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Abstract. New experimental results on transient loads during ELMs and disruptions in present tokamak
devices and their effects on plasma facing materials are described and used to carry out a physics-based
extrapolation of the expected loads in ITER reference operating conditions and consequences for the operation
of the device. In particular, the achievement of convective Type I ELMs in ITER-like plasma conditions seems
to open a way to achieve transient loads which may be compatible with an acceptable erosion lifetime of
plasma facing components (PFCs) in ITER. This is reinforced by calculations of the expected erosion lifetime,
under these load conditions, which take into account a realistic temporal dependence of the power fluxes on
plasma facing components during ELMs and disruptions. On the other hand, the non-ideal behaviour of plasma
facing materials seen in dedicated experiments in plasma guns (W cracking and CFC enhanced PAN fibre
erosion) may impose additional constraints to ITER operations well below those evaluated on the basis of
average material properties.

1. Introduction
Operation of ITER in high fusion gain regimes (QDT ≥ 10) requires high density
plasmas (<ne> ≥ 1020 m-3) with large plasma energy (Wth ≥ 320 MJ), which are achievable in
ITER on the basis of scalings from Type I ELMy H-mode discharges in present
experimental devices or could be achieved with degraded Type III ELMy H-mode
confinement, albeit at larger plasma current and reduced fusion power [1]. A characteristic
feature of the ITER Type I ELMy H-mode operating regime is the transient release of energy
from the confined plasma onto plasma facing components (PFCs) by Type I ELMs, which in
ITER can contribute significantly to the overall erosion rate and lifetime of these
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components [2]. Similarly, the transient power fluxes to which PFCs are subject during
disruptions can affect significantly their lifetime [3]. This is an issue not intrinsically linked
to ELMy H-mode operation but to ITER high fusion power regimes in general and, as such,
directly correlated with the achievement of ITER goals and not specific to the final reference
regime in which these will be reached.
In the last years, significant progress in the characterisation of the ELM and
disruption transient loads in most divertor tokamak experiments has taken place. This has
allowed an improved understanding of the physical processes that determine the loss of
energy from the main plasma to the PFCs mainly through the measurement capabilities
specific to every device and by the development of models to reproduce them. These
measurements have provided a physics-based framework on which the expected energy
loads on ITER PFCs can be estimated by a combination of physics-based empirical scalings
and models applied to the foreseen ITER core and pedestal plasmas.
In parallel with the research on transient loads in tokamaks, significant progress in
the experimental characterisation and modelling of the expected PFC material damage under
transient loads in ITER has taken place. This research has allowed an improved
understanding of the material damage processes for ITER-like ELM and disruption loads for
the real materials (CFC and W) /geometries (castellated) of the divertor targets in ITER
beyond the initial estimates of divertor target erosion under these loads based on the physical
properties of these materials [4, 5].
This paper describes the basis for the present evaluation of the magnitude and the
spatial and temporal characteristics of the transient loads on plasma facing components in
ITER during Type I ELMs and disruptions and discusses the implications of such loads on
the lifetime of ITER’s PFCs and on the operation of the device.
2. Power fluxes at the ITER plasma edge during Type I ELMs
The energy loss from the main plasma during Type I ELMs (∆WELM) in present
experiments is caused by the collapse of the plasma temperature (∆TELM, leading to
conductive losses) and density (∆nELM, leading to convective losses) in a region extending up
to (~ 0.8 a), where a is the minor radius of the plasma. Type I ELMs with small (normalised
to the pedestal energy Wped = 3 ne,pedTe,ped Vplasma) energy losses (∆WELM/Wped < 0.10) are
associated with small ∆TELM (typically ∆TELM < 0.2) and, thus, with the dominance of
convection for the transport of energy from the confined plasma onto open field lines which
was noted for DIII-D [6] and JET [7]. Fig.1 illustrates this “universal” correlation between
the size of ∆WELM and the change of pedestal temperature at the ELM for a database
including data for a large range of plasma conditions at DIII-D [6], JET [7], JT-60U [8] and
