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Abstract

The official Spherical Tokamak for Energy Production (STEP) mission
aims to demonstrate the ability to generate net electricity from fusion
with the STEP Prototype Power plant. One of the key technological and
engineering challenges in fusion power plants is managing the loads on
the first wall within acceptable limits. Therefore, the conceptual design
development of the STEP Prototype Power plant (SPP) needs to be based
on load estimates derived using legitimate plasma physics assumptions
through dynamic and flexible tools. The current design foresees the STEP
main chamber first wall to withstand steady-state heat loads of up to ~ 1
MW/ m?, excluding critical regions expected to receive higher heat loads
such as the baffle regions approaching the divertors. These critical areas
will require ad hoc assessments and will be designed with the presence
of limiters. This article focuses on the models and methodology adopted
for designing the 2-D poloidal contour of the STEP first wall, based on
the anticipated charged particle and radiation heat loads during normal
operation.

Firstly, the models adopted for calculating the charged particle and
radiation heat loads are introduced. The first model is validated through
benchmarking against the particle tracing code SMARDDA, while the



second model is verified by comparing it with data from the MAST-
U experiment. Secondly, the model used to design the 2-D first wall
contour according to the heat loads is explained. We acknowledge that
this preliminary design stage assumes certain simplifications, notably
an axisymmetric geometry, for computational efficiency and clarity in
presentation. It is understood that subsequent design phases will address
the complexities of real-world engineering, including non-axisymmetric
effects, transient plasma scenarios, and the impact of disruptions on the
first wall design.

Finally, an automatic procedure based on these models is presented for
defining the 2D poloidal contour of the STEP first wall to minimize heat
loads, taking into account the need to radiate most of the alpha-particle
and auxiliary heating power.

By providing an overview of the models, methodology, and an automatic
procedure, this paper contributes to the design process of the STEP first
wall, addressing the engineering challenges associated with fusion power
plant development.
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1 Introduction

The official Spherical Tokamak for Energy Production (STEP) mission aims to
demonstrate the ability to generate net electricity from fusion with the STEP
Prototype Power plant (SPP), and to produce a concept design by 2024 [1].

EU-DEMO studies [2] have shown that one of the main challenges in the
realization of fusion power is identifying a reliable solution for plasma exhaust.
As a low aspect ratio device, with a lower major radius than DEMO, STEP
has to overcome some significant power exhaust challenges. One solution to
mitigate these loads is for STEP to operate with a double-null (DN) divertor
configuration. This is the most promising configuration to also ease the radiation
requirements in the inner divertor [3].

In steady-state operation, the most recent STEP Prototype Power Plant
(SPP) modeling predicts a fusion power of up to 1.8 GW with a plasma radius of
3.6 m. If the unmitigated power from the scrape-off layer (SOL) were to directly
strike the divertor plates, the resulting peak heat loads would be intolerable.
Hence, it is crucial to ensure that a significant portion of the heating power
(ranging from 380 to 460 MW in the currently-used flat-top operating points)
is effectively radiated. However, this approach may potentially lead to high
radiation loading on the first wall.

While radiation loading is typically considered uniformly spread over the
plasma-facing components (PFCs), strong emissions from the X-point regions in
so-called X-point radiator (XPR) scenarios may produce more localized radiation
loading on wall components near the X-points. Furthermore, protruding limiters



in the main chamber, surfaces near the divertor entrances, or misalignments
between first wall components, may intercept open field lines potentially leading
to localized high heat fluxes.

This article describes the methodology adopted for the development of the
initial STEP first wall to ensure it stays within acceptable limits. The focus
is on predicting wall heat loads resulting from charged particles and radiation,
as well as an automatic procedure for designing the 2-D poloidal contour of
the first wall. It is important to note that this initial design stage assumes
certain simplifications, notably an axisymmetric geometry, for computational
efficiency and clarity in presentation. Subsequent design phases will address
the complexities of real-world engineering, including non-axisymmetric effects,
transient plasma scenarios, and the impact of disruptions on the first wall design.

The charged particle heat flux model is presented in Section [2| with its
validation through benchmarking against the particle tracing code SMARDDA
demonstrated in Section [3] The procedure for designing the first wall profile
based on the heat fluxes is discussed in Section 4

The models for assessing radiation loading due to core and SOL radiation are
described in Section [5| In this section, the model is also verified by comparison
with data from the MAST-U experiment. The application of these models to
generate the first wall profile for the most recent conceptual design, SPR-45, is
presented in Section [6]

The heat load calculation models have been integrated into BLUEMIRA
[4, [ [6], a novel reactor design framework that incorporates various models and
codes, including PROCESS [7], which have been utilized in the EUROfusion and
STEP projects [§]. The STEP project has further extended the BLUEMIRA
functionality to incorporate new shape parameterizations, poloidal field coil
position optimization within regions, enhanced interfaces to different libraries,
and the models discussed in this publication.

