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The high heat flux areas on the vertical divertor targets in the ITER tokamak will consist of cuboid tung-
sten monoblocks bonded to copper cooling tubes. Three-dimensional ion orbit modelling is used to cal-
Keywords: culate the heating of tungsten monoblocks during ELMs at the inner vertical target, where the highest
ITER surface energy densities are expected. The presence of thin gaps between monoblocks results in exposed
edges onto which the heat flux can be focused. ELM ions are focused by their gyromotion onto the mag-
netically shadowed, long toroidal edges of the monoblocks. The risk of monoblock edge melting is greater
than the risk of full surface melting on the plasma-wetted zone. Alternative shaping solutions such as
edge chamfering, filleting, and poloidal beveling do not show promise; the melt zone simply migrates
to other locations on the monoblocks. Without ELM mitigation, there is a marginal risk of edge melting
due to uncontrolled ELMs in the pre-nuclear phase of ITER operation, and an absolute certainty of it in
the burning nuclear phase. To avoid edge melting altogether, the surface energy density would have to
limited to less than 0.15 MJ/m?2.
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1. Introduction scribed in Section 2) which consists of MBs whose top surfaces are
beveled to a depth of hyr =0.5 mm in the toroidal direction in or-
der to magnetically shadow poloidal leading edges. The MBs are
foreseen to have sharp edges and no poloidal profiling, mainly to
avoid the increased cost and manufacturing complexity that more
sophisticated shaping solutions imply. In this paper, the ELM re-
sults from [4] are briefly summarized, and a number of alternative
shaping solutions are studied to provide rationale for the final de-
cision on the divertor design.

The surface heat flux factor is often employed to character-
ize fast transient heat loads due to edge localized modes (ELMs)
since it may be referred to the melting threshold of tungsten,
~50 MJ/m?2/s1/2 [5]. This number, deduced from high heat flux

The ITER tokamak will begin operation with a full tungsten (W)
divertor consisting of pure W monoblocks (MB) bonded to CuCrZr
water-carrying cooling tubes. The predicted steady and transient
thermal loads that could be delivered by the plasma to the plasma-
facing components (PFC), based on physics modelling and extrapo-
lation from current devices, and which have been used as input to
the divertor design, may be found in [1] and [2]. Improved mea-
surements of surface heat loads during ELMs are producing more
refined extrapolations to ITER [3]. The predicted heat loads have
until now been specified for a nominal, axisymmetric divertor sur-
face with no gaps or surface relief caused by shaping and misalign-

ments. The first systematic study of the detailed heat flux distribu-
tion in the gaps between MBs and the resulting thermal response
due to steady inter-ELM heat loads and transient ELM loads is de-
scribed in detail in [4] for the proposed divertor design (briefly de-
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tests, gives a measure of the time it takes for the surface to reach
melting temperature for a constant incident heat flux, and is con-
firmed by the solution of the 1D heat conduction equation on a
semi-infinite domain. The heat flux factor is given by the energy
flux density normal to the MB surface, divided by the square root
of the heat pulse duration. An ELM heat pulse is considered to be
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manageable if its heat flux factor does not exceed half the melting
threshold, in order to avoid full surface melting of the MBs.

The heat flux factor is defined for a square pulse, but more re-
alistically, the temporal evolution of ELM energy deposition is ob-
served to increase in time to a peak value, and then decay (cf. Sec-
tion 2.2.2.1 in Ref. [1]). It has been shown that the heat flux fac-
tor is not always suitable for predicting the impact of intense heat
pulses onto a surface [6]. For the same total energy density de-
position and pulse duration, the surface temperature rise depends
on the shape of the heat pulse. Moreover, the degree of surface
damage is observed to be well correlated with the maximum tem-
perature increase rather than with the total absorbed energy den-
sity. For that reason, the calculations presented here, as in [4], will
be cast into a form that makes them applicable to any heat pulse
shape for a given magnetic field strength and ion temperature.

On a flat surface the temperature increase can be calculated by
the 1D transient heat conduction equation for an arbitrary pulse
shape. However, the important quantity for calculating local sur-
face temperature evolution is the 3D spatial distribution of the
heat flux on the MBs. The near-linearity of the heat conduction
equation implies that the local temperature increase AT due to a
spatially inhomogeneous heat flux distribution can be well approx-
imated by multiplying the 1D result AT;p by the ratio of the local
heat flux to the reference heat flux, and by an additional factor
that takes account of specific geometrical features such as sharp
edges, under the condition that the characteristic spatial scale of
the profile is not much smaller than the heat diffusion length for
a given pulse duration. It is assumed here that this local heat flux
ratio is invariant in time, meaning that the ion temperature does
not evolve during the ELM.

