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a b s t r a c t

As part of preparations for the new Super-X divertor (SXD) on MAST, the influence of long divertor leg is
modelled by SOL transport codes. The SOLPS5.0 package is used to study the effect of the expanded diver-
tor in two dimensions and a comparison between the conventional geometry (standard short divertor)
and the SXD geometry is presented. We focus on plasma parameters in the divertor and total particle
and energy balance in the SOL. Finally, a one-dimensional SOLF1D code is benchmarked with SOLPS
and used to study the effects of longer connection length Lk and magnetic flux expansion rkB separately.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Design of the tokamak divertor plays an important role in en-
ergy exhaust issues as the divertor geometry influences its perfor-
mance and closure. One of the concepts with potential for
improved performance is the Super-X divertor (SXD) which will
be installed at the MAST spherical tokamak [1]. The major role of
SXD is to reduce plasma temperatures and heat loads on targets
via long connection length and larger target wetted area achieved
by magnetic flux expansion (targets at large radius). Additionally,
the SXD design gains from improved divertor closure which helps
to separate neutrals and impurities from the confined region and
the upstream SOL, and which enables to reach higher neutral pres-
sures in the divertor volume.

In this paper, we study the properties of the expanded divertor
numerically, using SOL transport codes. First, the SOLPS code [2] is
applied to two configurations of MAST-U: (i) the conventional
divertor (CD) and (ii) the Super-X divertor, and these cases are
compared in conditions of H-mode regime. Beside geometry con-
cepts, SOLPS can also be used to provide scans in other parameters
affecting particle and power balance in the SOL, such as the core
density (fuelling), the total power input, impurity content or coll-
isionality (L-mode/H-mode regimes with different radial transport
properties). These simulations, however, will be presented in detail
in a separate paper, as well as validation of SOLPS simulations
against MAST experiment, which is underway.

In addition, we compare 2D SOLPS simulations to 1D numerical
studies of parallel transport in the SOL carried out by the SOLF1D
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code [3]. Flexibility of 1D calculations enables to separate effects
of the connection length from magnetic flux expansion and run lar-
ger scans with varying the length of the divertor, while prescribing
any dependence for the magnetic field. The study is initiated by
benchmarking of the SOLF1D code with a solution of SOLPS on a
flux tube in the SOL. On this flux tube, we model the effects asso-
ciated with stretching the divertor region, while assuming static
sources due to cross-field transport in the upstream SOL and recy-
cling sources in the divertor volume based on the EIRENE calcula-
tion. The effects of Lk andrkB are measured by investigating target
quantities such as plasma temperatures or energy fluxes.

2. Effect of the Super-X divertor in 2D

Simulations of SOLPS for the conventional and SXD geometry
(defined in Fig. 1) represent the baseline of the presented work.
Results are shown as a comparison between short and long leg
designs focusing on the divertor performance, while keeping the
same upstream SOL conditions. The reference case is connected
double null with deuterium plasma in H-mode. No impurity is
present. The total power to the grid is Pinp = 1.7 MW and the core
density is ncore = 2.8 � 1019 m�3 (density at the innermost ring of
the SOLPS grid located 5 cm inside separatrix at the outer midplane).
Transport coefficients are D\ = v\ = 1 m2 s�1 in the SOL, D\ = v\ = 2
m2 s�1 in the core and reduced to D\ = 0.2 m2 s�1 and
v\ = 0.5 m2 s�1 in the region extending 2 cm inside and 0.5 cm
outside the separatrix. A similar case has been preliminarily studied
in [4].

While the midplane temperatures and densities are almost iden-
tical in both configurations (Te,sep � 100 eV, ne,sep � 9 � 1018 m�3)
and there is only a small change in plasma quantities in the divertor
on the inner side, we observe a steep reduction of temperatures and
increase of plasma density at the outer targets of SXD. The radial
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Fig. 1. SXD versus conventional divertor of MAST-U and electron density ne

calculated by SOLPS. In SXD, additional poloidal field coils in the divertor are
employed pulling the divertor leg to larger radius and reducing the poloidal
magnetic field in the divertor volume, see [4]. The latter leads to the expansion of
flux tubes and increased connection length in the divertor.