2 2-D charged particle heat flux model

To map the field lines and calculate the power density onto the 2-D contour of
the first wall for a large set of plasma scenarios, a simple 2-D model has been
developed. The model is based on a basic two-point model of the SOL [9} [10],
and it assumes the plasma follows the magnetic flux lines in the SOL. Having
a free boundary plasma equilibrium as the primary input, the model splits the
input power Pgor, into the high-field side (HFS), Psoryes and the low-field
side (LFS), PsoLyps, assuming 10% to the inboard, 90% to the outboard and
equipartition between upper and lower divertor, mimicking the conclusions in
[11] (Figure [1).
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Figure 1: Schematic of the model for the SOL power sharing between inner and
outer mid-plane, and upper and lower divertors.

The power in the SOL decays exponentially when travelling radially away
from the plasma boundary at the mid-plane, with an e-folding length decay
function which differs between LFS and HFS and varies between near and far
SOL [12]. For each magnetic side, the radial profile of the poloidal power density
is calculated as:
PSOL,ne%:Lu Pgsor re 5 1
2nR(ry)A\n 2w R(ry)Af (1)

where the label “u” is used for the mid-plane, meaning “upstream”. The
input power is distributed between near and far SOL as Psor,n and Psor s An
and Ay are the near and far SOL e-folding lengths, 7, is the increasing radial
distance from the plasma boundary to the wall, and R is the plasma major
radius. At the mid-plane, parallel (gj,,,) and poloidal (gp,.) power density are
related by q|.u = @p,uBtot,u/Bp,u-

To calculate the heat flux where the field lines intercept the solid surface, one
must consider that each poloidal flux surface has a “width”, evaluated at the
mid-plane, dr,, [13]. The flux surface width varies when moving poloidally along
the field lines. The ratio of the width of the flux surface at its interception point
and at the mid-plane is called poloidal flurz expansion, which is by definition

Gpu(Tu) =
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where dr is the normal distance between a group of neighbouring flux surfaces,
and the subscripts ”t” and ”u” denote respectively the solid target and the
mid-plane.

The poloidal flux expansion parameter in practice is computed as

fz,t :

_ RuBpu

fat,t - Rth,t

3)

where R, and B, , are radius and poloidal magnetic field at the mid-plane, and
R: and B, are radius and poloidal magnetic field at the interception point.
Since the power entering a flux tube at the mid-plane is equal to the power that
exits the same flux tube at the interception point, 27 R, dry,qp . = 2 Redry f2 1 Gp ¢
the poloidal vector component of the power density at the interception can be

calculated as:
R, 1

It = q’”“ﬁ:ﬂ (4)

From the poloidal vector component, at the interception, the normal com-
ponent of the heat flux is calculated considering the angle 5,4+ between flux
surface and intercepted surface:

qLt = qp,tSin(Bpol,t) (5)

3 2-D charged particle model benchmark

The 2-D charged particle heat flux model has been validated against SMARDDA
[14], showing similar and consistent results. SMARDDA is a tracing code,
extensively used for JET, ITER, MAST-U, and DEMO to predict the power
deposition due to charged particles impinging on the wall. SMARDDA requires,
as inputs, a 3D plasma-facing surface model, as well as the plasma equilibrium
and its related plasma parameters.

Validation was performed utilizing a single null DEMO 2017 plasma con-
figuration during normal operation, as documented in [15]. For SMARDDA,
a 22.5-degree axisymmetric first wall section was chosen (see Figure [2h). The
equivalent poloidal profile for the 2-D model was extracted (see Figure). The
primary focus of the reference work was the heat flux deposited on the first wall,
with relevant values for the far-SOL considered, specifically Pgor, = 69M W and
Aq = 50mm.
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Figure 2: a) 22.5 degrees DEMO 2017 first wall section for SMARDDA. b)
DEMO 2017 first wall profile for 2-D model.

Results of both analyses are shown in Figure[3] In Figure[3h) the results from
SMARDDA have been overlayed to the 2-D first wall profile. Figure ) shows
the results obtained with the 2-D model. The two plots show agreement between
the two different calculations, both in terms of intersections between flux lines
and first wall, and heat flux values. The main difference is at the midplane
(z=0.09m), where the flux surfaces are nearly parallel to the first wall profile.
It has been demonstrated that the power does not reduce to zero as the field
line angle approaches zero [16]. While SMARDDA only accounts for the power
component parallel to the flux lines, resulting in the heat flux density going to
zero, the 2-D model also calculates the component perpendicular to the last flux
line, inherently ensuring consistency between the input power and the deposited
power, without the need for artifacts such as a minimum angle of incidence.
This difference results in no power density at the midplane for SMARDDA, and
0.015 MW /m? for the 2-D model. By considering the component perpendicular
to the last flux line, our 2-D model provides a more accurate representation of
the power distribution at the midplane.
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Figure 3: a) SMARDDA results overlayed to the DEMO 2017 first wall 2-D
profile. b) 2-D model results.