Two dimensionless quantities are presented in this work. The
first is the local heat flux calculated by the 3D ion orbit model
normalized to the heat flux to a nominal, axisymmetric surface.
The main features of the model are recalled in Section 3. The
second is the temperature increase at specific points (flat facets,
edges) normalized to the temperature increase predicted by the
1D semi-infinite heat conduction equation, again at a nominal, ax-
isymmetric surface. This latter quantity is valid for any heat pulse
shape, making the results useful for predicting the thermal re-
sponse based on extrapolation from experiments in existing toka-
maks, or theoretical modelling of ELM energy deposition patterns.
The specific corrections that must be applied at edges are calcu-
lated in Section 4. Results will be shown for the proposed ITER
design and a number of alternative shaping solutions in Section 5.

The analysis is focused on the inner vertical target (IVT) since
twice as much ELM energy is expected to be deposited there than
on the outer vertical target [1]. In particular, the long gaps run-
ning in the toroidal direction that separate MBs on a given PFU
are treated. Results at the magnetically shadowed poloidal lead-
ing edges which can receive significant heat flux due to the large
Larmor radius of ELM ions are amply discussed in [4]. Plasma pa-
rameters corresponding to the 15 MA/5.3 T burning plasma sce-
nario, but also the half-field, half-current scenario typical of the
early pre-nuclear phases of ITER operation, will be taken as input
to the calculations.

2. Input parameters

For a complete description of the ITER divertor targets along
with motivation behind the proposed shaping solution (0.5 mm
toroidal bevel) the reader is referred to [7,8]. Here we briefly
evoke only those elements needed for our analysis (Fig. 1).
In what follows, the term “toroidal gap” (TG) refers to gaps
which extend in the toroidal direction separating monoblocks
on a given PFU. The toroidal component of the tokamak mag-
netic field is parallel to a TG. MBs are characterized in this

view downwards along
cooling tube axis

y
x<—?7

view towards nominal IVT surface

poloidal gap
toroidal gap

cooling
tube axis

Fig. 1. Local coordinate system and magnetic field orientation at the nominal IVT.
The observer is standing in the divertor looking inwards towards the IVT. The
magnetic field and the power flow orientations are indicated by arrows. The x-
coordinate points in the negative toroidal direction. The y-coordinate points down-
ward along the cooling tube. The z-coordinate is the normal vector of the axisym-
metric divertor surface envelope, neglecting shaping. Note the definition of the ori-
entations of the poloidal and toroidal gaps.

study by toroidal length L=28 mm, poloidal width W=12 mm,
and radial height H=28 mm. The TG between adjacent MBs on
a given PFU is predicted by engineering tolerance build-up to be
of width gyp=0.4+0.2mm, and the radial step is specified as
Mpaq =+ 0.3 mm.

The magnetic field strength at the IVT is B=8 T in the burning
plasma scenario. The angle of incidence between B (projected onto
the plane that is perpendicular to the cooling tube axis) and the
axisymmetric IVT envelope is 6, =3.2° at the strike point. In the
projection onto the plane that is parallel to front surface of the
same axisymmetric IVT envelope, the angle is 6, =3.7° The latter
angle arises because the magnetic flux surfaces obliquely intersect
the IVT.

A 20mm wide gap between each of the 54 cassettes is im-
posed by remote handling requirements. As a result, component
tilting is required in order to protect the leading edge of each cas-
sette which inevitably arises due to tolerance build-up during the
manufacture and installation of these massive cassettes together
with assembly tolerances of the vacuum vessel. The exact tilting
angle proposed in the current design is approximated here by a
rotation of A6 =0.5° about the IVT cooling tube axis. The MBs
are beveled in the toroidal direction to a depth of hgr =0.5 mm,
which hides the poloidal leading edges from inter-ELM heat loads.
This leads to an additional angular increment of atan(hgy/L)=1°
at the top surface of the MBs, such that, accounting for compo-
nent tilting and MB toroidal bevel, the real total angle between B
and the surface is o~ | +AO+hir/L = 4.7° The local surface heat
flux is thus about 50% higher than the specified heat loads derived
from high heat flux tests. For example, the commonly cited ELM
energy density limit of £ = 0.5 MJ/m? would in reality correspond
t0 &gy =0.75MJ/m? locally at each MB. Thus, component tilting
and MB beveling reduce the margin against full surface melting.

3. Ion orbit model

The incoming plasma is modelled as a mixture of deuterium
and tritium ions having a kinetic distribution of parallel speeds,
and a Maxwellian distribution of perpendicular speeds. The elec-
trons are treated under the optical approximation, because their
Larmor radii are small enough to be ignored. Electric fields which
would arise in the magnetized Debye sheath near the surface
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Fig. 2. Parallel speed distribution at sheath edge from a collisionless kinetic model
[9] of plasma flow to a surface (blue curve). The red square function is the approx-
imation used by the ion orbit model. It has the same width and mean value as
the kinetic distribution. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

are not considered. Only the Larmor gyration of ions due to the
Lorentz force is included.

