 
on suppressing and 
mitigating REs it is 
also required to know 
the impact at lower 
plasma currents and 
especially the 
maximum current at 
which melting by RE 
impact can be 
avoided. This is also 
important for the 

Figure 3 – Left: Energy distribution in one of the FW panels calculated 

with ENDEP; Right: Temperature distribution after an impact of 1.75MJ 

over 100ms on a single FW panel. 
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commissioning phase of the disruption mitigation system for which it will be mandatory to 
validate suitable impurity mixtures to avoid runaway formation during thermal or current 
quench mitigation.  

Simulations of RE energy deposition have been performed for various impact energies using 
the codes ENDEP for calculating the energy deposition in the bulk material and MEMOS for 
calculating the resulting temperatures and material erosion (see references in [17]). The 
impact area for these simulations has been specified to be very small in accordance with 
observations at JET [18, 19]: a poloidal length of 100 mm and a maximum radial depth of 
2 mm. The pitch angle is assumed to be 0.2 and the average runaway energy to be 15 MeV. 
Secondary electrons that are scattered in one panel, but are stopped in the next, are taken into 
account. The energy deposition and the temperature distribution for the impact of 1.75 MJ on 
one roof of the FW panels are shown in Figure 3. At this energy, the melt front penetrates up 
to 6 mm into the bulk material, which is a significant fraction of the total thickness of the Be 
layer on top of the heat sink of 8 mm for the upper panels on which the runaway impact is 
expected, should the beam drift upward. However, the temperature rise to slightly above 
300˚C at the cooling channel is still modest enough to exclude a water leak. The melt limit 
has been found around 0.3 MJ per roof for fast deposition without magnetic energy 
conversion as well as for slow deposition with magnetic energy conversion. Considering that 
at an initial plasma current of 15 MA, the deposited RE energy could be as high as 300 MJ 
[20], this melt limit translates to an initial plasma current of 0.5 MA at the TQ should all the 
energy be deposited on one panel or 3 MA / 8 MA should the energy be distributed uniformly 
over the 36 roofs under consideration. The higher current corresponds here to the fast energy 
deposition scenario. Toroidal asymmetries in the energy deposition have been observed in 
JET [19], but more detailed studies will be required to eventually conclude what will be the 
critical plasma current.  

3. Disruption Budget Consumption Scenario 

This section describes how a scenario for mitigation rates can be designed on the basis of the 
DBC concept as introduced above. The example scenario discussed here is based on DBC 
values given in Table 1. the present version of the ITER research plan, which was detailed up 
to the end of the first DT campaign [5]. The scenario includes a total of 2028 disruptions over 
21500 pulses. 10% of these disruptions are assumed to be VDEs. The rates and accumulated 
DBC values are shown in Figure 4. The operational phases have been put into an order that is 
closest to the temporal evolution within the ITER research plan. However, the depicted curves 
cannot be taken as a temporal development of the budget consumption as some of the 
activities in the different phases are interlinked. 

The main constraint to be applied for any disruption scenario is 

� ����(�) 	
������(�)�1 − ����(�)� + 
�����(�)����(�)�
�������

≤ 100% 

for each type of impact that is listed in Table 1. Here, ����(�) is the mitigation rate and 

����(�) is the number of disruptions in each phase. The consequences of reaching an 
accumulated DBC of 100% could be a detailed inspection of components or it could require a 
replacement of components like parts of the divertor or the first wall in case of strong melt 
damage. The rates shown in Figure 4b have been optimised such that the accumulated DBC is 
close to 100% for each of the disruption impacts at the end of the first DT campaign. Other 
constraints could be chosen e.g. to allow enough margin to react on unexpected issues during 
operation. Accurate accounting of the accumulated DBC values will be important during 
operation to adjust the operational plan well before any limits are reached. Besides the 
analysis of its stability and probability to disrupt, each pulse will have to be assessed with 
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respect to its potential DBC before being executed. After a disruption, the actual DBC will be 
determined and accounted for. 

The characteristics of the scenario in Figure 4 are mainly determined by the DBC values in 
Table 1. The evolution of the disruption rate has been chosen to allow for higher rates at the 
start of operation, when discharge scenarios will have to be explored and optimised and the 
disruption avoidance schemes are not yet at their full capabilities. The main drivers for the 
CQ mitigation rate fmit(CQ) are the halo heat loads during 7.5 MA operation and the possible 
plastic deformation of VV components at 15 MA. As the impurities injected to mitigate the 
TQ will also mitigate the CQ quench fmit(CQ) will always be equal or higher than fmit(TQ). 
Therefore, it is fmit(TQ) that determines fmit(CQ) in the H-mode phases at 7.5 MA. In general, 

the target values for 
mitigating the CQ are 
more demanding than 
those for the TQ. Here, 
disruption detection will 
have to complement 
disruption prediction to 
achieve the required CQ 
mitigation rates. 
However, prediction rates 
have to exceed those that 
are presently achieved in 
experiments. In this 
scenario, an fmit(TQ) of 
95% in DT is very 
demanding. But, again, it 
is important to keep in 
mind that the DBCs are 
very conservative as they 
are given for maximum 
energy. Many pulses 
during the DT campaign 
will not be run at these 
energies and/or current 
levels and, moreover, 

disruptions are not likely to happen at the nominal energies. Detailing the energy distribution 
in the different phases will be necessary for more accurate and, possibly more relaxed 
mitigation rates. Interestingly, the mitigation rates for VDEs are much less demanding, 
although the DBCs are much higher than for MDs. The reason is the low number of VDEs 
assumed here (10% of all disruptions). Even further headroom in DBC will be gained for 
VDEs as the TQ prediction is facilitated by detecting deviations in the vertical plasma 
position.  

Looking at the accumulated budget consumption in Figure 4a, one can identify loads that 
become relevant in the later phases of operation, like EM loads on the VV and the radiation 
flash during mitigation. Other loads are relevant right from the beginning of operation, like 
the halo current heat fluxes and runaways. Especially the former could lead to strong budget 
consumption in the early phase of operation, because of the high number of disruptions. This 
can, of course, be counteracted by setting higher mitigation target rates in this early phase. 
Also thermal loads have to be carefully monitored as a high number of low energy disruptions 

Figure 4 – A potential scenario for disruption and mitigation rates. 



8  EX/P6-39 

can use up a significant amount of the allowable budget because of the missing vapour 
shielding that is relatively increasing the weight of low energy disruptions over high energy 
ones. 

4. Conclusions and Outlook 

Planning disruption rate and mitigation rate targets is an essential part of the preparation of 
the ITER operational phases. For this purpose, the concept of disruption budget consumption 
on the basis of the different types of load impact has been introduced. Careful accounting of 
the accumulated budget consumption during operation is mandatory to pursue corrective 
actions on the operational plan to ensure that the goals of the first DT campaign can be 
achieved within the envisaged schedule.  

Further work will focus on refining the DBCs on the basis of improved assessments of the 
disruption loads and the associated reduction of the lifetime of tokamak components, 
especially of those facing the plasma. As the ITER research plan is presently being revised as 
a result of the new optimized project strategy to meet first plasma, which foresees a more 
detailed staged operation towards DT operation than in the existing Research Plan [21], the 
disruption management plan will have to be adapted accordingly.  

Disclaimer 

ITER is the Nuclear Facility INB no. 174. This paper explores new directions for 
management of disruptions that are not yet introduced into the ITER technical baseline. The 
nuclear operator is not constrained by the results presented here. The views and opinions 
expressed herein do not necessarily reflect those of the ITER Organization. 
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