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ABSTRACT

To obtain a quantitative understanding of recent radiative divertor experiments and to give an
instructive prediction for future relative work performed on EAST, The 2D numerical tool
SOLPS has been used to investigate the argon seeded EAST H-mode plasmas. The simulations
were mainly based on a typical H-mode discharge with lower single null divertor configuration,
in which the partially detached divertor plasma has been achieved due to the argon seeding. First
the perpendicular particle and energy transport coefficients for particle density diffusivity D,
electron and ion conduction, ;. were radially varied to determine the edge transport barrier in
H-mode plasma by comparing the simulated upstream profiles of electron temperature (T.) and
electron density (n.) with the edge Thomson scattering data. Then the reduction of the particle
flux, static pressure and the peak heat load onto the lower outer divertor target have been
reproduced by radiative divertor simulations in agreement with the experimental measurements,
which demonstrated that the argon seeding is effective to mitigate the heat load onto the divertor
target and achieve partially detached plasma during H-mode discharge. The simulations also
revealed that the strongest radiation occurred near the X-point and in the divertor region for short
pulsed argon seeding with a relatively low puffing rate in agreement with bolometer

measurements.
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[. INTRODUCTION

The scientific missions of EAST are to explore the reactor relevant operation regimes with
long pulse lengths and high plasma core confinement and to develop and verify solutions for
power exhaust and particle control in steady operational state'~. Mitigation of particle flow and
heat flux from the high temperature core plasma deposited on the divertor surface is a key issue
for magnetic confinement fusion device including EAST and future ITER when operated in long
pulse, high power regime*®. The primary solution to the above mentioned problem is to
introduce inert gas impurities such as neon or nitrogen into divertor plasma, reduce the scrape-
off layer heat flux and to cool the divertor plasma to detachement by radiation of the impurities.
On the other hand, Impurity seeding will result in the sputtering of the divertor target materials.
Therefore, the radiative dissipation must be achieved with acceptable consequences for the
plasma performance in terms of confinement of core plasma, radiative cooling of divertor plasma,
reduction of the impact energy of the sputtering particle and dilution of burning plasmas’®.

EAST is presently equipped with fully actively cooled plasma facing components (PFCs),
carbon tiles near the divertor strike points and molybdenum (Mo) tiles for main chamber wall,
and has a capability of near 14MW heating power source, which enabled the achievement of a
long-pulsed high confinement mode (H-mode) operation while brought out a great threat to
safety of the divertor target due to excessive heat load. Since the extensive upgrade of EAST's
internal PFCs, a series of radiative divertor experiments for L-mode and H-mode discharges in
EAST have been carried out. By seeding the impurity gas (mainly argon (Ar) and mixture of Ar
with D), the partially detached divertor plasma has been achieved, in which scenario the particle
flux, plasma temperature and heat load onto the divertor target have been reduced dramatically.
The experimental results will be described in section 2of this work.

To obtain a quantitative understanding of the physics processes in divertor detachment
experiments, 2D numerical tools are often used by comparing the theoretical models to existing
radiative divertor experiments. Furthermore, the modeling would help to give an instructive
prediction for future relative work performed on exiting Tokamaks and future fusion devices. In
ASDEX upgrade, SOLPS 5.0 (B2.5-EIRENE)’ have been used extensively to study the H-mode
divertor detachment with impurity seeding'*"’; while in JET, H-mode plasmas in radiative
divertor experiments were investigated'*'"> by using EDGE2D-EIRENE'®. In EAST, SOLPS 5.2
(B2-EIRENE) and SOLPS 5.1 have also been used to understand the radiative divertor operation
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towards detachment in typical L-mode discharge'”'®. In this work, SOLPS 5.0 (B2.5-EIRENE)
was used to study the radiative divertor experiments with Ar seeding for a typical H-mode