Several Larmor radii away from the surface, the ion velocities
are assumed to be described by a collisionless kinetic presheath
model [9], which predicts the ion distribution at the entrance of
the sheath. All the analysis in this paper assumes plasma with
equal concentrations of deuterium and tritium ions. For simplicity,
we replace the two species by a single, fictional ion species having
mass number A=2.5 for the calculation of quantities such as ther-
mal velocity, sound speed, and Larmor radius. We approximate the
distribution of parallel speeds f;(v,) by a square function having
a mean parallel speed V; and thermal width Vr corresponding to
the exact kinetic distribution (Fig. 2). The mean parallel speed is in
fact the kinetic sound speed

[KT,
V, =c =1.3979 er 1)

and the thermal width from the model is

Vr =0.536,/ — (2)
1

with Te=T; in the source plasma far upstream. The numerical
constants are obtained from the first and second moments of
the sheath-edge ion distribution function calculated by the model
[9]. The kinetic width of the distribution is smaller than the
Maxwellian thermal speed because the ions undergo adiabatic
cooling as they accelerate down the presheath to the target. The
perpendicular speeds are described by a Maxwellian distribution
of temperature T;

mv, _m,-vi
fL(UL)ijkTi exp( 24T, ) (3)

The perpendicular velocity vector is assumed to have a random

orientation in the plane perpendicular to B, described by a phase
angle 0 < ¢ < 2.

The ion power flux normal to any point on the MB surface is
given by the integral

2 00 poo
Qsurf = C./o /0 /0 Reyy, vi, @) fyfofy (V- 1)

1 d
X jmi(vf_+Uf/)H(v//,vL,¢)%dedv//. (4)

where f are the distribution functions at the sheath entrance and
C is a normalization constant chosen so that the integral yields the

Fig. 3. Simulation environment. In this example, the heat flux to all surfaces of the
red MB are to be calculated. Helical ion orbits are followed backwards in time from
impact points on the surface. If the trajectory does not intersect any of the 5 neigh-
bouring MBs (coloured cyan), then the ion contributes to the local heat flux (Eq. 4).
The arrow indicates the direction of the incident parallel flow. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

parallel power flux g, for the case of an unshadowed surface per-
pendicular to the magnetic field. Each combination of vy, v, and
¢ describes a helical orbit that is followed backwards in time from
the moment of impact until the distance between the guiding cen-
ter and the highest surface feature exceeds the Larmor radius. If an
intersection occurs, it will be on one of the five nearest neighbour-
ing MBs (Fig. 3). The mask function H=1 if the orbit extends back
to the plasma without intersecting any other surface, and H=0 if it
does (i.e. the orbit is unpopulated because the particle would have
struck another surface earlier in time).

Ions and electrons have a probability to reflect from the target
[10], carrying away some of their incident energy, resulting in a
reduction of the net power flux that is actually absorbed by the
surface. The energy and incidence angle of each ion is used to cal-
culate the energy reflection coefficients R by the analytical expres-
sion Eq. 2.13 on p. 20 of Ref. [10], which are folded into the numer-
ical integral (Eq. 4) of the heat flux. For the electron component of
the heat flux, given by the optical approximation, we simply take
the value 0.4, which is a reasonable value for reflection from tung-
sten in the energy range of interest (p. 94 in Ref. [10]).

In order to represent in a heuristic way the filtering effect of
the sheath [11], the ion and electron contributions to the power
flux are normalized so that they carry respectively 5/7 and 2/7 of
the launched parallel power flux. Even though the ion orbit model
does not precisely predict the distribution function at the surface,
we suppose that the Larmor radius spreading provides an accu-
rate enough stencil of the heat flux spreading. Comparison with
PIC simulations of a few representative cases demonstrates the va-
lidity of this approximation [12].

4. Monoblock edge heating

The vertical targets are tilted with respect to the magnetic flux
surfaces in order to increase power spreading. Magnetic field lines
thus intersect the side of each MB that faces upwards towards
the X-point. The angle of incidence on these surfaces is in the
range 1.5°<0,<7° (spanning the full range of magnetic equilibria
planned in ITER), which is similar to the angle on the top faces
of the MBs, so the power flux to the side of the TG will be of the
same order of magnitude as on top of the MB. The power entering
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T[°C] constant thermal properties, the temperature throughout the body
1.5 T T T >3422 is given by the linear superposition of the solutions of two simpler
p—_— problems. For the case of heat flux applied only to the side surface,
the solution is identical to that of the 1D, semi-infinite problem
d ] 2500
g 10 w Vi t x? X X
~ & Tyge(x, ) = Yomdside 5 [Zexp (=X ) = X erfe X ),
- fbf 2000 K 4 Aot LTS 2ot
= S5y,
— % (5)
o 0.5 1500
W and for the case of heat flux applied only to the top surface, the
1000 solution is
0.0 500