The integration of the 2-D charged particle model with the first wall design
model (Section 7 the ability to provide results in less than 30 seconds, and to
predict the perpendicular power density at the mid-plane, are key elements for
the design of STEP first wall contour (Section [6).

While the utilization of a 3D model to calculate 2D data may seem uncon-
ventional, it is crucial for validation purposes. SMARDDA, a well-established
3D field line tracing code, serves as a benchmark in our field, providing a robust
basis for validating the accuracy and reliability of our 2D model. Although
SMARDDA inherently handles 3D geometry, this comparison does not aim to
directly contrast the two models. Rather, it demonstrates that our 2D model
produces accurate heat flux calculations for an ideal axisymmetric first wall
scenario.

However, real-world conditions result in higher heat loads, typically 5-10
times greater than idealized calculations [I7]. Therefore, in the context of the
2-D poloidal contour of the STEP first wall, our generated profile serves as a
starting point for the next design phase, where we will enhance and optimize it
to handle increased heat loads due to gaps, segmentation, leading edges, and
misalignment. For this purpose, 3D field line tracing codes such as SMARDDA
[14] and HEAT [18] will be employed.



4 First wall 2-D profile design

The model to design the first wall contour ties in with the charged particle model
Section [2] for the automatic adjustment procedure to reduce the heat flux. From
the same free boundary plasma equilibrium, the model first makes an initial
self-generated first wall profile. This is a set of coordinates coming from a convex
hull of three profiles: the main chamber profile, having as bottom and top limits
the X-points, and the divertor profiles extending respectively from the lower
X-point to the lower targets, and from the upper X-point to the upper targets.
To define the main chamber profile, precise specifications for the inboard and
outboard mid-plane plasma-wall gaps are essential. Utilizing these gap values,
the main chamber profile incorporates two flux surface offsets relative to the Last
Closed Flux Surface (LCFS). The resulting main chamber shape is determined
by computing the convex hull of these two shapes (depicted by the black line
in Figure [Hleft). It is important to note that while the schematic serves a
primarily indicative purpose in this section, it still integrates certain geometrical
inputs crucial for STEP design considerations. As of the current writing, the
plasma wall gap on the inboard is awaiting confirmation. Detailed simulations,
particularly focused on H-L transitions, may be necessary to comprehensively
understand plasma behavior, particularly with regard to the timescale. The
existing 100mm measurement is considered a suitable starting point, though not
yet definitive. The divertor profiles are two parametrised mirrored shapes (Figure
right) based primarily on the X-point location and the strike point locations.
One needs to input the target radial coordinates, the divertor apertures, namely
the outboard and inboard gap between X-point and first wall, the type of divertor
target (i.e., vertical or horizontal), the target plate length, and the grazing angle.
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Figure 4: Schematic of preliminary first wall design. (Left) main chamber design
based on LCFS (dashed red line), profile with outboard offset (green line), profile
with inboard offset (blue line), final main chamber profile (black line). (Right)
lower divertor profile with reference to the separatix and scrape-off layer flux
surfaces.

Once the initial first wall profile is made, the model discretizes the SOL into
a set of flux lines and detects their intersections with the first wall. For each
intersection, a heat flux value (¢ ) is calculated as per Section To perform
this calculation, the model requires the amount of power crossing the separatrix,
and the near and far SOL power decay lengths. At this stage, the radiation
model does not come into play yet; only the charged particle model is leveraged.
While the radiation model includes the option of a detached regime, when used
on its own, the charged particle model is unaware of how much power has been
radiated. Thus, due to the simplistic approach, which assumes that all the power
is conducted into the SOL by charged particles, the model inherently assumes
a fully attached divertor regime. For this reason, the model is predominantly
intended to be used to calculate the charged particle heat fluxes on the main
chamber. As a result, for the final first wall profile, the divertor is drawn based
on the input parameters, whereas the main chamber is drawn based on the input
parameters and then iterated automatically by the code until user-defined heat



load limits are met. To meet these limits, the initial first wall main chamber
profile is locally adjusted.

The initial self-generated first wall profile follows the LCFS curvature with a
plasma-wall clearance which is kept constant from the mid-plane to the divertor
entrance. On this initial profile, if one or more intersection points are found to
be associated to a heat flux value higher than the user-defined limits, the first
wall profile is locally reshaped. Such reshaping consists in a convex hull between
the initial first wall profile and the flux line passing through the point with high
heat flux. In practice, the first wall profile is moved away, to intercept a further
and less energetic flux line, and change the angle between flux line and first wall
profile. As an example, in Figure || the distance between X-point and outer wall
was increased from 1m to 1.1m to reduce the peak heat flux.
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Figure 5: a) preliminary first wall profile and relevant heat flux values. b)
adjusted first wall profile and relevant heat flux values.