discharge.
[I. EXPERIMENT

The presented radiative divertor experiment with Ar seeding was performed in a typical H-
mode discharge (#52353) with lower single null divertor configuration. The main parameters in
this shot was as follows: plasma current Ip = 450 kA, toroidal field Bt = 2.5 T with the V B-drift
pointing into the lower divertor, line averaged plasma density ne = 3.3x10'/m’, 1.7MW neutral
beam heating and 2.2 MW ion cyclotron resonance heating in turn. After the NBI heating power
was injected to the plasma at t = 2.8 s, the plasma density and the stored energy increased
dramatically accordingly. The plasma entered a Type-I ELMy H-mode regime at t = 3.0 s
following the fluctuations of D, signals observed by spectroscopy. FIG. 1 shows the time
evolution of the main plasma parameters during discharge #52353. The particle balance was
maintained by the gas puffing near the inner midplane and pumping. During the shot time t =
3.2-3.4 s, the Ar mixture with D, (1:4) was seeded from near the separatrix strike point at the
outer target plate with a seeding rate of 1.1 pa.m’/s (namely total particle flux of 2.5x10* /s with
Ar flux of O.5><1020/s). At the shot time t = 3.275 s, the plasma parameters n., Vioop and stored
energy started to respond to the Ar seeding , which means the delay time was around 100 ms due
to the limitation of pipe length for the seeding inlets during the radiative divertor experiments.
The total radiation power Py measured by AXUV (absolute extreme ultraviolet) bolometer
arrays increased with shot time during the Ar seeding since t = 3.275 s and reached a maximum
value of 0.8 MW at t = 3.4 s, which was about the 50% total heating power. It brought a great
loss of stored energy due to the increase of Py, and the heat load deposited onto the target was
decrease dramatically. From the measurements of infrared camera, the surface temperature near
the separatrix strike point at the outer divertor target during the H-mode phase decreased from
100°C before Ar seeding to 50°C after Ar seeding with a relatively flat surface temperate
distribution profile along the outer divertor target, which indicated that the Ar seeding has
significant effect on the mitigation of peak heat flux to the target. At the same time, Ion
saturation current (Jg) at the inner and outer divertor target started to response to the Ar seeding

at shot time t = 3.3 s and decreased by 50% at least near the strike point with time during the Ar



seeding (FIG. 2.), showing that the divertor plasma started to partially detach on the outer target
during the inter-ELM phases, and the ELM size decreased considerably.

[ll. MODELING
A. Simulations of EAST H-mode plasma during inter-ELM phase

In this session, simulations of the presented radiative divertor experiments with Ar seeding
for H-mode plasma in EAST was performed by SOLPS code package’, which consists of two
coupled codes: the fluid plasma code B2.5 deal with the the Braginski-like equations for the ions
and electrons. EIRENE the Monte-Carlo code describes kinetic neutrals. Both codes are coupled
via source terms. The primary purpose of running the simulations was to reproduce the reduction
of power deposition and particle flux onto the divertor target and also to depict the radiation
distribution with increasing Ar seeding. The cross-field transport coefficients for electron and ion
conduction, y i, particle density diffusivity D, control the rate of perpendicular particle and
energy diffusion. D, and y ;. are free parameters in SOLPS modeling, which usually are set as

constants in real space in L-mode simulations. H-mode plasma are associated to the formation of
an internal transport barrier occurred in the vicinity of LCFS with greatly reduced transport and
steep radial gradients from SOL to plasma core region '°. In SOLPS, it is possible to vary the
transport coefficients in radial direction in three regions: one is on closed field lines, the second
is the steep H-mode pedestal close to the separatrix and the third is outer SOL region with larger
radial plasma transport coefficients °. At high temperatures (midplane, near separatrix),
corrections for flux limit are necessary due to the fact that the heat conduction mean free path is
larger than the connection length. The flux limit is defined as
Qrim=0e N, Te, *me;'.

The values of heat flux limiters adopted in this work were a.;=0.3 and a,=1.0.

