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Heat exhaust is one of the most challenging issues to be addressed for tokamak magnetic confinement
fusion research. Detailed modeling with SOLPS5.0/B2.5-Eirene code package is carried out to
examine an alternative advanced divertor configuration, i.e., quasi snowflake (QSF), for long pulse
operation in EAST. Comparison is also made with the lower single null (LSN) divertor configuration.
SOLPS predicts that the quasi snowflake configuration significantly reduces the peak heat flux at the
lower divertor outer target, by a factor of 2-3, owing to the magnetic flux expansion. Furthermore,
the density threshold for detachment is much lower for QSF, compared to LSN under the same
upstream conditions. This indicates that QSF provides a promising tool for controlling heat flux at
divertor target while maintaining a lower separatrix density, which is highly desirable for current
drive, thus greatly facilitating long-pulse operation in EAST. © 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4943282]

I. INTRODUCTION

Power exhaust is a key challenge facing high power,
long pulse operation for tokamaks. A number of advanced
divertor concepts, such as snowflake divertor,'® Super-X di-
ver’tor,9*12 X-divertor,l*L15 have been explored as a promis-
ing approach towards addressing this critical issue for the
next-step fusion development.

The Experimental Advanced Superconducting Tokamak,
EAST, with the major radius R = 1.85m, the minor radius
a = 0.45m, the plasma current /, < 1 MA, and the toroidal
field By < 3.5T, is fully superconducting magnetic confine-
ment facility with ITER-like magnetic field configuration and
heating scheme. It is aimed at demonstrating high-power and
long-pulse plasma operations with the expected plasma pulse
up to 1000s, thus providing a test bed for addressing some
physics and engineering issues for the next-step, high-power
and long-pulse fusion devices such as ITER and beyond.'®?
EAST features a flexible poloidal field control system, accom-
modating lower single null (LSN), upper single null (USN),
and double null (DN) divertor configurations. During the
last two EAST experimental campaigns in 2014 and 2015, an
alternative advanced divertor configuration, i.e., quasi snow-
flake (QSF), aka X-divertor, has also been attempted, as
shown in Fig. 1.%*

Modeling with the SOLPS5.0/B2.5-Eirene code package
has been carried out to evaluate the performance of QSF and
provide guidance to the experiments. This paper assesses the
basic features of QSF formed at the lower divertor in EAST,
with respect to LSN in EAST, using SOLPS. The rest of the
paper is organized as follows. Firstly, Section II describes
the key input parameters used in SOLPS modeling. Then,
Section III presents the basic divertor plasma behavior for
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QSF divertor configuration, as predicted by SOLPS, in com-
parison with LSN under the same upstream plasma condi-
tion, followed by a summary.

Il. SOLPS MODELLING INPUTS

SOLPSS5.0 code package consists of a multi-fluid plasma
code B2.5 for ions and electrons at each ionization state and
a kinetic Monte-Carlo code Eirene for neutral solver for the
plasma edge of tokamaks including the outer core edge,
scrape-off layer (SOL), and divertor regions, taking into
account the detailed atomic processes, such as collision, ioni-
zation, and recombination.”>>° In the code, the radial-
poloidal plasma distributions on a representative poloidal
cross-section of EAST are sampled by the computational
mesh, as shown in Fig. 2. With respect to EAST LSN diver-
tor configuration (Fig. 2(a), named “DivA”), the connection
length in EAST QSF divertor configuration (Fig. 2(b), i.e.,
“DivB”) is increased by ~30%, and, furthermore, the flux
expansion in the lower outer target is increased by a factor
~4. More detailed parameters for both divertor configura-
tions are listed in Table .%*

The power flowing into the edge plasma from the core is
given by

Psor, = Pruw + Poum + Pnsr — Praa- (D

For both QSF and LSN divertor configurations, the
power flux at the core-edge boundary is fixed at Pgor
= 2 MW, including both ion and electron channels, assuming
P;=P, at the core-edge boundary. The ion density for core-
edge boundary at the outer midplane, n,, is used as a key
control parameter in the simulations to achieve different di-
vertor plasma conditions. Assume 7,, has a linear relationship
with the line-averaged plasma density 7z, under a given mag-
netic configuration,”! as given by

© 2016 AIP Publishing LLC
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47660 time=4.5s

FIG. 1. The EFIT equilibrium of QSF discharge 47660 shot at 4.5 s.

ny = 0.00237, % xBTS

@)

The cross-field transport is simply treated as being diffu-
sive, with the particle and heat fluxes given by
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TABLE I. The poloidal angle of the target and total angel of incidence of
the field line for both divertor configurations.