ASDEX-Upgrade [9]. The spread of the data in this figure is associated with the various
diagnostics used for the determination of the ELM temperature (ECE and Thomson
scattering) and energy loss (from diamagnetic and kinetic measurements) in the different
experimental devices besides variations of the ELM affected area and convective losses with
magnetic configurations, etc. This empirical correlation indicates that the route towards
small Type I ELM energy losses in ITER goes through the achievement of convective ELMs
for those conditions expected at the ITER pedestal plasma, namely high density (normalised
to the Greenwald limit) and low collisionality conditions. In most experiments for “standard”
operation conditions the achievement of small “convective” ELMs is associated with high
density/collisionality operation [6]. More recent experiments at JET [7] and JT-60U [8] have
shown that convective ELMs can also be achieved in low ν* conditions, as shown in Fig. 2
(red points from JET and light-green from JT-60U), in which the previous database of ELM
energy losses is overlaid with the new experimental results from JET [7] and JT-60U [8]. It
is important to note, however, that the plasma conditions which are required to access this
ELM regime are not compatible with the requirements for QDT =10 operation in ITER, either
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because of the need for high q95 (~ 4.5) or the strong deterioration of plasma energy
confinement as density is increased to achieve <ne> ~ 0.85 nGW. Experiments are in progress
to understand the interplay between the achievement of convective ELMs, global energy
confinement and accessibility to high densities in order to bring these regimes closer to
ITER’s requirements.
The ELM energy lost from the main plasma is deposited onto the main wall and
divertor PFCs targets in present devices within timescales and with spatial distributions
which are determined by the transport of plasma energy via the electron and ion channels as
described in [10] for JET, consistent with MAST [11] and ASDEX Upgrade [12]
observations. ELMs lead to the expulsion of energy in the outer region of the device, part of
which is contained in so-called filaments, which are not toroidally symmetric plasma
structures aligned to the magnetic field. The role of the dynamics of these filaments on the
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Fig. 2. Normalized ELM energy loss
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shapes, q95 and two directions of Bφ. Low
ν* convective ELMs are shown in red for
JET.
power deposition on PFCs in experimental devices is subject of active research but some
features are common to all results obtained until present : a) Despite a possible non-toroidal
symmetry of the ELM energy outflux, the magnetic field properties near the X-point and the
associated enhanced diffusion, together with the toroidal rotation of the filaments lead to a
toroidally symmetric power deposition profile at the divertor target during ELMs, in a region
corresponding to 1-1.5 cm at the outer midplane [13] with a footprint similar to that between
ELMs. b) The timescale for the ELM divertor power flux rise is correlated with the parallel
ion transport timescale leading to an expected power flux rise time for ITER in the region of
250-500 µs. During this time interval typically less than 30% of the total ELM divertor
energy flux reaches the divertor target [7, 14], the remaining arriving in a time interval
typically three times longer than that of the power rise time, as shown in Fig. 3. These
observations are in agreement with a model recently developed to describe the radial and
parallel flux of energy during transients in the SOL of tokamaks which describes
satisfactorily JET measurements [10, 15, 16]. c) The flow of ELM energy onto main
chamber PFCs is dominated by convection of energy via the ion channel associated with the
fast radial propagation of plasma originating from the confined plasma during the ELMs.
Typical radial propagation velocities of the particles expelled during ELMs are in the range
of 0.5-1 kms-1 [11, 12, 15], which are typically vELM/cs,ped = 0.5-3 10-3, where vELM is the
average radial speed for ELM particle propagation and cs,ped is the sound speed calculated
with plasma parameters at the pedestal. The scaling of the radial velocity with pedestal
Figure 1. Normalised ELM energy drop versus
normalised ELM temperature drop for a range of
JET (low/high triangularity, q95 = 2.8 - 4.5 and
forward and reversed field), DIII-D, JT-60U and
ASDEX-Upgrade Type I ELMy H-modes showing
the correlation between small ELM energy losses
and convective ELMs (small temperature drop).