500 1000 1500 2000 2500 3000
o
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Fig. 4. Peak temperature from solution of the 1D, non-linear, transient heat flux
equation. The energy density & to a nominal, axisymmetric divertor target having
initial temperature T;,; is delivered during a triangular pulse having a rise time
T =250 ps and a decay time 74 =500 ps. The peak temperature occurs at t=460
ps. The white area corresponds to the onset of melting before the end of the heat
pulse.

a TG can be up to 5% (gus/(gms+W)=0.6 mm/12.6 mm) of the
total power impinging on each MB, and since it is deposited on
a toroidal edge which is already hot due to loading of the main
plasma-facing surface, it is essential to include its contribution to
the thermal response. From the point of view of heat conduction,
there is a significant difference between an edge that is heated on
only one versus both of its facets.

Under the optical approximation only the side of each MB that
faces upwards towards the X-point should receive plasma. It is not
at all evident that this is realistic because the Larmor gyration of
ions is almost purely poloidal. This means that there is a possibil-
ity that power can be deposited even on the magnetically shad-
owed side of a TG if the helicity of the ion orbits is in the cor-
rect sense. An observer facing inwards looking at the IVT would
see the plasma flowing from right to left, and slightly downwards
from the X-point to the target. The bottom, long (toroidal) edges
of the MBs, and the left-hand, short (poloidal) edges are magneti-
cally shadowed. Therefore, if the heat flux were purely optical, one
would expect to see the top, long edges and the right-hand, short
edges overheating (if the edges were not protected by MB shaping).
At the IVT, both the upper and lower long edges receive power
flux; the top edge receives the electron component of the incident
power flux, while the bottom edges receive the ions because their
Larmor gyration results in an upward vertical motion at the instant
of impact. This will be seen in the figures in Section 5.

For the purposes of design work, ITER assumes that the ELM
energy is deposited by a heat pulse having a triangular waveform
with a decay time 74 =(1-2)t, [13]. The less conservative assump-
tion of an asymmetric pulse with t4=27; and is assumed in this
analysis, since faster decays are not observed in experiments [14].
It is assumed that the rise time of the ELM heat pulse will be
T =250 ps, given by the time of flight of 5 keV pedestal ions from
the outboard midplane to the divertor in the burning plasma sce-
nario. For lower values of pedestal temperature, the rise time is
increased by the factor (5000/T;) to reflect the smaller ion ther-
mal speed.

Fig. 4 shows the surface temperature on a semi-infinite domain
after exposure to an ELM heat pulse. Convex features such as edges
and corners heat up more than flat surfaces. Simple linear analy-
sis illustrates the problem well. Consider the sharp edge of a body
delimited by the space x>0 and z<0. Uniform heat fluxes qgqe
and qip are applied normal to the side and top surfaces, respec-
tively, for a duration of Atg =250 ps. In the linear problem with

VOl [ | ¢ 2 z z
T, ty=>~——12,/= - = PN
wop (2, 1) p —exp At + merfczm

(6)

where o, is the thermal diffusivity and « is the thermal conduc-
tivity. The 2D solution is

T(x,z.t) = Trop(z, £) + Tiige (X, ). (7)

The temperature at the sharp edge is exactly equal to the sum
of the surface temperatures on the individual facets at positions
sufficiently far from the edge where the 1D solution is recovered.

An approximate procedure has been developed to calculate the
temperature increase at an edge using power flux profiles whose
spatial variations cannot be considered to be uniform. The local
heat flux is averaged over one heat diffusion length along the sur-
face around the point of interest. The heat diffusion length is the
assumed to be equal to the characteristic depth of the heated layer
on either surface far from the edge

As = /20, Atgpy. (8)

Taking high temperature values of the thermal properties
of tungsten, cp =180]/kg/K and « =100W/m/K, and taking the
characteristic time to be when the surface temperature peaks,
Atgvy=460 ps, the depth of the heated region is about
As~160 um for the triangular pulse.

