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The SYCOMORE code is a modular system code which aims at modelling future fusion power plants with all
subsystems and to provide a global view of the whole plant. The code consists in different modules handling the
different subsystems of the plant, from the core plasma to the conversion of heat to electricity. Among them, the
divertor is one of the most important components and must withstand high heat load. While the complex magnetic
configuration in tokamaks and the peculiar transport in the scrape-off layer (SOL) give rise to an asymmetry in
the high field and low field energy fluxes, this issue should be properly addressed in SYCOMORE for quick
and reliable predictions. In this work, the SOLDIV code which is a scrape-off-layer and divertor module in
SYCOMORE has been used to investigate this asymmetry problem based on an extended two-point model. When
the outgoing fluxes of particles and heat from the plasma core enter the SOL at the stagnation point, they split into
two parts: one transporting to the inner divertor, and the other transporting to the outer divertor. By introducing
the imbalance factor of the energy flux between the two divertor plates, the transport equations become a set of
nonlinear equations that can be numerically solved for the densities and temperatures at both divertor plates and
the stagnation point. Strong temperature and density differences at the targets can be found. The analysis results
are validated with the transport code SolEdge2D-EIRENE for WEST test discharges. The simulation results for
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ITER are also investigated.
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1. Introduction

Fusion energy is a highly promising potential candi-
date that offers an almost inexhaustible source of energy
for future generations, and low environmental pollution.
However, one of the greatest challenges in the success of
the magnetic confinement fusion devices, such as ITER
and DEMOs, may be related to the turbulent dynamics
of the plasma in the scrape-oft layer (SOL), the narrow
region surrounding the core plasma where the magnetic
field lines are open and terminate on the vessel of the de-
vice [1-3]. The plasma behaviour in this region not only
governs the overall confinement properties of the device,
but also regulates the impurity dynamics which can di-
lute the fusion fuel and radiate a part of the plasma en-
ergy content [4]. The SOL plasma also determines the
conducted/convected power exhausted at the reactor vessel
walls [5]. This issue is critically important since a too high
heat load can severely damage the plasma-facing material
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which can make fusion reactors not economically attrac-
tive or even feasible. While diagnostic access for the SOL
plasma is difficult and is limited, simulation of the plasma
dynamics in the SOL region has proven to be an invaluable
tool to address the physics of this region.

The simulation of a whole tokamak is a complex prob-
lem because it involves different phenomena and all sub-
systems are not entirely independent from each other. In
order to understand and design a whole fusion plant, a
fast and reliable simulation code is inevitable [6, 7]. The
SYCOMORE code is a modular system code which aims
at modelling future fusion power plants with all subsys-
tems and to provide a global view of the whole plant [8,9].
The code consists in different modules handling the differ-
ent subsystems of the plant, from the core plasma to the
conversion of heat to electricity [10]. The divertor is one
of the most important components of the reactor and may
be exposed to excessive heat and particle fluxes. While
the complex magnetic configuration in tokamaks and the
peculiar transport in the SOL give rise to the asymme-
try in the high field and low field energy fluxes [11, 12],

© 2019 The Japan Society of Plasma
Science and Nuclear Fusion Research



Plasma and Fusion Research: Regular Articles

Volume 14, 3403150 (2019)

this issue should be properly addressed in SYCOMORE
for quick and reliable predictions. In this work, the SOL-
DIV code which is a scrape-off-layer and divertor module
in SYCOMORE has been used to investigate this asymme-
try problem based on an extended two-point model. When
the outgoing fluxes of particles and heat from the plasma
core enter the SOL at the stagnation point, they split into
two parts: one transporting to the inner divertor, and the
other transporting to the outer divertor. By introducing the
imbalance factor of the energy flux, the transport equations
become a set of nonlinear equations that can be numeri-
cally solved for the densities and temperatures at both di-
vertor plates and the stagnation point . Strong temperature
and density differences at the targets can be found. The
analysis results are then validated with the transport code
SolEdge2D-EIRENE for WEST discharges. The simula-
tion results for ITER are also investigated.