DivA:LSN DivB:QSF
Poloidal angle at outer target (deg) 34.28 34.83
Poloidal angle at inner target (deg) 42.32 62.63
Total angel at outer target (deg) 1.17 0.31
Total angel at inner target (deg) 1.23 0.86
ot __ye T KT @
L dr Ldr

assuming that the anomalous particle diffusivity, D, =
0.5m?/s and the anomalous ion and electron thermal diffu-
sivity, 3, = 7z, = x, = 1.0m?/s. For simplicity, the cross-
field drifts are not included in the simulation. The particle
species used in the simulation include deuterium atom DO,
deuterium ion D!, and electron e. The simple Bohm bound-
ary condition is applied at the divertor target plates, i.e., the
jon parallel velocity reaches the ion sound speed®>*

(&)

Uy = Cg.

In addition, the parallel plasma transport is assumed to
be classical but flux limited. When ions hit the wall or the di-
vertor target plates, some of them return as recycling neu-
trals. The recycling coefficient is set to 100% for deuterium
under steady state operating conditions.

lll. RESULTS AND DISCUSSIONS

There are three distinct regimes for divertor plasmas,
including sheath limited regime, conduction limited regime,
and detached plasma regime, which are mainly determined

r =D, dn 3) by the classical transport along the magnetic field lines in the
| = =
dr’ SOL.*
1.5 T & o & & T 1.5 T T T T T T T
" (a) DivA: LSN 1 [ (b) DivB: QSF ]
Lol 1 1ol X
05| 1 os|- :
= | 10 ]
é 00 Jd ook i FIG. 2. The computational meshes of
N . g - : both different EAST divertor configu-
e 1 r 7 rations for SOLPS simulations: (a)
[ i I ] LSN (DivA) and (b) QSF (DivB).
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1ol J-iol :
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In the SOLPS modelling, n, is varied from 0.1 x
10" m=3 to 1.0 x 10** m~3. The peak value of electron den-
sity, electron temperature, integral particle flux, parallel heat
flux to the separatrix of outer midplane, total radiated power,
and peak heat flux at the lower outer target for both LSN and
QSF divertor configurations are presented as a function of
separatrix density at the outer midplane, 7}, in Fig. 3. The
peak values of electron density for both LSN and QSF
increase with increasing 7%, as shown in Fig. 3(a). For QSF,
the divertor plasma quickly enters into the high recycling re-
gime as 7 rises, manifested by a rapid increase in the di-
vertor plasma density for QSF, in contrast to the LSN case,
as to be discussed later. As n)? further increases, the divertor
density starts to rollover for QSF, suggesting that the plasma
starts to detach at the target, while the divertor plasma is still
in the recycling regime, which is more clear from the roll-
over in the integral particle flux, as shown in Fig. 3(c). The
peak values of electron temperature for both divertor configu-
rations decrease with increasing n)?, and the peak electron
temperature for QSF is lower than that for LSN at the same
n?, as shown in Fig. 3(b). In Fig. 3(d), the parallel heat fluxes
for both LSN and QSF divertor configurations are similar. In
the simulations only considering deuterium without any other
impurities, total radiated power are similar for both LSN and
QSF divertor configurations, which is clearly shown in Fig.
3(e). Owing to the greater flux expansion of QSF at the lower

Phys. Plasmas 23, 032502 (2016)

outer target caused by smaller incident field line angle, the
peak heat flux is much lower than that for LSN under the
same 75 with the peak value being reduced by a factor of
2-3, even prior to the detachment, as shown in Fig. 3(f).