A specified ELM heat flux gz to a nominal target produces a
certain peak temperature increase (Fig. 4), referred to as ATqp. The
local peak temperature at a MB edge can be expressed in terms of
ATip

Sedge+AS
AT s as Gsursds ()
ATlD T 2Asq[g

where the heat flux profile is integrated along a surface coordi-
nate s running over the edge centered at Seqge, and fgeo is a nu-
merical factor related to the edge geometry. At a sharp edge with
temperature-independent material properties, the factor is exactly
feeo =2. For non-linear material properties, the factor is fgeo=2.1.
The non-linearity is weak because the increase of heat capacity
with temperature nearly compensates the decrease of heat conduc-
tivity, making the thermal effusivity nearly independent of temper-
ature. The geometrical factor has been calculated by the finite ele-
ment software package ANSYS for a range of edge angles and for a
range of radius of curvature in the case of filleted (rounded) edges
(Fig. 5). To obtain this factor, heat flux was applied uniformly over
an edge having an initial temperature T;,;; = 100°C. The peak tem-
perature increase was divided by that obtained far enough from
the edge that the heat flow into the bulk could be considered to be
one-dimensional. This simple procedure avoids the need to make a
2D finite element calculation for each case. Comparison with a full
2D heat flow calculation using heat flux profiles given by the ion
orbit model as input shows that the accuracy of the predicted edge
temperature increase is of the order of 1%, which is acceptable for
scoping studies such as this.

Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.10.005
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Fig. 5. Enhancement of peak temperature at an edge due to a fast heat pulse. At left the factor is calculated at a sharp edge as a function of the angle. Sharp right angle
edges are 90°; the limit of a flat surface is 180° At right the factor is calculated at a filleted (rounded) edge as a function of the radius of curvature for square and triangular

heat pulses (square and triangular symbols, respectively).

Fig. 6. An ITER divertor cassette showing orientation of toroidal magnetic field.
The inset is a zoom on an IVT MB showing a typical ion orbit projected onto the
poloidal plane, and the definitions of coordinates that will appear in the following
figures. The s coordinate runs poloidally over the surface of the MB from the mag-
netically wetted edge to the shadowed edge, y points downward along the cooling
tube axis, and z is perpendicular to the top MB surface.

5. Results

Power loads were calculated by the ion orbit model for plasma
conditions corresponding to the 15 MA/5.3 T burning plasma sce-
nario with T; =5000eV, and for the half current / half field (7.5
MA/2.65 T) scenario with T; =2500eV lon mass A=2.5 was as-
sumed in both cases for simplicity. For the latter scenario, repre-
sentative of early, pre-nuclear phases of ITER operation, the work-
ing gas will likely be helium since it has a lower power thresh-
old for the transition from L-mode to H-mode than hydrogen does.
Helium ions coming to the divertor from the hot pedestal will be
doubly ionized, so they will have the same charge-to-mass ratio,
and thus the same Larmor radius, as deuterium. The calculation re-
sults are not very sensitive to the ion species, so this simplification
is justifiable.

In the following, power load profiles are shown for MBs that are
radially aligned with their neighbours on a given PFU, but with the
widest tolerable gaps (presently specified as 0.6 mm). The defini-
tion of the coordinate system used in this analysis can be seen on
Fig. 6. lon orbits terminating on the point that receives the highest
heat flux will be illustrated. The edge temperature enhancement
with respect to an ideal, axisymmetric divertor target is calculated
for the full range of radial misalignments and TG widths. At the top
MB surface far from the gaps, the enhancement is already 1.5 with
respect to the nominal value due to toroidal bevel plus component
tilting.

5.1. Sharp edges

In contrast to PGs which receive plasma only on the side that
faces upstream towards the SOL, TGs can be irradiated on the mag-
netically shadowed side if the ion Larmor gyration has the correct
helicity. At the IVT, the direction of rotation about the ion guid-
ing center is such that ions strike the lower, magnetically shad-
owed MB edges, whereas the opposite occurs at the OVT. The
ELM heat flux across a poloidal section of IVT MBs, far from the
poloidal leading edge where the toroidal variations are negligible,
is shown in Fig. 7 for the full field, burning plasma scenario. The
heat flux at the top surface is about 50% higher than the nominal
value because of the increased B-field angle of incidence due to
A6 =0.5° target tilting plus 1° associated with the hgr =0.5mm
toroidal bevel. The peak of heat flux beyond s, =12 mm is due to
ions gyrating into the magnetically shadowed side of the TG. The
scale length of the profile inside the gap is about 400 um, which
is larger than the heat diffusion length of 160 um, making the sim-
ple thermal analysis applicable. The heat flux before sp,=0 mm is
carried by the electrons onto the magnetically wetted side of the
TG.

Also in Fig. 7a poloidal section of the MBs is shown. The two
cycloidal curves bracket the ion orbits that can access the top of
the TG. The red orbit is limited by grazing impact on the top sur-
face of the MB, while the blue orbit is limited by the corner of
the downstream MB. The angle between the orbits at the impact
point gives a qualitative indication of the intensity of the heat flux
striking the MB at that position.