This paper is organised as follows. We first describe
the extended two-point model and the algorithm for solv-
ing the model in section 2. Section 3 shows the comparison
with the SolEdge2D-EIRENE code and simulation predic-
tions for ITER. This work is summarised in section 4.

2. Methodology

The basic two-point model describes the parallel
transport along a magnetic field line [2]. The field line
can simply be straightened to describe the transport in the
parallel direction. This parallel transport is assumed to be
decoupled from the perpendicular one. The most impor-
tant feature of the two-point model is to relate the physi-
cal quantities at two points: 1) the upstream point where
the heat flux and particles enter the SOL, and 2) the di-
vertor surface where the particles strike the solid material.
In this model, the sources and sinks are treated locally at
the boundaries. The locations of these two points are illus-
trated in Fig. 1.

The two-point model can be directly derived from the
fluid equations for plasma in steady state condition [2].
The particle and heat fluxes leave the core and enter the
SOL at the upstream point. It is further assumed that neu-
trals recycling from the targets are ionized in a thin layer
in front of the target. For each side of the SOL flux tube, if
it is assumed that the fraction of the momentum loss in the
plasma flow is fj,om [1], the total pressure throughout the
entire length of the flux tube can be written as:

FoomuTu(1 + M2) = n,T,(1 + M}), (1)

where M is the Mach number, and the subscribes u and ¢
refer to the values at the upstream and target. Here we also
assume that the ion and electron temperatures are equal,
T; = T,. Note that the Mach number at the target, M,, is
approximately equal to unity. Equation 1 then becomes:

Frommu Tu(1 + M2) = 2n,T,. 2)

The total particle flux at the upstream point may be large
during pellet-fuelling operation, and it may change the up-

Nyurs: Teurs

Outer divertor

Inner divertor

Fig. 1 The particle flux, I',, from the core enters the SOL and
equally separates into two parts. On contrary, the heat
flux splits asymmetrically. The power to the outer and
inner divertors are P, and (1 — a)P,, respectively. The
connection length of the outer leg is SL and the connec-
tion length of the inner leg is (1 — S)L.

stream boundary significantly. One can define the parallel
flux entering the SOL as G = (qosI',)/(2mak ), where gos
is the safety factor at 95% of the poloidal flux, I, the to-
tal rate of particle leaving the confined plasma volume, a
the minor radius, « the elongation, and A the characteristic
SOL width [13]. The parallel particle flux can be also writ-
ten as G = nMcg, where c; is the sound speed. In the SOL,
the pressure conservation requires that nT(1 + M?) is con-
stant along the field lines. In the heat transport equation,
the parallel heat conduction generally dominates over the
parallel heat convection [2]. Therefore the heat flux does
not depend on the density and Mach number. Therefore the
temperature remains unchanged, i.e. T = T,. The pressure
conservation at the upstream in the presence and absence
of the particle fluxes can then be written as

nT,(1+ M?) = n,T,. 3)

Combining this equation with the expression of G, one ob-
tains

G(1 + M?) = n,M,c;. 4)

Solving for M, by using the quadratic formula, the Mach
number at the upstream depends on the parallel particle
flux as

M, = (nucs/G = Nnue, /G - 4). )

2

After integrating along the field line of the flux tube,
we finally obtain the heat transport equation [2]:

7ﬁ:ondq||L

T2 — 772
u t ZKOe

, (6)
where f.ong denotes the fraction of the ratio of the heat flux
transported by conduction to the total heat flux, ko, is the
electron parallel conductivity, and g is the parallel heat
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flux. Note that, in this model, no volumertric particle or
power sources or sinks are considered. The ionization and
recycling of neutrals are assumed to occurr only in a thin
region near the target. Thus we write

€
(I = foower)qLrs = €Y Ty 1Fs (1 + ), @)
YTiLFs

where fyower 18 the fraction of the parallel heat flux that
is lost before reaching the target, € is the average energy
lost by the electrons per recycled atom and approximately
equals 25eV [8], and v is the sheath heat transmission co-
efficient, y = 7 [2].