It is essential to emphasize that the first wall profile in output, while crucial
for design development, represents only the beginning stage. Other enhancements
to the first wall profile will be carried out separately in subsequent design phases.
Specifically, the ramp-up and ramp-down phases will be studied independently,
and relevant enhancements, such as midplane limiters, will be addressed in future
design iterations. In this paper, we focus solely on this initial stage as part of
our automatic procedure to output the first design iteration.

5 Radiation source calculation

Radiation can be increased by seeding impurities. These can be chosen to either
focus on the core radiation (using high Z impurities such as Kr, W) or on the
scrape-off-layer radiation (e.g., N, Ne). Significant radiation losses from the
main plasma can effectively diminish the energy reaching the divertor. However,
this reduction would also lead to an increase in heat flux on the first wall and,
inevitably, a decline in plasma performance.
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The primary inputs for the radiation calculation are a plasma equilibrium,
an first wall profile, and impurity information (species and content). With this
information, it is possible to calculate the core and SOL radiation source. For
the core plasma, the calculation is initialised using a simple model for the radial
energy transport at the plasma edge [19]

kaT 0Q 1

@L=- or’ or

= —nen,L,(T,) (6)

where k is the perpendicular heat conductivity, r is the radial coordinate, n. is
the electron density, n, is the density of the impurity ion, L, is the radiative
power loss function.

For the SOL, the equation is similar to that for the core, but the parallel
heat conduction is dominant over the radial transport. The key equations is:

0
% = —nen,L.(T:) (7)

where s is the parallel coordinate.
The core and SOL radiation sources rely on the calculation of temperature
and density. Details of both models are given in the following subsections.

5.1 Core radiation source model

The core region is typically characterised by high temperature (7, > 300eV),
where low-Z impurities are fully stripped of their electrons, and relevant line
radiation is negligible. Thus, the main contribution is in the form of line radiation
from high-Z sepcies, and bremsstrahlung. A full description of the core radiation
should also include the power loss due to synchrotron emission. As such, the
radiated power in the main plasma is:

Pradﬁore = Pbrems + Psync + Pline,core (8)

Currently, the model does not include a specific calculation of synchrotron
radiation. This oversight leads to an overestimation of the required heavy
impurity content to achieve a specific power radiation level. Additionally, it
overlooks a peak in emissivity distribution within the core, albeit not significantly
affecting the heat flux distribution on the first wall.

To calculate the core radiation source profile, the model requires in input
the midplane radial profile of density and temperature. These can be either
provided in the form of one dimensional arrays or calculated according to the
model in [7]. This model provides a description of density and temperature as
function of the adimensional radius p:

2
Nped + (nO - nped)(l - g )an’o S 14 S Pped
n(p) = 9)

Ngep T (nped - nsep)(l_lgﬁ)vpped <p<l1

11



and
pT

Tpea + (To = Tpea)(1 = 57-)"7,0 < p < pped
T(p) =4 °° v P e (10)
Tsep + (Tped - Tsep)(ﬁ:&d)apped S 14 S 1

where subscripts 0, ped and sep, denote values at the centre (p = 0), the
top of the pedestal (p = ppeq) and the separatrix (p = 1), respectively. The
presence of a pedestal suggests the assumption of high-confinement mode. p is the
nondimensional radial coordinate, here expressed as a function of the normalised
poloidal flux (normalisation to unity at the separatrix of the conventional poloidal
flux coordinate) and computed as p = v/Wy. The density and temperature
peaking parameters a,, and ar and the second exponent by can be chosen by
the user.

The radiation per unit volume is calculated using radiative power loss func-
tions calculated from quantum mechanics codes and tabulated in the Atomic
Data and Analysis Structure (ADAS) database. For each impurity, the total
power lost per unit volume by all line-radiation processes and bremsstrahlung is
given by [20]:

d—Pline,imp
av
where fin, is the impurity fraction, defined as fimp = Nimp/Ne, With 1y, the
density of the impurity ion, and n. is the electron density. Pjine—rF,imp is the
mentioned radiative power loss function, and it has a weak dependence from
electron density.

For a given set of impurities and relevant impurity contents, the model can
output the radiation per unit volume associated with each species (a qualitative
example in Figure @, as well as the total radiation value.