Table 1
Power and particle balance in CD and SXD. Pcore is the power lost in the core, Psol,in or
Psol,out is the power crossing the core/SOL boundary on the inner or outer side, Pt,out or
Pt,in is the power deposited at the outer or inner targets, Pwall is the power deposited
at both inner and outer walls, Ppfr is the power crossing the boundary in private flux
regions, Pvol is the power lost in the SOL. The above quantities are calculated with
respect to the total power input Pinp = 1.7 MW. Notation is analogous for the particle
flux C. Csol,out is with respect to Csol and Cwall,out with respect to Ct,out.

CD SXD

Pcore 4% 4%
Psol,in, Psol,out 12%, 84% 10%, 86%

Pt,in, Pt,out 14%, 78% 13%, 59%
Pwall, Ppfr 1%, 0% 2%, 4%
Pvol 3% 18%

Csol 4.4 � 1021 s�1 4 � 1021 s�1

Csol,out 81% 81%
Ct,out 2 � 1021 s�1 6 � 1021 s�1

Cwall,out 3% 2%
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decay length for ne at the outboard midplane (index u as upstream)
is approximately ku

n � 7 mm (kn = ne/jrnej) in the near SOL (trans-
port barrier) and 20–30 mm in the far SOL and for Te ranges from
3 to 20 mm.

The effect of SXD on target power loads is shown in Fig. 2. The
peak power load Qt is reduced by a factor of 4.5 and the effective
flux expansion accounts for a factor of 4.27 of the drop. At the top
of Fig. 2, we can see the energy and particle fluxes perpendicular
to the plate, at the bottom, parallel energy and particle fluxes are
shown, all as functions of the plate coordinate y. While the peak
particle load remains unchanged, Fig. 2b, the peak power load is
reduced, Fig. 2a. Two effects are responsible for this reduction –
magnetic flux expansion (toroidal and poloidal) and target plate
tilting. The target tilting can be excluded by comparison of the
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Fig. 2. Energy and particle fluxes deposited at the outer target as calculated by SOLPS
increased fuelling ncore = 5 � 1019 m�3 and the second one with reduced power Pinp = 0.84
in the poloidal plane (r, z) and ranges from�20 cm in the private flux region up to 30 cm i
the references to color in this figure legend, the reader is referred to the web version of
poloidal energy flux (related to the target flux as Qt = Qpolsinb where
b is the tilting angle), which is reduced by factor of 3.4. The energy
flux parallel to the magnetic field (related to the poloidal flux as
Qpol ¼ Q kB

t
h=Bt where Bt

h=Bt corresponds to the local pitch angle)
drops by factor of 1.6, Fig. 2c. Decay lengths at the target kt

Q and
kt

C (index t as target) indicate broadening of target loads radially,
although kQ mapped to the midplane is comparable in both cases,
ku

Q � kt
Q=hdy=dri � 3 mm. The effective flux expansion FXeff � hFXi

defined as the average of FX � Rtdy/Rudr over kt
Q is approximately

FXeff � h FXhi � hFXui � h FXtilti which is 6.02 � 3.4 � 0.61 � 2.89
for the CD case and 25.73 � 6.73 � 1.17 � 3.24 for the SXD case.
The magnetic flux expansion is defined as FXh � Bu

hBt=BuBt
h (poloi-

dal) and FXu � Rt/Ru (toroidal) and flux expansion due to the target
tilting is defined as FXtilt � 1/sinb. The effective flux expansion gives
a reduction of the total energy flux in SXD by factor of 4.27 with
respect to CD, with h FXhi factor of 1.98 larger, hFXui factor of 1.92
larger and expansion due to target tilting hFXtilti 1.12 times larger.
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. Comparison of CD (black) and SXD (red). Two additional cases for CD, one with
MW, are shown in green and blue. The coordinate y coincides with the target plate

n the far SOL, with 0 corresponding to the strike point location. (For interpretation of
this article.)
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Fig. 3. Solution of SOLF1D (green) along a flux tube compared versus SOLPS solution (black) for the CD case. The third solution (magenta) is a results of SOLF1D for rkB = 0
along the flux tube. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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It should be mentioned that the field line angle at the target is
reduced in the SXD scenario due to low poloidal magnetic field in
the divertor and the SXD equilibrium studied here allows very small
field line angles around the critical value of 1�.

Two additional cases have been performed for the short divertor
in an attempt to reduce target power loads by the main control
parameters – ncore and Pinp, and to compare the effect with the
impact of geometry. The SXD configuration results in factor of
2 stronger reduction of target power loads at Pinp = 1.7 MW than
the standard divertor with 2 times smaller Pinp, Fig. 2a. Moreover,
increased fuelling does not affect the maximum power load, but
leads to higher particle flux Ct at the target, Fig. 2b and d, and
reduced temperatures.