The asymmetries of the heat fluxe in the SOL can be
modelled by introducing imbalance factors. The particle
and heat fluxes enter the SOL at the upstream point, see
Fig. 1. The precise location of the upstream is determined
by the parameter § which is the fraction of the LFS con-
nection length to the total length. The particle flux (I',)
from the core to the SOL then splits equally into two parts
because nyjefc = Muright> Luleft = Turight> and the net Mach
number equals zero at the stagnation point. One part of the
fluxes goes to the outer target and the other directs towards
the inner target.

For the heat flux from the core to the SOL, it enters
the SOL at the upstream point as the particle flux does. We
assume that it then splits asymmetrically into two parts.
The amount of the power to the outer divertor is aP,, and
the remaining power (1 — )P, directs towards the inner
target. The imbalance factors, @ and S, are inserted in the
calculation of the two-point model leading to different sets
of equations for the low-field side (LFS) and high-field side
(HFS) as follows

for LFS:

2 1ps Torrs = mTurrs X (L+ My o) fmoms  (8)

7 feonaqBL
72 2 cond (|
Tu,LFS - TI,LFS 2KOe 4 (9)
(1- fpower)a‘III = eyrtTt,LFS X (] + )’ (10)
YT 1Fs
for HFS:
2 mrs Timrs = nyTumrs X (1 + M,ins ) fmoms
(11)
7 feona(1 — &)gqy(1 — B)L
72 _ 72
T, nrs =Toprs + 2o ,  (12)
(1 - fpower)(l - (Y)QH = eyrtTt,HFS
X1+ . (13)
( YT hFs )

At the upstream point, the densities and temperatures of
the two field sides are equal. Therefore we have additional
constrains at the upstream point.

NyHFS = Ny, LFS = Ny, (14)
Tyurs = Turrs = T,. (15)

In principle, the imbalance factors, @ and 3, can be calcu-
lated from kinetic theory.

The extended two-point model consists in a set of six
nonlinear equations, equations 8- 13, with 8 unknowns:
Ny LFS s Nt HFS » Tf’LFS . Tt,HFS , Tu, n,, a and ,8 Since q| is
given from the core module HELIOS [14] and n, is the
main control parameter, an additional parameter must be
fixed for the system to be solved. It was chosen « in this
work. For each set of equations, one can derive an ex-
pression that only depends on the target temperature, T}, as
follows

2
€ 2
Tirrs = (1 + o, LFS) (7(1 + Mipg )fmomnu)
2m; (aq))” (1 = foower)?
% m (ozq”) ( fpo er) (16)

(T7/2 + 7fco“daq"ﬁL)4/7 ’
t,LFS 2Koe

YT urs ) (7(1 + M121Fs )fmomnu)

% 2m; ((1 - a’)CIH)z (- fpower)2

7/2 7 frona(1=)qy (1=-B)L\Y/ T
(Tt,HFS + 2K0e )

Tinrs = (1 +

A7)

Note that fi,om is a function of the target temperature [1].
In this work, the conduction factor f.onq is kept constant
and approximately equals one. The target temperature (7)
of each side can be independently determined as a func-
tion of a or § using the bisection method [15]. Once the
target temperatures at both targets are obtained, they are
substituted back into the other equations to directly obtain
n; at each side and T,. This can be done by the bisection
method, see Fig. 2. By equating the upstream temperature
from equations 9 and 12, and assuming T, ;rs > Ty pgrs,
one can also obtain an inequality relation between « and 3:

@ _1-8 (18)

1-«a B
Once the upstream temperature and density are deter-
mined, the actual power lost in the SOL can be computed
through impurity radiation. The heat balance between the
upstream and the target points leads to the expression:

2
fi:owerq I

2mukoe T2 [ ATOSLy(T)dT

Fimp = P (19)

where Finp = fimp/Zew [8]. After Fipn,, is determined, the

impurity fraction fin, is then obtained by
F imp

1 = 0.01FimpZimp(Zimp — 1)’