= fimpngplinefLF,imp(nevTe) (11)
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Figure 6: 1-D core radiation radial profile

A 2-D radiation source map (R, z coordinates) is generated for a specific

12



set of closed flux surfaces, assuming a constant electron density and electron
temperature along these surfaces. The ratio of impurity density to electron
density is assumed to be uniform throughout the core plasma. In this scenario,
the ratio is adjusted to achieve a radiation level of approximately 340 MW,
respecting the limit derived from estimating a core radiation fraction of 0.7 of
the total loss power (refer to Figure E[)
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Figure 7: Example 2-D core radiation map

5.2 Scrape-off Layer radiation source model

The total power delivered to the plasma can be defined as:

Ptot:PEC+P0hm+Pa (12>



where Pgc is the injected power (shorthand for electron cyclotron), Pon, is the
ohmic power, and P, is alpha particle heating.

The portion of the total input power which is not radiated in the plasma
core is transported to the core periphery and then to the Scrape-off layer,

PSOL = Ptot - Prad,core (13)

where Ppad,core is the radiated power in the core plasma.

To calculate the SOL radiation source, the model is inspired by the Two
Point Model [9] and its application in [I0]. The model proposed in [I0] assumes
that the divertor acts as sinks for energy, momentum and charged particles. The
energy sink is primarily related to line radiation from fuel species and seeded
impurities, the momentum loss comes from the friction between plasma ions and
neutrals (i.e., charge-exchange and elastic scattering), and the charged particle
sink is associated with recombination at the target plate. Thus, it is possible
to distinguish two regions: the conduction region, covering the greater part of
the SOL, that contains no particle sink and in which heat is only volumetrically
dissipated through impurity radiation and added through cross-field transport;
the recycle region, generally localized near the divertor targets, and the location
of ionisation particle sources as well as energy and momentum sinks. In the
recycling region the temperature can be assumed constant, due to strong parallel
convection. This assumes that volumetric energy losses are negligible. This
assumption may not be satisfied, especially at low divertor temperatures (Figure

).
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Figure 8: Schematic proposed by Pitcher [I0] illustrating the two-point model.
In a flux tube a conduction and recycling region can be identified. u: upstream; r:
recycling region entrance; t: target plate.

Figure 8| denotes the presence of three key locations: upstream (u); entrance
to recycling region (r); target plate (t).

The model proposed follows Pitcher’s model and adds a fourth key location
point, the start of the radiation region, to enhance the flexibility. Density and

14



temperature parallel profiles are interpolated through these key location points
for every SOL flux surface. Figure [J] refers to the first open flux surface in
proximity to the separatrix. For this flux surface, the key locations and relevant
temperature and density values are defined as follows.
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Figure 9: Schematic displaying the four key locations where local values of
temperature and density need to be calculated.

The upstream is usually taken at the mid-plane, where the magnetic flux
surfaces are closer together and where most of the power can be assumed to enter
the SOL. Alternatively, it can be taken half way along the connection length from
inner target to outer target [9]. In the case of a DN configuration, the mid-plane
is also the target to target half way. While the upstream density is a required
external input, the upstream temperature is calculated in the extreme case of
the conduction-limited regime. In this case, the power is purely conducted out
of the main plasma. As per [9], it is possible to calculate the temperature as a
function of the parallel distance s :

2/7
PSOL) s /
Aq Il

- (149

7
T(s)) = TZ/2—2<

For the upstream temperature calculation, it is further assumed a significant
temperature drop along the SOL, which leads to:

(PSOL)L 27
T, ~ T\ A )" (15)
2 ko

where kg is the heat parallel conductivity, ds is the parallel distance along the
SOL, L is the total parallel distance from the upstream to the target, Psor, is
the power entering at the upstream, A, is the cross-sectional area of the SOL
for power flow.
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The radiation region starts above the X-point, as most of the radiative loss
occurs near the divertor, due to the steep parallel temperature gradients [10].
The actual position is a user choice. As examples, in Figure [L0[a) the radiation
region starts at the mid-plane, in Figure [10|b) the radiation region starts one
metre above the X-point. The temperature decay stops at the entrance to the
recycling region.
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Figure 10: Schematic displaying two opposite cases. a) Temperature starts to
drop at the mid-plane. b) The temperature drop starts above the X-point.

Equation [14] can be considered to be approximately valid even in cases with
high radiation in the flux tube, as this tends to be localized near the divertor
targets. As such, the temperature at the start of the radiation region is calculated
using:

2/7
Lrad in
Q— 16)
[ (

where L;q4 i is the poloidal distance between the upstream and the start of the
radiation region.

7

Trad,in = qu/2 - 2
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Assuming no friction losses between the upstream and the start of the
radiation region, and introducing the local temperature-gradient factor as fr =
Tw/Trad,in, the density at the start of the radiation region is calculated assuming
constant total pressure.

Nrad,in = nufT (17)

The recycling region power loss is below the X-point. In this region the
temperature calculation is based on the extended two-point model, by including
the hydrogen recycle loss energy, and invoking the upstream forcing function [9]:

) 4q?
_ I
F,=——"— 18
2e y2e2n2T? (18)
assuming Ty, >> T}
2 —4/7
b Y (Tq LD 19)
YT 2e y2e2n2 \ 2 ko
the related temperature is:
v\
Tpy=F, |1+ = (20)
TFu

where € is the electron cooling energy per ionization event, and v is the sheath
transmission coefficient. € is a function of (7%, n.), but as an approximation it
can be taken constant, and equal to 25 eV.