Power and particle balance is summarized in Table 1. Most of the
power and particles cross the core/SOL boundary on the outer side
for poloidally uniform radial transport coefficients. In both configu-
rations, the power is mainly deposited on the outer targets, while
only a small fraction arrives at the walls (this fraction would be lar-
ger in L-mode with stronger radial transport). The volumetric power
loss in the SOL is increased in SXD, favouring the long leg geometry.
2 For interpretation of color in Fig. 5, the reader is referred to the web version of
this article.
3. Comparison of SOLPS and SOLF1D

For the purpose of application of the SOLF1D model to MAST,
the model is benchmarked with parallel transport in SOLPS. The
SOLF1D model follows generalized equations taking into account
the effect of rkB as documented, e.g. in [5] and the parallel varia-
tion of the magnetic field on a given flux tube is prescribed as in
SOLPS. The recycling sources in the divertor are taken from EIRENE
and sources due to flows across the flux tube are calculated from
SOLPS fluxes. Figs. 3 and 4 show a comparison between the two
codes for two studied geometries from Fig. 1. The comparison of
solutions is presented for ne = ni, Te, Ti and uk,i on a flux tube in
the outer SOL close to the separatrix, where the maximum target
power load in SOLPS is observed. While for the SXD case (high-
recycling SOL with steep temperature gradients), the agreement
is nearly perfect (Fig. 4), for the CD case (sheath-limited SOL), dis-
crepancies up to 15% are evident (Fig. 3). These discrepancies are
caused to some extent by differences between the models (bound-
ary conditions for Ti differ and it has been proven that Ti match well
if the same boundary conditions are used). Additional discrepan-
cies (in ne and Te) are likely caused by inaccuracy due to discretiza-
tion. A detailed benchmark of the codes will be published
separately. In addition, Figs. 3 and 4 show the effect of the rkB
force, investigated also in [6].

The target fluxes resulting from SOLF1D for the case from Fig. 3
are Qk,e = 19.5 MW m�2, Qk,i = 19.1 MW m�2 and Ck = 2.2 � 1023

m�2 s�1. The solution of SOLF1D in Fig. 3 plotted as dashed line is
obtained with constant magnetic field along the whole flux tube,
indicating that rkB option in SOLF1D is important for MAST (less
so for conventional aspect ratio tokamaks). Sources and parallel
transport in SXD (Fig. 4) are more dominated by recycling. For the
same upstream density, the target density is larger due to ioniza-
tion sources. Temperatures in the divertor are reduced due to cool-
ing by plasma-neutral interaction and additional energy flux
expansion in SXD (the divertor placed at larger radius). The target
fluxes are Qk,e = 16.8 MW m�2, Qk,i = 8.3 MW m�2 and Ck = 8.3 �
1023 m�2 s�1. The solution plotted as dashed line in Fig. 4 shows
the effect of rkB in the divertor region, by taking into account the
same poloidal variations of B in the SOL, but keeping B constant
in the divertor (effectively expanding the divertor vertically instead
of radially, see the following section). The target fluxes in this case
increase as Qk,e = 35.6 MW m�2, Qk,i = 18.8 MW m�2 and Ck = 8.7 �
1023 m�2 s�1.
4. 1D stretching of the divertor leg

Starting with the reference CD case in Fig. 3, a 1D analysis is car-
ried out based on stretching a flux tube in the outer SOL (Fig. 5 left)
in two directions labelled as (a) and (b). The magnetic field along
the flux tube corresponding to these two directions is plotted in
Fig. 5 on the right2 (blue) and compared to the original CD case from
Fig. 3 (black) and the SXD case from Fig. 4 (red). The treatment of
sources during stretching is not well defined and the sources cannot
be modelled self-consistently in 1D (the recyling sources change
with the flux to the divertor which is affected by increasing Lk or
changing B, plus 2D processes are involved). We treat the radial
and recycling sources (S = S\ + Srec) separately and assume that S\,
which is largest in the upstream SOL and around X points, does
not change during stretching. For the recycling source, we employ
two methods: (1) We assume that the total integrated recycling
source/sink

R
Srec in the divertor is constant while expanding the flux

tube. This approach shows the effect of magnetic flux expansion
exclusively. (2) We assume that the integrated recycling sourceR