Jimp = (20)
where Z;,, is the charge number of the seeded impurity
[16], i.e. Za, = 18 for argon. The integration in equa-
tion 19, fOT” ITOSL,(T)dT, is an impurity radiation loss
function which can be calculated numerically from the in-
terpolation of experimental data [16, 17]. It is worth noting
that the integral assumes a target temperature equal to zero.
This assumption reduces the computational time, but also
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tends to overestimate the radiation losses. The value of
Jower corresponding to the impurity fraction can be finally
obtained. Then the peak on the inner/outer divertor target

Qpeak,in/ out is

P separatrix (l - f power) -P rad,H

{peak,in/out =

Awet,in/out
fpowerP separatrix
A—fdiv- (21)
wet,in/out
2eT; 4mad . o
Prgp = e(€— E)ng | — is an hydrogen radiation
m;  qos

power. E; is the ionization energy of hydrogen (13.6eV).
Ay 1s the plasma-wetted area of a divertor. fy;, is the frac-
tion of radiated power from the SOL region that goes to the
divertor walls. Since the peak heat flux on the target plates
cannot exceed Gireshoia = 10 MW/m? (generally, limitation
occurs at the outer divertor) [18], an impurity such as argon
is introduced (parameter fn,) for increasing the radiation
in the SOL and limiting the heat load on the targets [19].
The work flow of the algorithm for solving the ex-
tended two-point model is illustrated in Fig.2 and is im-
plemented in the new SOLDIV subroutine. This subrou-
tine initially takes inputs including geometric parameters
(R,a,L, A, Ay, qos), the power crossing the separatrix P,,
the additional parameter « or 8 required for solving the
system of equations as explained above, and a first guess
for the impurity fraction finp. The upstream density, n,, is

Provide geometric parameters,
ne, @, etc.
Initial guess: B, fimp

Solve basic two-point model
on LFS (equations 8 — 10)

l

Solve basic two-point model
on HFS (equations 11 —13)

Adjust a

Return Ty, 1gs, My, s, Ty s,
Ty wrs, e rs) Tenrs

Fig. 2 The flow chart describes the work flow for solving the
extended two-point model. Note that ¢ denotes the toler-
ance of the temperature difference and gresnold TEpPrESents
the threshold value of the heat flux on a divertor target.

the control parameter chosen by the operator from physical
considerations (generally a fraction of the pedestal density
defined in the HELIOS core module).

3. Result and Discussion

3.1 Comparison with SolEdge2D-EIRENE
code simulation
In this section, we validate the simulation results from

the extended two-point model with the transport code
SolEdge2D-EIRENE. SolEdge2D is a two-dimensional
transport code for simulating the edge plasma with com-
plex and realistic 2D magnetic and wall geometries [20,
21]. Its calculation is based on a fluid model that includes
the conservation equations for the particles, for the mo-
mentum, and for the energy for both electrons and ions.
It also assumes toroidal-axis symmetry and the compu-
tational domain is then reduced to a 2D poloidal cross-
section. SolEdge2D can be coupled with EIRENE to in-
vestigate edge plasma transport, thermal exhaust and de-
tachment behavior in tokamak devices [22].

In order to compare the results from the two codes, the
two-point model takes the upstream density and the power
through the separatrix from the SolEdge2D-EIRENE code
as input parameters. The two-point model is then used to
predict the upstream and target temperatures, and the tar-
get densities. Simulation results of two WEST discharges,
53259 and 54034, are chosen for the comparison. Table 1
shows the summary of these two discharges. We note that
the discharges labelled 54034A and 54034B are from the
same discharge, but with different phases. For the WEST
configuration, the plasma major radius is R = 2.5m, the

Table 1 Summary of SolEdge2D-EIRENE code simulations for
WEST test discharges. Note that Py, is the power
through the separatrix [MW], Py,qsoL i the total power
radiated in the SOL [MW], 4, is the scale length for the
power decay [mm]. The densities are reported in a unit
of 10" m~3, and the temperatures are measured in a unit
of eV.