5
5

IT/P1-14

DOC-L δ = 0.27
1.2MA q95 = 3.1
2MA q95 = 3.7
2MA q95 = 4.6
3MA q95 = 3.1

0.4
0.3
0.2
0.1
0.0

0.003

2000 1000 0

1000

0.002

vELM/CS

0.5

Heat flux (MW/m2)

out tot
out

∆W

ELM

(0< t <τIR)/∆W

ELM

plasma parameters is present subject of research. Experiments in DIII-D [17] show a large
dependence of the scale length of the density profile near the separatrix (λn) with ELM
energy loss, as shown in Fig. 4 (in terms of the derived vELM from the measured λn by
λn=vELML/ cs,ped, where L is the SOL connection length), with vELM ~ (∆WELM/Wped)0.7-2.0.
These dependencies are somewhat stronger than that proposed recently vELM/cs,ped ~
(∆WELM/Wped)0.5 [18], which is consistent with the deficit of energy found at the divertor for
large ELMs at JET [14] and are, thus, taken as an upper bound to the expected vELM in ITER.
Assuming that for ITER vELM is within the range seen in present experiments, the
amount of energy which can flow to the various PFCs in ITER for typical pedestal-separatrix
conditions is estimated by the model in [10, 15], as shown in Fig. 5.a and Fig. 5.b, for a
range of assumptions with respect to the poloidal extent and other ELM characteristics in
ITER, parallel and perpendicular transport and sheath physics during transients (see [15] for
details). For large vELM, the proportion of ELM energy that reaches PFCs outside the divertor
can be significant (more than 20% of ∆WELM) and, correspondingly, the associated parallel
fluxes are in the range of several GWm-2.
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3. Power fluxes at the ITER plasma edge during disruptions
Disruptions in ITER have the potential to produce the largest energy fluxes and PFC
damage as, contrary to ELMs which only lead to a decrease of ~ 3-10% of Wplasma, the whole
energy of the plasma can be lost to PFCs during the thermal quench. In practice, by the time the
discharge reaches the thermal quench, the plasma energy confinement has been severely
deteriorated and, on-average, the plasma energy is less than 50% of that as full performance, as
shown in Fig. 6 for JET and ASDEX-Upgrade [2, 19]. It is not clear at present if the lower
plasma energy measured at JET is due to a favourable size scaling or to disruption amelioration
actions, which are applied routinely at JET but not in ASDEX-Upgrade. As a consequence of
this pre-disruption decrease of τE, increased power fluxes (to the divertor mostly) are measured
in advance of the disruption thermal quench. In general, the timescale of these fluxes is longer
than the energy confinement time and, thus, they are of low magnitude compared to those at the
thermal quench. Only when fast phenomena are involved, such as a growth of MHD modes and
locking and fast H-L transitions, as shown in Fig. 7 for JET, can the pre-disruptive divertor
power fluxes be significant compared to the thermal quench. This is, in part, due to the lack of a
significant broadening of the power flux footprint during these transitions, contrary to the
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observations during the thermal quench [20]. In such fast transients the plasma can deposit an
amount of energy in the range of 10-50% of that at full performance in timescales typically a
factor of 5-10 smaller than the full-performance τE, as seen in JET and MAST. On the basis of
these measurements, pre-disruptive fast transients in ITER could lead to power pulses of
magnitude/duration in the range ~ 14 MWm-2/0.72 s to 140 MWm-2/0.36 s at the divertor target.
Only for the occasional disruption that leads to power fluxes in the upper range of the values
above, the pre-disruptive power fluxes can cause significant erosion of the divertor target by the
surface temperature reaching the sublimation (CFC) or melting temperature (W).
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It is, thus, of highest importance for the estimation of PFC lifetime in ITER to
determine the magnitude and spatial/temporal characteristics of the power fluxes during the
thermal quench of disruptions. Present experimental results, in agreement with the basic
findings summarised in [3] show that : a) During the thermal quench the power footprint at
the divertor is significantly broadened (by a factor of 5-10) with respect to that during the
full performance phase and, thus, a significant amount of the plasma energy flux reaches
PFCs outside the divertor region, b) The expected duration of the power rise time of the
thermal quench in ITER is in the range of 1-3 ms due to the positive size scaling of this time,
although the variation of this timescale within every device can be up to a factor of 5, c)
Similar to ELMs, a significant amount of power arrives at the divertor during the decay
phase of the thermal quench power pulse, which is typically a factor of 2-3 longer than the
rise time and, thus, only ~ 30% of the total divertor energy flux during the thermal quench
reaches the target within the rise time phase [21].
Taking into account the above experimental findings and assuming that they are
applicable to ITER, it is possible to evaluate the power fluxes expected to reach the PFCs in
ITER during the thermal quench for a range of conditions. The typical magnitude of the
parallel power flux during the thermal quench of disruptions is the range of 10-100 GWm-2
for the separatrix, 3-10 GWm-2 for the field line intersecting the upper X-point Be modules
and 1-3 GWm-2 for the field line intersecting the limiter.
4. Power fluxes onto ITER PFCs during Type I ELMs and disruptions and associated
erosion
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The actual fluxes reaching the various PFCs in ITER depend not only on the fluxes
along the field evaluated above but also on the geometry of the magnetic field and that of
PFCs themselves. In first place, from the results in Fig, 5.b and assuming no significant
broadening of the divertor power footprint during ELMs (i.e., a divertor effective area of 3.5
m2) and an ELM power rise time of 375 µs, the peak ELM power flux at the divertor can be
derived. The estimate of the power fluxes during ELMs on the first wall is more complex. In
fact, the lack of a complete model for the description of the transport of energy from the