The enhancement of the temperature peak at the lower TG edge
with respect to the prediction at a nominal target surface during
an ELM burst is shown in Fig. 8 for the range of assembly toler-
ances presently specified in the ITER IVT design. Both full and half
field scenarios are shown. There is not much difference between
them; for well-aligned MBs, the edge temperature is about three
times higher than the nominal temperature for both scenarios. The
peak temperature is nearly invariant with increasing TG width; this
is because the allowed orbits arrive at nearly grazing angles of in-
cidence with respect to the top surface, and their Larmor radii are
much larger than the gap width. There is a stronger variation as
a function of the radial step; MBs that are deeply recessed receive
less power flux at the top of the TG because the ion orbits are
creamed off by the downstream MB.

It is not visible on Fig. 8, but what does vary with gap width is
the depth of the deposition profile inside the gap. Wider gaps al-
low ELM ions to penetrate deeper into the TG. At deeper positions,
the simple thermal analysis that is applicable directly at an edge
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2.5 T T T T T T T The data in Fig. 8 apply to any surface energy density and

pulse shape, once the nominal 1D thermal response to that pulse

o g i is known. For example, the nominal temperature increase corre-

o- 25| | sponding to the full field scenario with Atg =250 ps can be

= read from Fig. 4, and the temperature multiplied by the number

5 1t . from the left panel of Fig. 8 to obtain the temperature increase

O_w at the lower toroidal MB edge. Strictly speaking, the temperature

05r 1 enhancement would have to be recalculated for pulse shapes hav-

|_ ing a different rise time, because the heat diffusion length will

% 0 2 4 6 8 10 12 14 vary. This means that the integral of the heat flux profile over the

[mm] edge would change slightly. However, since the characteristic scale

I length of the profiles inside the TG are typically larger than the

heat diffusion length, and since that length varies weakly with the

34 ' ' R ' rise time, the correction would be negligible. As long as the rise

33 time is not, say, an order of magnitude different that the value

— 32 assumed in this analysis, the results of Figure 8 can be used for
e 3 scoping studies.

é 30 The maximum nominal surface energy density is generally ac-

N 2 cepted to be e¢=0.5 MJ/m?, which leads to a temperature increase

28 of AT;p=1100°C. The edge of a well-aligned MB in the burning

27 plasma scenario would heat up 3.5 times higher than that, push-

26 ing the edge well into melting even if the MB were initially cold.

-2 o 2 4 6 8 10 12 i If edge melting avoidance is taken as a design criterion for an ELM

y [mm] mitigation system, for example, the maximum nominal surface en-

Fig. 7. Heat flux and ion orbits at MBs with sharp edges assuming no radial mis-
alignment, but with the widest acceptable TG width. Upper panel: surface heat flux
normalized to the heat flux to a nominal target. The red curve is the electron com-
ponent which assumed to obey the optical approximation, the blue curve is the ion
component calculated by the ion orbit model, and the black curve is the sum of
the two. Lower panel: poloidal cross section showing the two extremes of orbits
whose gyrophase allows the ions to reach the top of the TG. Both orbits have par-
allel speed equal to the sound speed, and perpendicular speed equal to the thermal
speed. The straight lines indicate the magnetic flux surfaces. These curves corre-
spond to the full field, burning plasma scenario with T;=5keV and B=8 T at the
IVT strike point.

is less reliable, and full 2D thermal calculations are required. This
has been done for gap widths of 0.2 and 0.6 mm, assuming a nom-
inal incident energy density of &t =0.5MJ/m?. The depth of the
zone that exceeds the melting temperature of tungsten (3422 °C) is
39 um for the narrowest gap, and 62 um for the widest gap. These
calculations do not treat liquid tungsten; the thermal properties
for temperatures higher than the melt temperature are simply as-
sumed to be equal to those at the melt temperature. Calculations
with more sophisticated codes such as MEMOS would be required
to go further, but it is reasonable to conclude that wider gaps po-
tentially result in broader melt layers inside TGs.

ergy density would have to be reduced to &= 0.14 MJ/m?2.

5.2. Chamfered edges

A natural proposal to avoid melting at sharp TG edges is to re-
move the zone that melts by appropriate poloidal profiling. Cal-
culations have been made for MBs with a 1 mm chamfer applied
to their long edges (Fig. 9). This results in an edge having an an-
gle of 135°, which means less intense temperature peaking. From
Fig. 5 the geometrical peaking factor is about fgeo =1.4 instead of
2.1. However, chamfering opens up the TG, allowing more ions to
access the surface. Instead of arriving at grazing angles, ions can
now spiral down into the gap and back up onto the edge. In fact,
the gap is so wide that ions are no longer creamed off by the ad-
jacent MB. The flux to the edge is determined only by the Larmor
radius, independent of misalignments. For that reason the type of
graph shown in Fig. 8 for the sharp edge is not shown here; the
temperature enhancement is about 2.9 for full and half field sce-
narios, independent of misalignment. The net result is no signif-
icant improvement with respect to sharp-edged MBs. Melting is
not avoided, it just occurs elsewhere. A further problem with this
shaping solution is at the upstream TG edge. That edge is now
more exposed to inter-ELM heat loads, which will lead to higher