Parameters 53259 54034A 54034B

Py 1.0 1.8 2.0
Praasor 0 0.50 0.10
A4 8.5 8.7 8.5
ny, 0.6 1.6 1.2

N HFS 0.28 1.3 3.5
I LFS 0.25 1.2 2.2
T, 110 100 100

T urs 102 75 50
Tirs 103 76 57
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Fig. 3 Comparison of the simulation results between the extended two-point model (2PM) and the transport code SolEdge2D-EIRENE.

minor radius a = 0.5m, the elongation x = 1.54, the
toroidal magnetic field By = 3.6 T and the plasma current
Ip = 0.50 MA.

Figure 3 shows the comparison of the simulation re-
sults of the densities and temperatures for the two dis-
charges as obtained by the two codes. The temperatures at
the upstream (7,), and the inner (T yrs) and outer (T ps)
targets are illustrated in the top row, and the densities at
the upstream (n,), and the inner (n urs) and outer (nLrs)
targets are presented in the bottom row. As we can see
in these plots, the calculation from the extended two-point
model overall agree with the SolEdge2D-EIRENE simula-
tion.

We also compute the percentage differences between
the results from both simulation codes. Here the percent-
age difference is defined as

f2PM - fSolEdge

A(%) =
( 0) fSo]Edge

% 100, (22)
where fopm and fsolgqee denote the same physical quanti-
ties of the plasma (i.e. n¢urs, neLrs, Tus Tenrs, and Tiprs)
which are obtained from the two-point model (2PM) and
the SolEdge2D-EIRENE simulation, respectively. We fur-
ther note that, in this part, the fraction of power to the low-
field side (@) is determined by optimising the total percent-
age differences of the densities and temperatures at the up-
stream point and the inner and outer targets. These imbal-
ance factors are presented in Table 3. When « is not equal
to 0.50, the differences of the densities and temperatures at
the targets become more obvious. Table 2 shows the per-
centage differences for these discharges and their average.
As a whole, the average percentage difference for the den-
sities and the temperatures at the upstream and the targets
are less than 18%.

This work only compares the calculation from the ex-
tended two-point model with SolEdge2D-EIRENE simu-
lation on test discharges from WEST. However, it is a

Table 2 The percentage differences of the densities and temper-
atures of the two discharges from the two-point model
and SolEdge2D-EIRENE.

Quantities 53259 54034A 54034B  Average

N HFS -498  -19.74 -25.29 -16.67
NLLFS 6.42 -39.61 -20.17 -17.79
T, 23.13 -2.44 5.99 8.89
T wrs 24.58  -15.90 -32.61 -7.98
T 1rs 23.37 19.05 -10.86 10.52

Table 3 The fraction of the power to the LFS (@) and the fraction
of the LFS to the total connection length (8) as calcu-
lated from the extended two-point model.

Imbalance factors 53259 54034A 54034B

a 0.50 0.54 0.52
B 0.50 0.20 0.46

necessary step before comparing with experimental data
since we have more control over parameters and physics
involved. Future work should validate the model with ex-
periments.

3.2 Prediction for ITER

We finally use the extended two-point model to pre-
dict the density and temperature at the inner and outer di-
vertors for an ITER-like magnetic configuration. The list
of relevant parameters are as follows: the major radius R
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a=0.6296, LFS

a=0.5000, HFS, LFS

Target temperature [eV]

a=0.6296, HFS

0.00 1.00 2.00 3.00 4.00 5.00 6.00
Argon fraction [x103]

Fig.4 The simulated target temperatures at the inner and outer
divertors of ITER as a function of the argon fraction.

= 6.20 m, the minor radius @ = 2.00 m, the plasma current
Ip = 14.4 MA, the toroidal magnetic field By = 5.3 T, the
safety factor at the 95% of the poloidal flux gos = 3.0, the
radiation power Pr,q = 33 MW, the power crossing the sep-
aratrix Py = 92 MW, and the density at the upstream point
n, = 4.00x 10" m=3.