The upstream forcing function minimum value is F/™" = 4¢/v ~ 14.3eV. As
this model neglects physical processes such as power transfer to neutrals, volume
recombination, and hydrogen molecular processes, F/™" is a regime limit. At
this value, Tp, = Tﬁ{ft =¢/vy ~ 3.57¢V. For F, > F]]”’H a solution exist for
which Tr, > Tf{ft. For F, < F™i" there are no real roots.

Finally the recycling region starts with a temperature assigned as:

o fTea iR ERT
reeyeling T 3 57V if F, < Fin

The density is calculated considering the local temperature-gradient factor,
fT = Tu/Trecycling:
Nrecycling = nufT (21)

At the target location, for sufficiently high temperature (7; > 10eV),
friction processes can be neglected. In this condition, the fractional loss of
pressure due to friction, f,,, can be assumed to be 1. On the other hand,
for temperatures lower than 10 eV, the realm of detachment is entered. In
this condition, f,, is assigned to be 0.1, and the target temperature 1.5 eV.
Having calculated the temperature at the recycling region start (Trecycling),
target temperature and target density are assigned as:
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T — Trecycling lf Trecycling > 10€V
"T85V i Treeyeling < 10eV
and
n, — 1. nrecycling/2 if Trecycling > 10eV
' ng = 0.1- nrccycling/2 if Trccycling < 10eV

Having calculated the key density and temperature values in proximity of
the separatrix, the same parameters are calculated for each SOL flux surface
applying a radial exponential decay, as schematized in Figure

—2F

—6F

_%/

Figure 11: Electron density and electron temperature are first calculated on the
separatrix in the upstream, at the start of the radiation region, at the entrance to
recycle region, at the target. Subsequently, the same parameters are calculated
for each flux surface within the SOL assuming exponential decay of the separatrix
values.

L L

x [m]

The radial power decay length in the SOL, A4, is the most important param-
eter for power dispersal

g (ru) = gjoe "/ (22)

Similar to power, temperature and density also decay exponentially through the

SOL. From the two-point model [9], the relation between power decay length
and temperature decay length for the conduction limited regime is:
2

>\qH = ?AT (23)
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For simplicity, it is then assumed A, ~ Ar. Thus, the four radial profiles of
electron temperature and electron density (Figure are calculated as

T(r) = Toyel 7/ 1) (24)

n(r) = noel =7/ (25)

Once we have defined the key location values of electron temperature and
electron density for every SOL flux surface, the poloidal profiles are defined by
interpolation using either a Gaussian, or an exponential, or a linear distribu-
tion. Figure [I2) and Figure [[3] respectively use a Gaussian and an exponential
interpolation within the radiation region. The user chooses which distribution to
use. In the recycle region, if Trecycling > 10eV, the electron temperature remains
constant, and the electron density drop is weaker (Figure .

Electron Temperature vs Electron Density Recycle, 220
Conduction Radiation
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Mid-Plane to Target

Figure 12: In case of Trecycling > 10eV, the temperature within the recycle
region remains constant, and the density drop is less strong.

In contrast, if Tiecycling < 10eV, the electron temperature drops, and the
electron density drop is larger (Figure E[)
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Figure 13: The exponential profile makes the temperature decay and density
increase faster.

As a final result, each point of each SOL flux surface is assigned with an
electron temperature value and an electron density value. Having access to an
atomic database for impurities (e.g., ADAS) for the radiative power loss rates, it
is possible to calculate the 2-D distribution of the total radiated power density
[MW/m?], by using Equation [7] (Figure [14).
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Figure 14: Example 2-D map of the SOL radiated power. Most of the power
is radiated within the near scrape-off layer, in particular in proximity to the
X-point.

5.3 Comparison with MAST-U experiments

To validate the radiation source model, a MAST-U [21] study case is compared
with experimental results. The comparison is made against novel studies based
on the Infra-Red Video Bolometer (IRVB) diagnostic. In [22] a sequence of
events, characterising the detachment evolution in MAST-U L-mode plasmas,
and conventional divertor is shown. First, the inner leg detaches radiatively,
then the outer leg detaches too, forming an x-point radiator. Then the radiation
moves towards the HFS midplane along the separatrix, forming a MARFE-like
structure. Finally, further increasing the density, the structure moves inward
leading to a disruption. As the radiation source model does not include transport
phenomena and it is not able to forecast MARFE structures, the comparison is
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carried out on the base of a density scan in order to show a similar sequence of
events and prove that a similar physics is captured. As fixed input parameters,
the analysis uses Pgor, = 0.5 MW, and A\; = 6mm, in reasonable agreement
with Eich scaling [23]. As an impurity, a carbon concentration of 1% is taken. In
output, the analysis returns the emissivity and total radiated power for different
values of midplane electron density.