The first step was to model the steady state, inter-ELM period of none-impurity seeded H-
mode plasmas. In this work, the ELM dynamics has been precluded. The upstream density and
temperature are important experimental plasma parameters in SOLPS modeling, which are used
to find appropriate transport coefficients. However, during the radiative divertor experiments the
experimental density and temperature profile in the upstream SOL region were not available.
Therefore, a typical lower single null (LSN) H-mode discharge #48914 was selected for the

SOLPS modeling. In this shot, the upstream temperature and density data were given by



measurements of Edge Thomson Scattering (TS). The magnetic configuration and the SOLPS
numerical grids for this shot is shown in FIG. 3. The main plasma parameters for this shot were:
line averaged density 3 X 10"°/m’, heating power 3.7 MW including neutral beam heating, lower

hybrid wave heating and Ohmic heating, plasma current 450 KA, toroidal field 2.3 T with

the V B-drift pointing into the lower divertor.

For a given heating power P, it is assumed that 20% of the heating power is radiated as
bremsstrahlung and cyclotron radiation from the core plasma according to the analysis of the

power balance in the SOL plasma'”*’

, S0 Pgoips = 80% P is assumed for the present modelling.
For the simulations of discharge #48914, Py, was assumed to be 3.0 MW. no exact
experimental data are available since a separation of P, and P; is not possible in the experimental
measurement, therefore, 1.5 MW of P, and 1.5 MW of P; are assumed in this simulation.
Separatrix density nes, feedback was used throughout the simulations. The gas puff was
described inside the EIRENE input file as a point source of D,, placed on the vessel midplane
from where it was introduced to the simulated grids as in experiments.

Three groups of vessel surfaces were adopted: the first was tungsten for upper divertor, the
second was molybdenum for chamber wall and the third was carbon for lower divertor. Physical
sputtering was implemented accordincg to the standard Roth-Bodansky model and chemical
sputtering yield from D" and D impact was set to constant as Y., = 0.03 on the carbon surfaces.
Both physical and chemical ion sputtering occurred at the carbon divertor targets and no ion
sputtering was assumed at tungsten and molybdenum surfaces. Thus the simulated fluids in B2.5
included neutrals of deuterium and carbon, ion species of D™ and all charge states of carbon. No
drifts have been included in the simulations presented in this work.

Coefficients, D, y.ie were systematically radially adjusted (FIG. 4) until the satisfactory
agreement between experimental and simulated midplane profiles were obtained by comparing
the results for upstream profiles of T, Ti and n. with the Edge Thomson Scattering data (FIG. 5).
The TS profiles compiled of a number of pulses through the discharge, filtered to exclude ELM

events. The diffusion coefficient D, ranged from 0.05 m”s™ in the core region, 0.1 m>s" near
the separatrix. While for the y; ., the values were adopted from just inside the inner boundary of
the simulation region right through the edge transport barrier ranged from 7.8 m”.s™ to 3.0 m*.s™.

In the main SOL, both D, and y, were increased up to a value of 1.0 m>s" and 10.0 m’s™



respectively. A higher value of D, and . in the main SOL were applied in order to flatten the
temperature profiles there. Through the above radial profiles variations of the transport barrier of
particle and heat diffusivities, a steep pedestal region inside the magnetic separatrix has been
reproduced.

After the midplane profiles were matched, the transport coefficients in the divertor region
were varied until the outer target profile peak values were fitted to the experimental
measurements by divertor LP. The radially constant heat conductivities (2.0 m*.s™") and particle
diffusivities (0.4 m”.s™) in the divertor plasma below the X-point were adopted in the simulations.
The LP data were chosen from different time slices around simulated time slice at shot time t =
5.06 s at the inter-ELM phase. Here the ion saturation current (Js,) and electron temperature (T.)
from the LP measurements at the lower outer target and lower inner target were taken to
compared with SOLPS modeling results. Jg is not an output of simulations, so the js,: was
calculated from the particle flux and the angel between the magnetic flux line and the target. FIG.
6 presents the measured lower outer and inner divertor target Jg, T, profiles compared with the
simulations. For the outer divertor target, the simulation results for the ji agreed well with LP
data near the strike point and slightly underestimated the LP datat within a factor of 1 away from
the strike point. While for the electron temperature, SOLPS still could give the peak value
measured from LP near strike points but with larger underestimation in the region away from the
strike point. For the inner divertor target, the simulation results for the js, also agreed well with
LP data near the strike point but underestimated the LP data from the strike point. While for the
electron temperature, SOLPS gave higher peak value than the measured data from LP near strike
point but with slightly underestimation in the region away from the strike point. It was found
experimentally that the Js for lower outer divertor target was lower than the Jy, for lower inner
target while the T, for lower outer target was higher than the T, for lower inner target. This
inboard/outboard asymmetry of the experiment was also reproduced by the simulations as shown

in FIG. 6.