0.3 T T T

0.1k

.
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\

radial step [mm]
o

U .
'2—“‘42—\_—I‘t-\\ﬂ\_‘1

7\-\3

-0.2t \ 5\\

\
\\\\

0.2 i3 0 5
gap wndth [mm]

02 0.4 06

gap width [mm]

Fig. 8. Peak edge temperature enhancement with respect to an ELM pulse to a nominal target for the full field scenario with T; =5 keV (left panel) and half field scenario
with T; =2.5 keV (right panel) for the range of assembly tolerances presently specified in the reference ITER IVT design.
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Fig. 9. Heat flux and ion orbits at a 1mm chamfered edge. Same indications as
Fig. 7.

steady state temperatures, and reduce the margin against tungsten
recrystallization.

5.3. Filleted edges

Chamfered edges are still sharp, and it seems that ion flux
tends to focus on regions where there is a sharp boundary be-
tween two facets having different orientations. From Fig. 5 it is
seen that the geometrical peaking factor at filleted (rounded) edges
falls quickly to unity once the radius of curvature of the fillet ex-
ceeds the heat diffusion length. Therefore, the calculations were
repeated for a smooth edge having a radius of curvature of 0.5 mm
(Fig. 10). The heat flux is maximum at the center of the arc, but is
similar to the magnitude predicted for sharp edges. The resulting
heating is essentially 1D, and so less severe. The edge temperature
enhancement factor is identical for full and half field scenarios; it
varies little with gap width, and increases from 1.9 for the most
recessed MBs to 2.9 for the most protruding ones.

5.4. Poloidal bevel

The shaping options presented above all suffer from the same
phenomenon. lons gyrate into the TG and are focused there. Rather
than trying to modify the edges, a different solution consists of
profiling the entire top surface of the MB to hide the edge from
this Larmor radius flux. In addition to the 0.5 mm toroidal bevel
that protects the poloidal leading edge from inter-ELM heat loads,
an additional poloidal bevel could be superimposed such the edge
is shadowed by the downstream MB. It is not trivial to choose
values for the two bevel depths because of the requirement to
protect poloidal leading edges. For example, if a poloidal bevel
of hp =02mm were applied upon the existing hr =0.5mm
toroidal bevel, given the tolerance of m;,3=0.3 mm on the radial
misalignment between PFUs, it is possible that part of the leading
edges would be directly exposed to the parallel flux. To avoid that,
it is necessary to make the toroidal bevel deeper, which obviously
has the disadvantage of further increasing the local magnetic field

-2 0 2 4 8 10 12 14

y [mm]

Fig. 10. Heat flux and ion orbits at a 0.5 mm filleted (rounded) edge. Same indica-
tions as Fig. 7.
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Figure 11. Heat flux and ion orbits on a MB with a toroidal bevel of hi; = 0.7 mm
and a poloidal bevel of h,, =0.2 mm. Same indications as Fig. 7.

angle and thus reducing the MB power handling capacity and mar-
gin against critical heat flux. Calculations have nonetheless been
made with a toroidal bevel of hir=0.7 mm combined with an
hpe = 0.2 mm poloidal bevel (Fig. 11).

A number of curious things happen. The heat flux to the mag-
netically shadowed edge does indeed decrease because few ions
can reach it. This is visible in that the angle between the two or-
bits is clearly smaller than in the earlier cases. In fact, the situa-
tion is nearly identical to a sharp edge of a MB that is recessed
by 0.2 mm with respect to its neighbours (Fig. 7). Power balance
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Fig. 12. Peak edge temperature enhancement with respect to an ELM pulse to a nominal target for the full field scenario with T; =5 keV for the range of assembly tolerances
presently specified in the reference ITER IVT design. The left panel corresponds to the upstream MB edge (left hand edge in lower panel of Fig. 11), while the right panel

corresponds to the downstream edge.

must be preserved, so where does the lost power go? It is now ab-
sorbed by the upstream edge of the adjacent MB. Since that edge
is now protruding, it is also more exposed to the electron com-
ponent of the heat flux, and inter-ELM heat loads. The net result
is that the two long edges share the power flowing into the gap
about equally; both edges have a temperature enhancement fac-
tor of about 2.4 (Fig. 12). At the upstream edge this factor does
not vary with gap width, but increases from 2.0 to 2.8 with in-
creasing radial misalignment. At the downstream gap, the benefit
of poloidal beveling is lost when the MB starts to protrude ahead
of its neighbours. The results are identical for full and half field
scenarios, so only the former is shown here.