The density scan, in terms of emissivity map, is shown in Figure Initially
both inner and outer targets are radiatively attached - Figure Increasing
the mid-plane density, first the inner target detaches (Figure then the outer
target (Figure[15c]). Further increasing the density, the last scenario (Figure [15d))
does not show any appreciable change. In agreement with the lack of a transport
model. However, as it is radiated more than 0.5MW and the emissivity increased,
this scenario is consistent with the formation of a MARFE-like structure.
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Figure 15: Emissivity distribution for increasing values of the mid-plane electron
density in MAST-U simulation. Initially, inner and outer legs are both radiatively
attached. Increasing the electron density, the inner leg detaches and the emissivity
focuses around the x-point. Then the outer leg also detaches. Further increase
of the electron density leads to radiate more than the input power.

6 STEP application — Concept design procedure

As part of the STEP concept design process, various plasma scenarios with
different fusion power and plasma flat-top equilibria have been developed. In
this paper, with the scope to demonstrate an automatic procedure to generate
the initial first wall design point, the presented modeling is implemented for
one of these configurations known as "SPR-45". It is important to remind that
more constraining design phases such as plasma ramp-up and ramp-down phases,

23



which will require the wall to operate in a limiter plasma mode with direct
plasma-wall contact, and may necessitate the design of midplane limiters, will be
assessed in next design phases. Similarly, transient phases such as disruptions
and plasma instabilities could be critical design cases, requiring local protection
limiters.

The SPR-45 configuration is designed to achieve 1.9 GW of fusion power
during steady-state operation, with approximately 485 MW of power to be
primarily exhausted through radiation. Control of the radiation distribution
between the core and scrape-off layer plasma can be achieved through the
injection of heavy impurities (e.g., Xe or Kr) and mid-weight impurities (e.g., Ar),
respectively. It is desired that approximately 70% of the power (approximately
340 MW) be radiated in the core, while the remaining 145 MW be radiated
in the scrape-off layer. To accomplish this, STEP would likely operate in a
detachment /partial detachment regime. It is important to note that while
operating in H-mode typically increases the likelihood of Edge Localized Modes
(ELMs), which could lead to a significant spike in radiation, we are not currently
planning for them. However, this does not guarantee that they will not occur.
Nonetheless, at present, we are not assessing their potential impact.

A detailed calculation of the radiation distribution within the core and scrape-
off layer requires high-fidelity modeling, which exceeds the computational time
available for the current concept design development phase. The models presented
in sections 2] [@ and [§] have been combined into the adopted methodology for
designing the STEP first wall contour. For this phase, a tolerable steady-state
heat flux limit of approximately 1 MW /m? has been assumed. The final first
wall contour is determined through two iterations:

e Iteration 1.

— Design of the initial first wall contour based on geometrical input.
— Calculation of radiation heat loads.
— Calculation of charged particle heat flux.

— Update of the first wall geometrical input according to the heat fluxes.
e Iteration 2.

— Design of the new first wall contour based on the updated geometrical
input.

— Re-calculation of heat fluxes.

Table [I| shows the plasma parameters and technological limits used for the
study.
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H Parameter Description Value H

Po+Pexn [MW]  Power to be exhausted 485
Psor, [MW] SOL power 145
An [m] Near SOL e-folding 0.0015
As [m] Far SOL e-folding 0.100
Xe[%] Xenon concentration 1.5
Ar[%] Argon concentration 1
HFER [MW/m?] FW heat flux limit 1

Table 1: STEP SPR-45 design parameters and corresponding values.

6.1 FW iteration 1

The initial first wall contour is designed starting from the STEP equilibrium
eqdsk file [25], following the procedure explained in Sectionwith the geometrical
input in Table

H Parameter Description Value H

OMPyg,, [m]  Outer mid-plane plasma - wall gap ~ 0.225

IMPg,p, [m] Inner mid-plane plasma - wall gap  0.100
OXPT,,p, [m] X-point - Outer wall gap 0.7

IXPTgap [m] X-point - Inner wall gap 0.4

Table 2: Geometrical input for the first wall contour iteration 1.

STEP is predicted to have a large amount of core radiation to protect the
divertor targets. To keep Pgor, relatively low, high-Z impurities (e.g., Xe) will be
seeded into the core. Relevant radiation will be uniformly distributed on the first
wall surface. The core radiation source and the SOL radiation source have been
evaluated with the models presented in Section [5| The final 2-D radiation source
map has been used to calculate the corresponding heat flux on first wall with
the code CHERAB [26], a Monte Carlo ray tracing code to determine the power
deposition on 3D surfaces. Key results are shown in Figure [16] and summarised
in in Table Bl
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Figure 16: STEP SPR-45 configuration: iteration 1. First wall radiation heat
load for Pey, = 485MW and Ar% = 1.