Srec grows linearly with the length of the divertor leg. This ap-
proach adds the effect of plasma-neutral interaction and partially
incorporates 2D effects as we would expect the source due to recy-
cling to be stronger with larger divertor volume. The second method
is supported by results of SOLPS simulations, which show for SXD
approximately 4 times larger source due to ionization, factor of 4
stronger electron cooling in the divertor, but comparable cross-field
transport sources. While the particle source is dominated by ioniza-
tion of recycled neutrals, the energy source is dominated by cross-
field transport. That is why the total energy source term

R
SE=Bdsk

(determining the energy flux at the target as
R

SE=Bdsk ¼ Q k=Bt) is
effectively the same for SXD as for the short divertor for approxi-
mately twice as long connection length. The target energy flux is
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Fig. 5. The scheme on the left shows a flux tube from SOLPS and different ways of stretching the divertor in 1D: (a) vertical stretching (constant magnetic field), (b) radial
stretching (decreasing magnetic field as B / 1/R). The graph on the right shows the magnetic field considered in the 1D code.
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then approximately 1.6 times smaller as a result of smaller magnetic
field at the target Bt � 0.4 T, compared to Bt � 0.8 T in the short
divertor.

Different treatment of sources in the flux tube (1) versus (2) de-
scribed above and different directions of stretching the flux tube
(a) versus (b) from Fig. 5 give a combination of 4 scans, each shown
in different color in Fig. 6: (1a) In case of vertical stretching (no
additional flux expansion), the target quantities do not change
and both the particle and energy fluxes remain the same with
increasing Lk. This is not surprising as

R
SE=Bdsk and

R
Sn=Bdsk do

not change with constant magnetic field in the divertor. (1b) Radial
stretching (the magnetic field drops in the divertor as B / 1/R)
leads already to a large reduction of temperatures and energy
fluxes. (2a) With more recycling in the divertor, i.e. larger particle
source and more cooling (the recycling sources scale with the
divertor volume), the temperature drop is much steeper even with-
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out magnetic flux expansion (vertical stretching), however, with
less effect on the energy fluxes than flux expansion alone in the
previous case. (2b) The most beneficial is the combination of both
effects, which results in a substantial drop of both temperature and
energy fluxes, increased density and particle flux, and higher
collisionality.

5. Conclusions

2D simulations of MAST-U Super-X divertor (targets at 2 times
larger radius, twice longer Lk) show a significant reduction of
plasma target temperatures temperatures (Te,t drops from 126 eV
to 38 eV, Ti,t from 132 eV to 13 eV) and maximum power loads
(from 3.1 MW m�2 to 0.7 MW m�2) at the outer targets compared
to the conventional divertor with the same conditions in the core
and upstream SOL, and comparable plasma parameters on the
inner side of the tokamak. The reduction of power loads occurs
mainly due to magnetic flux expansion and partially due to target
tilting, both increasing the target wetted area. Plasma and neutral
densities in the outer divertor are larger (ne,t rises from 0.5 to
2.2 � 1019 m�3), while the maximum particle load to the targets
remains the same. It is worth noting, that in both divertor geome-
tries, additional fuelling does not reduce the target power loads
under attached divertor conditions, although it clearly does
increase the particle load and recycling.
Finally, 1D parallel transport model was used to estimate the ef-
fects of stretching the divertor region in two directions – vertically
and radially, and the influence of Lk and rkB on parallel target
fluxes, temperatures and density was quantified. It was found that
magnetic flux expansion in the divertor has a strong impact on the
target energy fluxes, but has less influence on the density and tem-
peratures in the divertor in comparison to enhanced recycling (lar-
ger recycling plasma source and electron cooling in the expanding
divertor).
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[3] E. Havlíčková et al., Plasma Phys. Control. Fusion 53 (2011) 065004.
[4] S. Lisgo et al., ECA 33E (2009). O-4.046.
[5] E. Zawaideh et al., Phys. Fluids 29 (1986) 463.
[6] A. Kirk et al., Plasma Phys. Control. Fusion 45 (2003) 1445.


	Numerical studies of effects associated with the Super-X divertor on target  parameters in MAST-U
	1 Introduction
	2 Effect of the Super-X divertor in 2D
	3 Comparison of SOLPS and SOLF1D
	4 1D stretching of the divertor leg
	5 Conclusions
	Acknowledgements
	References