confined plasma to the PFCs leads to two possible ways to extrapolate the results in Figs. 5.a
and 5.b to ITER. In the first approach, one can simply take the calculated power fluxes along
the field in Fig. 5.a and project them onto the upper X-point Be modules on which the
typical incidence angle is less than 1ο, given the proximity of the upper X-point to the Be
wall in ITER (these results are shown in Fig. 8.a). Alternatively, the global results in Fig. 5.b
can be applied by evaluating the effective area of the upper X-point region for power
deposition on the basis of the calculated λq in Fig. 5.b and the corresponding flux expansion
( ~ 25) (these results are shown in Fig. 8.b). The differences between the estimated power
fluxes by both approaches is a factor of ~ 2, which is expected given the assumptions
required to derive the fluxes by the two approaches.
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Figure 7. Plasma parameters in the
approach to a disruption following a L-H
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According to these results even the largest ELMs in ITER would be not lead to
melting of the upper X-point Be wall modules. The corresponding “ablation-melting”
parameters would be ~ 10 MJm-2s-1/2, which lower than that required for melting of Be ~ 16
MJm-2s-1/2. It is important to note, however, that this relies on the effective use of the whole
available area of the upper X-point modules for distributing the ELM power pulse (more
than 50 m-2) uniformly toroidally. Two major issues have to be taken into account in this
respect : a) For the low angles of incidence expected in this region (~ 1ο and lower) the
required alignment of the blanket modules to achieve this toroidal uniformity in ITER maybe
very challenging and b) ELM power fluxes for field lines at a distance larger than 1-1.5 cm
at the outer midplane are likely to be very toroidally non-uniform increasing considerably
the local ELM power flux over the toroidal averages calculated above. With these caveats,
one can foresee that the operation of ITER with ELM energy loads that lead to an acceptable
divertor lifetime is, thus, likely to be acceptable for the main Be wall (at least for the upper
X-point Be modules).
In a similar way, disruption energy fluxes at ITER PFCs can be derived from the
parallel fluxes. In this case the typical power fluxes at the divertor are several GW m-2 and
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500 MWm-2 at the upper Be modules (assuming toroidal uniformity) with a duration in the
range of 1.5-3.0 ms for the upper range of plasma energies at the thermal quench. For such
conditions, significant CFC sublimation at the divertor and Be melting/evaporation at the
upper blanket modules can occur. For disruptions in which the energy confinement is
strongly deteriorated before the thermal quench this can be avoided.
Utilising the results above and taking into account that a reasonable description of the
experimentally measured temporal dependence
of ELM and disruption transient loads is
2
given by [15] q(t ) = (1 + (t / τ ) 2 )(t / τ ) 2 e − ( t / τ ) , where τ is related to the characteristic rise time
determined experimentally, it is possible to determine the expected material erosion at the
divertor and main wall for the power fluxes derived above, as shown in Fig. 9.a and 9.b.
From these results, it is clear that repetitive ELM loads at the ITER divertor should be
maintained below 1 MJm-2 for an acceptable divertor lifetime, which is equivalent to a total
divertor ELM energy flux of 3.5 MJ. This corresponds to ∆WELM/Wped < 5 % , vELM/cs,ped ~ 5
10-4 and ∆WELMdiv/∆WELM > 92%, which can only be achieved if convective ELMs are
obtained for the ITER reference scenario. The expected loads on the upper Be modules are
less than 0.2 MJm-2, which will not cause Be melting. For disruptions, the maximum energy
load for acceptable divertor lifetime has to remain under 6 MJm-2. This is equivalent to a
total plasma energy at the time of disruption of 105-210 MJ, which is well within the
expectations of the energy confinement degradation in the pre-disruption phase shown in
Fig. 6. For these conditions the expected loads on the upper Be modules are in the range 0.41.0 MJm-2, which are lower but close to those required to cause significant Be melting of
these modules.
5. Conclusions
Progress in experimental research on ELMs and disruption loads in present tokamaks
has allowed refining the extrapolations of these loads to ITER. Operation of ITER with
convective Type I ELMs in the reference scenario is required to maintain a sufficient
lifetime of the divertor targets. If this is achieved, the loads on the main wall are not
expected to cause significant erosion of the Be-clad blanket modules by ELMs. For
disruptions, the divertor lifetime is probably satisfactory for the expected ~ 10% fullperformance plasma disruption frequency, when the pre-disruption energy confinement
degradation and power flux broadening during the thermal quench are taken into account.
The lifetime of the Be-clad blanket modules is more difficult to determine due to the
proximity to melting in these events but, unless a large proportion of the disruptions occur at
the high energy range, this should be restricted to a relatively small number of disruptions
leading to an adequate Be lifetime for disruptions as well. It is important to point out that, in
these estimates, the PFC loads are assumed to have a large degree of toroidal symmetry and
that erosion to materials is estimated with their average properties. Recent experiments in
dedicated facilities and modelling have shown that the erosion of real materials/components
can deviate significantly from this idealised estimates with the corresponding implications
for the maximum loads which are expected to be acceptable in ITER [4, 5].
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Figure 9.a. Estimated CFC erosion and W/Be
melt pool depth for a range of energy loads
and timescales typical of ELM power fluxes at
the divertor and at the upper X-point Be
modules in ITER.

Figure 9.b. Estimated CFC erosion and W/Be
melt pool depth for a range of energy loads and
timescales typical of disruption thermal quench
power fluxes at the divertor and at the upper Xpoint Be modules in ITER.