B. Simulations of EAST radiative divertor experiments with Ar seeding

Once the steady state H-mode discharge without impurity seeding was reproduced by SOLPS,

the transport parameters in the upstream and divertor region were used for the modeling of the



radiative divertor experiments with Ar seeding. The simulations were mainly based on discharge
#52353 described in section 2. In this discharge, Ar gas was injected into the divertor plasma
from the outer divertor target from 3.2 s to 3.4 s. Before the Ar seeding simulation, a steady state
inter-ELM H-mode was still needed to be simulated as starting point for initial conditions
subjected to the succeeding modeling. For this simulation, the magnetic equilibrium
configuration and plasma parameters in time slice of shot time t = 3.2 s were adopted. Ar was
injected into the computational domain from near the strike point at the lower outer divertor
target with a puffing rate of 5 10" particles/s.

FIG. 7 shows the simulated outer divertor target profiles of particle flux and static pressure
before and after Ar seeding, which have been compared with experimental results from LP
measurements. Simulated particle flux and electron temperature were taken from the simulated
time t = 0 s and t = 100 ms separately indicating a simulated seeding duration of 100ms, while
the experimental data from LP measurements were taken from shot time t =3.2 sandt=3.4 s
respectively indicating a seeding duration of 200 ms. The reason we chose different time for
comparison was that there was a delay for the Ar gas to enter the divertor region and response to
the divertor plasma since the gas valve has been opened as mentioned in section 2. Before Ar
seeding as shown in FIG. 7, the simulated pressure and particle flux were in good agreement
with the experimental data. The peak particle flux has been decreased from 7 X 10%/m’.s to 3 X
10%/m*.s while the static pressure decreased from 300 Pa to 80 Pa, which was still in a good
agreement with LP data. The loss of pressure and particle flux has been reproduced by
simulations indicating the formation of partially detached divertor plasma due to the Ar seeding.
The power flux deposited onto the target was the divertor parameter we most concerned about.
From the simulation results, it was shown that the peak heat flux was decreased from 1.6 MW/m®
to 200 kW/m®, demonstrating that the Ar seeding was effective to mitigate the heat load onto the
divertor target and achieve partially detached plasma during H-mode discharge.

Two AXUYV cameras, each with 32 channels, installed in EAST at the same toroidal location,
were designed to fully cover the poloidal cross-section of plasma. The viewing chords
distribution of the AXUV arrays are shown in FIG. 8(a). The AXUV measurements were
compared to reconstructed line integrated power densities from the simulations in FIG. 8(b).
Agreement was attained in the divertor region and top SOL region. In the region close to the X-

point, the modeled radiation power density was higher than experimental measurements by a
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factor of 2. Within the rage between channel 10 and channel 55 covering the core region, AXUV
measurements were systematically higher than the simulations, for the core radiation in the
simulated line integrals was not taken into account. For the Ar seeding with a relatively low
puffing rate (5X 10" particles/s) and short pulsed puffing duration (100 ms) according to the
simulations, the strongest radiation occurred near the X-point and in the divertor region while
there was still a significant portion of radiated power dissipated within the core boundary region.
The total radiated power in this simulation was 1.02 MW while the total radiated power was 0.93
MW from bolometer measurements which covered the main plasma region and partial inner
divertor region. Considering the domain size deviation between the simulation which did not
cover partial core region and the experiment which did not cover partial divertor region, there
was good agreement for the total radiation between simulation and experiment. The Z.¢ was 3.20
in the simulation for the simulated region while the experimental value was 2.72 for the main
plasma region. This difference could also be mainly attributed to the different computed domain
between the simulation and the experiment. Contributions for the radiation losses from tungsten
and molybdenum were not included in this simulation. In EAST only upper divertor is tungsten
with fully actively cooling and the lower target is still carbon materials, with molybdenum used
for main chamber wall. In this work, the simulated discharge (#52353) had a lower single null
divertor configuration. For this scenario, the sputtering from the upper divertor and main
chamber wall was comparably negligible and the argon dominated the impurity radiation in the
edge plasma region as well as the main plasma region. This was confirmed by the edge impurity
spectrum for the divertor region and EUV (extreme ultraviolet spectrometer) diagnostics for the