In the low recycling regime, sheath-limited regime, the
plasma is in the SOL with pressure balance between the
upstream plasma and the divertor plasma, i.e.,

T,=T, (6)
and
nuTu - 2ntTta (7)

where T = (T;+7T,)/2. The divertor plasma density
increases linearly with the upstream density at the midplane,
Fig. 3(a). Figure 4 shows the profiles of total pressure p and
electron temperature 7, for the upstream outer midplane and
downstream outer lower target, as well as the heat flux at the
lower outer target Q,, for both LSN and QSF divertor config-
urations with 7% = 0.35 x 10" m=3. As can be seen, the
upstream p and 7, are nearly the same as those at the outer
target for both divertor configurations, as expected for the
sheath limited regime. As n)? increases gradually, the diver-
tor plasma enters from the sheath limited regime to the con-
duction limited regime, also referred to as high recycling
regime. The plasma pressure keeps constant along the field

FIG. 3. The peak values of electron
density (a), electron temperature (b),
particle flux (c), parallel heat flux to
the separatrix of outer midplane (d),
total radiated power (e), and peak heat
flux (f) at lower outer target for both
different EAST divertor configurations
(DivA and DivB) as a function of n}?.
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FIG. 4. The radial profiles of total
pressure, electron temperature for the
upstream and lower outer target, as
well as the heat flux at lower outer tar-
get, versus the distance from the sepa-
ratrix, mapped to the outer midplane,
for both different EAST LSN and QSF
divertor configurations with )% = 0.35
x10"m3.

FIG. 5. The radial profiles of total
pressure, electron temperature for the
upstream and lower outer target, as
well as the heat flux at lower outer tar-
get, versus the distance from the sepa-
ratrix, mapped to the outer midplane,
for both different EAST LSN and QSF
divertor configurations with 7} = 1.6
%10 m=3.
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lines. However, the divertor plasma temperature is signifi-
cantly reduced. The low divertor plasma temperature is
highly desirable, which can reduce impurity production and
hence the erosion of divertor target plates. In addition, the
conduction limited regime provides strong divertor screen
for impurities. As shown in Fig. 5, the upstream-divertor
pressure balance is maintained for both LSN and QSF diver-
tor configurations with n}? = 1.6 x 10 m~3. Compared
with the behavior in the sheath limited regime, the divertor
plasma temperature and heat flux along the lower outer target
are dramatically reduced for both divertor configurations. As
T, is lowered down to 5eV, the charge-exchange process
between ions and neutrals becomes important, enhancing
momentum and energy losses. When T, is further reduced
1eV, the volume recombination starts to play an important
role, further reducing heat fluxes to the divertor target plates.
The divertor detachment process is strongly dependent on
neutral dynamics and atomic physics. The detached plasma
regime is essential for steady state power exhaust. Fig. 6
shows the modelling results about the detached divertor
plasma for LSN and QSF divertor configurations with
n? = 8.02 x 10" m~3. As can be clearly seen, for LSN and
QSF divertor configuration, there is a strong pressure drop at
the divertor target, with a very low divertor plasma tempera-
ture, i.e., T, =~ 1 eV. The corresponding heat load for both di-
vertor configurations are also reduced to a very low level.

IV. SUMMARY

We have carried out detailed modeling of a new, QSF
divertor configuration on EAST with SOLPS for different

plasma regimes by varying the upstream plasma density,
n3?. The QSF divertor configuration significantly reduces
the divertor heat flux, by a factor of 2-3, as a result of greater
magnetic flux expansion, compared to LSN, at low upstream
densities. As n)? increases, QSF enables the divertor plasma
to quickly move from the sheath-limited regime into the high
recycling regime and achieves the detachment at a much
lower upstream density than LSN. This indicates that QSF
provides a promising means for the control of divertor heat
flux at lower upstream density, which is highly desirable for
current drive, thus facilitating long-pulse operations in
EAST.
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