6. Discussion

A new scaling for parallel energy density ¢/, released during un-
controlled Type I ELMs has recently been proposed [3]. The essence
of those findings is that &), (that is, the peak parallel power flux
integrated over the duration of the ELM event) is proportional to
the pedestal pressure, and that the poloidal width of the ELM foot-
print increases with ELM size. For the half current, half field sce-
nario (Ip=7.5 MA, B=2.65 T) representative of the pre-nuclear ex-
perimental campaigns, the prediction for the surface energy den-
sity obtained by projecting &, onto the ideal, axisymmetric ITER
vertical target is 0.125 < etg < 0.375MJ/m?, while for the burning
plasma scenario (I,=15 MA, B=5.6 T), it is 0.5 < &g < 1.5 MJ/m?.

Even though our analysis concerns the IVT, the results pre-
sented here will be cast in terms of this new scaling which

corresponds to the outer target, because a similar scaling for the
inner target is not yet available. For the pre-nuclear scenario,
assuming an ELM rise time of Atg =350 ps and T,=2.5keV,
the nominal surface temperature increase is calculated by the 1D
heat equation to be in the range 200 <AT;p< 700°C. Multiplying
the highest expected temperature increase by the calculated edge
enhancement factors, the temperature increase at the magnetically
shadowed toroidal MB edge has been calculated for the present
ITER design with sharp edges, and the alternative design that
incorporates an additional poloidal bevel (Fig. 13). In the case of
sharp edges, the temperature increase is quite high. Whether this
is a problem depends on the relative alignment of the MBs, but
also on their mean temperature, which is set by the total average
power flow to the divertor integrating both inter-ELM and ELM
heat loads. From [4], the mean MB temperature will probably not
exceed 800°C in this regime. The highest surface energy densities
could cause edge melting if they strike radially misaligned MBs.
Even though the tolerance on the radial step between MBs on a
given PFU is specified as 0.3 mm, it is expected that the obtained
tolerance will not exceed 4+0.1 mm [15]. The risk of sharp edge
melting in the pre-nuclear phase can perhaps be described as
marginal. A gain of several 100°C could be obtained by imple-
menting a poloidal bevel, but this has to be balanced against the
reduced heat handling capacity of MBs with a necessarily steeper
toroidal bevel.

In the burning plasma scenario at full current and full field,
the predicted surface energy densities correspond to peak temper-
atures 1000 <AT;p<3200°C. Mean MB temperatures could be as

03
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Fig. 13. Peak edge temperature during ELMs for the pre-nuclear, half field scenario with T; = 2.5 keV for the range of assembly tolerances presently specified in the reference
ITER IVT design. The worst case surface energy density predicted by a recent empirical scaling [3] ey <0.375MJ/m? is taken as input. Left panel: MBs with sharp edges;

right panel; MBs with a poloidal bevel of hp,=0.2 mm.
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high as 1000-1500°C, depending on the radiated power distribu-
tion, and the balance of SOL power between the inner and outer
targets [4]. It is clear that even ELMs producing energy densities
at the lower boundary of the scaling will melt the toroidal edges,
whichever shaping solution is considered.

The modelling tools used in this work are based on significant
simplifications that allow large numbers of cases to be studied
in the framework of scoping studies. It is therefore important to
compare with more rigorous calculations, as they become avail-
able. Two-dimensional particle-in-cell simulations including self-
consistent electric fields were performed to model MBs with sharp
edges [12] for a few specific cases. The results compare surpris-
ingly well with the simple ion orbit model. Recently, simulations
have been made of the poloidal gaps of flat-topped MBs with
no misalignments, but with sharp, chamfered, and filleted lead-
ing edges. The heat flux was calculated by a 2D PIC code, and the
thermal model includes a treatment of the liquid phase of tung-
sten. The results are not directly comparable with this work which
treats toroidal edges, but the authors did conclude that although
filleted edges perform the best, they still melt [16].

7. Conclusions

ELM heating at the magnetically shadowed toroidal edges of IVT
MBs was identified as being severe in Ref. [4]. The heating oc-
curs due to the Larmor gyration of hot ions that focus heat flux
at the top of the toroidal gaps. Alternative shaping solutions in-
cluding chamfering, filleting, and an additional poloidal bevel were
evaluated in this paper. The results are broadly the same. Remov-
ing the sharp edge just results in the overheated zones migrating
to other locations on the MB. While slight gains are obtained by
filleting and poloidal beveling, the result must be balanced against
the increased cost and manufacturing complexity of such solutions,
as well as other detrimental effects such as increased exposure of
the edges to inter-ELM heat loads due to the wider gap openings.

Without ELM mitigation, there is a marginal risk of edge
melting due to uncontrolled ELMs in the pre-nuclear phase of ITER
operation, and an absolute certainty of it in the burning nuclear

phase. To avoid edge melting altogether, the surface energy density
would have to limited to less than 0.15 MJ/m2.
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