core plasma region.
VI. CONCLUSIONS

To mitigate the heat load deposited onto the divertor target during the EAST H-mode
discharge, radiative divertor experiments with Ar seeding have been performed in a typical H-
mode discharge with lower single null divertor configuration. The partially detached divertor
plasma has been achieved, with the dramatic increase of the total radiation power and significant
reduction of the ion saturation current and the target surface temperature.

SOLPS code package was used to simulate the above mentioned radiative experiment. The

first step was to model the steady state, inter-ELM period of none impurity-seeded H-mode



plasmas for the purpose of defining the perpendicular particle and energy transport coefficients
for particle density diffusivity D, electron and ion conduction y ... Coefficients D, ;. for the
upstream plasma were systematically radially varied until the satisfactory agreement between
experimental and simulated midplane profiles were obtained by comparing the results for
upstream profiles of T, and n. with the edge Thomson Scattering profiles. The coefficients in the
divertor region below X-point was kept as constant to achieve an agreement for the peak value of
ion saturation current and electron temperature between simulations and experiments from LP
measurements.

The simulations of radiative divertor experiments with Ar seeding for EAST H-mode
discharge have reproduced the reduction of the particle flux, static pressure and the peak heat
load onto the lower outer divertor target, which was in agreement with the experimental
measurements, demonstrating that the Ar seeding was effective to mitigate the heat load onto the
divertor target and achieve partially detached plasma during H-mode discharge. To analyze the
radiation distribution, the AXUV measurements were compared to reconstructed line integrated
power densities from the simulations which revealed that the strongest radiation occurred near
the X-point and in the divertor region for short pulsed Ar seeding with a relatively low puffing
rate.

According to the analysis of simulations, the radiation power fraction, radiation distribution
and the moving speed of radiation front towards core region were sensitive to puffing rate and
duration time. Excessive Ar puffing would lead to the accumulation of Ar particles in the core
region thus the strong core radiation, even the disruption of discharge. Therefore, besides the
validation between experiments and simulations, the predictive modeling on future EAST
radiative divertor experiments is very important for the study of radiative divertor in EAST and
will have great significance for the next-step experiments by choosing appropriate seeding rate

and duration, as well as different seeding impurity.
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FIG. 1. Time evolution of the main plasma parameters during discharge #52353: (a) plasma
current and line averaged electron density; (b) heating power: Pxgr and Picrr; (¢) mixture (Ar: D)
seeding rate and D, spectrum intensity in lower divertor region; (d) stored energy (Wmmup); (€)

radiation in core, upper and lower region.

13



Lijs dcm?)  Shot#52353 LOjs {Acm?)  Shot#52353

200
Ezun g
ke g
£ 10 : 150
g Z
: :
2 100 = 100
B B
5 o0 & 0

26 248 3 3.2 3.4 36 38 26 28 3 32 34 36 38
FIG. 2. Time evolution of ion saturation current density (js) at lower inner target (LI) and lower

outer target (LO).

14



Physical mesh

1.0

0.8+

0.6 -

0.4 -

0.2 |-

0.0

_02 -

—0.4 -

-0.6 |-

-08 |

—-1.0 +

—-1.2

—1.4 Il 1 i ] L 1 | i 1 1 1L L 1 '
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6

FIG. 3. The magnetic configuration and the SOLPS numerical grids for discharge #48914.
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FIG. 7. The particle flux, static pressure, and power flux at lower outer target calculated from
SOLPS compared to experimental data measured from Langmuir Probe for discharge #52353

before (left) and after (right) Ar seeding.
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FIG. 8. The viewing chords distribution of the AXUV (left) and the AXUV measurements

compared to reconstructed line integrated power densities from the SOLPS simulations for Ar

seeded discharge #52353 (right).
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