It is further assumed that argon is the seeded impurity.
Experimentally one observes that the asymmetric ratio be-
tween the power to the outer divertor and the power to the
inner divertor can vary on a significant range, from 1:1 to
5:1 [23]. This ratio could be reduced if we allow neutral
particles to commute between the two legs. As a repre-
sentative average value, we use Prps/Pyrs = 1.7, it cor-
responds to an asymmetry power parameter @ = 0.6296.
Figure 4 shows the predicted temperature at the inner
and outer targets as a function of the argon fraction for
a = 0.6296 and 0.50. The corresponding values of the
peak heat flux on both divertor targets are plotted in Fig. 5.
By construction, when @ = 0.5, the temperatures on both
divertor targets are the same. This is due to the symme-
try of the particle and heat flux entering the SOL. Since
the inner target has smaller plasma-wetted area, the peak
heat flux on the inner divertor is higher than that on the
outer divertor, see equation 21. The differences of the tem-
peratures and heat fluxes at both divertor targets become
more pronounced when the power fraction («) deviates
from @ = 0.5, see Figs.4 and 5. In this case, both target
temperature and peak heat flux on the outer divertor are
higher than those on the inner divertor. The graphs show
that the temperature and peak heat flux are decreasing as
the argon fraction increases.

From Fig. 5, we also found that if the argon fraction
is too low, the peak heat flux on the outer divertor may ex-
ceed the threshold value which is about 10 MW/m? [18].
An impurity such as argon should be introduced in the re-
gion near the divertor. We found that the minimum concen-
tration of argon required to keep the peak heat flux on the
divertors below 10 MW is about 4.85 x 1073 in agreement
with more sophisticated simulations [24,25].

N
G

[ 53
(=3

a=0.6296, LFg

g
(=3

(%)

=0.5000, 1 FS

Peak heat fluxes on targets [MW/m?]
Iy

@ =0.6296, pg

o
e
1=
S

1.00 2.00 3.00 4.00 5.00 6.00
Argon fraction [x107]

Fig.5 The simulated peak heat fluxes at the inner and outer di-
vertors of ITER as a function of the argon fraction. A
dashed line denotes the threshold heat flux at the targets.

4. Summary

SYCOMORE is a system code that aims at modelling
future fusion power plants with all subsystems included.
It consists in a number of modules describing the differ-
ent components of the reactor, that are all interconnected.
For the computation of the density and temperature in the
scrape-off layer, the SOLDIV code is used. However the
previous version of SOLDIV assumed a symmetric SOL.
In reality there is an imbalance of the heat flux between the
two divertor legs, due to the ballooned transport, outward
compression of the magnetic surfaces due to the Shafranov
shift and asymmetry in the plasma wetted areas in the di-
vertor. In this work, the SOLDIV module is improved to
investigate this asymmetric transport in the SOL based on
the extended two-point model. It is assumed that the out-
going fluxes of particles and heat from the plasma core en-
ter the SOL at the upstream point whose location is deter-
mined as a fraction of the connection length (8). The heat
and particle fluxes then split into two parts: one flowing to
the inner divertor, and the other towards the outer divertor.
By introducing the imbalance factors of the energy flux (@)
and connection length (B), the transport equations become
a set of nonlinear equations that can be numerically solved
for the densities and temperatures at both divertor plates
and the upstream point. We note that ELMs are not taken
into account in this work. The two-point model is then vali-
dated with the transport code SolEdge2D-EIRENE for two
WEST discharges. The densities and temperatures at the
upstream and targets that are computed by the two codes
agree within the average percentage difference of 18%.
Last but not least, the predictions of the densities, temper-
atures, and heat fluxes at both divertor targets of ITER are
also reported. To keep the heat flux on the outer diver-
tor below 10 MW/mz, the argon fraction should be about
4.85 x 1073 for an assumed density at the separatrix of
4 %10 m=3,
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