H Parameter Description Value H
Trec [€V] Recycling region temperature 5
Tiar [€V] Target temperature 2
Pous [MW] Total exhausted power 485
HFomp [MW/m?] Outer midplane heat flux 0.85

HF e [MW /m?] Inboard midplane heat flux 0.5
HF oxpr MW /m?] Outer FW peak heat flux 0.9
HFxpt [MW/m?] Inboard FW peak heat flux 1.15

Table 3: STEP SPR-45 configuration: iteration 1. Radiation heat load calculation
sumimary.

The results show that an argon concentration of 1% facilitates the majority
of the power flowing into the SOL to be exhausted before reaching the recycling
region. This result is consistent with the power flux density q, = 3 MW /m?,
calculated as:

qr = NtCst (IVTt + €pot + E7"ad) (26)
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where ny is the target density, cy is the ion acoustic speed at the target, v is
the sheath heat transmission coefficient, Ts,, is target temperature, €,ot is the
potential energy per incident ion, and €,,q is the radiated energy per ion.

The evaluation of charged particle heat flux (excluding that from escaping
fusion alpha-particles) has been conducted using the model discussed in Section
Given the design intent to primarily exhaust power upstream of the divertor
targets, our focus lies on assessing the main chamber (see Figure .
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Figure 17: STEP SPR-45 configuration: iteration 1. First wall charged particle
heat flux.

The calculation shows a peak heat flux in proximity to the outer baffle.
However, as the baffle region will be designed for a higher heat load tolerance,
there is greater concern for the relatively high heat flux at the outer mid-plane.
Key results are summarised in Table



H Parameter Description Value Total HF H

HFomp [MW/m?]  Outboard midplane heat flux 0.2 1.05
HF e [MW/m?] Inboard midplane heat flux 0.3 0.8
HFoxpr [MW/m?]  Outboard FW peak heat flux  0.45 1.35
HF1xpt [MW/m?] Inboard FW peak heat flux 0.2 1.35

Table 4: STEP SPR-45 configuration: iteration 1. Charged particle heat flux
and total heat flux summary.

6.2 FW iteration 2

To address the high heat loads in the region at the outer mid-plane (OMP),
the OMP gap (OMPy,;) has been increased to 0.45 m in the second iteration.
Although this adjustment does not consistently affect the radiation heat loads,
it does lead to a reduction in the charged particle heat flux. Specifically, by
increasing the OMP gap, the charged particle heat flux decreases from 0.2
MW /m? to 0.05 MW/m?2. This reduction is significant, considering that the
initial heat flux value of 0.2 MW /m? stems from a 2D calculation, which typically
underestimates the actual heat load. When transitioning to a more realistic 3D
asymmetric first wall, which includes gaps, leading edges, and misalignments,
the heat load could potentially be between 5 and 10 times higher. Therefore, the
decrease in the charged particle heat flux represents a substantial improvement
in managing the heat load. Consequently, there is also a decrease in the total
heat flux (charged particle and radiation) from 1.05 MW /m? to 0.85 MW /m?

(Figure [18).
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Figure 18: STEP SPR-45 configuration: iteration 2. Heat loads on the final FW
contour. OMP,,, = 0.45m.

7 Conclusions

This work focused on designing the 2-D poloidal contour of the STEP first wall
based on the SPR-45 configuration, which aims to achieve 1.9 GW of fusion
power. The analysis considered both charged particle and radiation heat loads,
with the objective of limiting the combined value to approximately 1 MW /m?2. A
methodology was developed to incorporate mathematical models into an iterative
procedure, resulting in an initial design step towards the final STEP first wall
design.

It is important to note that the 2-D poloidal contour represents a toroidal
axisymmetric geometry. While radiation and neutral fluxes are isotropic, charged
particles follow magnetic field lines, leading to localized heat loads and significant
heating of plasma-facing components’ surfaces [27]. The same methodology
will be utilized to calculate the STEP first wall heat loads and design the
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corresponding contour as the configuration further develops. Additional studies
will focus on assessing local heat fluxes, which may peak on the leading edges by a
factor of 10 or more, significantly exceeding technological limits [28]. The design
of tiles surrounding diagnostic apertures and the consideration of inevitable tile
misalignments will be crucial in the next phase of first wall design.

In summary, this work provides valuable insights into the design of the STEP
first wall, considering heat loads from charged particles and radiation. The
developed methodology serves as an initial step towards achieving the final
design, and further investigations will be essential for addressing localized heat
fluxes and optimizing the design for diagnostic apertures and tile misalignments.
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