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To investigate the radiative divertor behavior and physics for the scenario of impurity seeded plasma in ITER, the
radiative divertor experiments with argon (Ar) seeding under ITER-like tungsten divertor condition were carried out during
recent EAST campaigns. The experimental results reveal the high efficiency of reducing heat load and particle flux onto
the divertor targets owing to increased radiation by Ar seeding. We achieve detached plasmas in these experiments. The
inner—outer divertor asymmetry reduces after Ar seeding. Impurities, such as Ar, C, Li, and W, exist in the entire space of
the vacuum chamber during EAST operations, and play important roles in power exhausting and accelerating the plasma
detachment process. It is remarkable that the contamination of the core plasma is observed using Ar seeding owing to the
sputtering of plasma facing components (PFCs), particularly when Ar impurity is injected from the upper tungsten divertor.
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1. Introduction

Increasing divertor radiation by injecting impurity is a
general and effective method for reducing the heat flux from
the scrape-off layer and for cooling the divertor plasma to de-
tachment. Impurities, such as nitrogen (N;), neon (Ne) and
argon (Ar), are widely used in radiative divertor experiments
on several tokamaks. In ASDEX Upgrade with full tungsten
divertor wall conditions, complete and partial detached plas-
mas were achieved by feedback controlled N, seeding. In
addition, Ar or Ne impurities were also used to control the
heat flux onto the divertor successfully.”’2J In JET, N, seed-
ing was used for comparing the effect of reducing the heat
load on the ITER-like wall (ILW) to that on all-carbon wall
conditions. The experiment results, such as increasing the
plasma density and reducing the ELM frequency and pedestal
pressure with Nj seeding between two divertors, were clearly
different.®! In JT-60U, with Ne, Ar, and a mixture of Ne and
Ar injection in H-mode plasmas, the fractions of divertor radi-
ation power by these impurities besides an intrinsic impurity,
C, were investigated. It was found that Ne is the dominant ra-
diator when plasma detached by Ne seeding, but carbon acts
as the biggest radiator with other impurities seeding in carbon
wall conditions. 4!

The EAST has previously achieved a minute-scale non-
inductive H-mode in the 2016 campaign. It aims at obtain-
ing a long pulse discharge over 1000 s with high-performance
plasma in the future. In this situation, the EAST divertor faces
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a severe challenge owing to high heat flux; therefore, the ra-
diative divertor experiments were conducted and investigated.
Furthermore, EAST upgraded its upper divertor into actively
cooled W/Cu plasma-facing components (PFCs) in 2014.15-6]
Some divertor behavior as demonstrated in the carbon divertor
before is necessary to be validated in the ITER-like tungsten
divertor. Owing to the routine lithium wall coating condition-
ing before EAST discharges, Ar, instead of Ny which easily
reacts with hydrogen and lithium, was used as the seeded im-
purity for achieving long-pulse high-performance operations
in EAST.["! In this study, we introduce the radiative diver-
tor experiments conducted during EAST 2014 and 2015 cam-
paigns by using the mixture of Ar/D; (1:4) as the seeded impu-
rity. These experiments are primarily focused on investigating
the divertor heat load reduction, radiation distribution, asym-
metry evolution, and impurities behavior under tungsten wall
conditions. From the results of the experiment, Ar proved to
have high efficiency in reducing heat and particle fluxes onto
the divertor targets. However, excessive Ar seeding that easily
caused contamination in the core plasma region is discussed
in Section 3. The asymmetry between the inner and outer di-
vertor is described in Section 3.2. Impurities, such as Ar, C,
Li, and W, induced by impurity injection, play important roles
in power exhausting and accelerating the plasma detachment
process as described in Section 3.3. A summary is provided in

the final section.
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Fig. 1. (color online) Toroidal and poloidal cross section of EAST showing relevant diagnostics of experiments and divertor gas puff locations.
AXUYV: absolute extreme ultraviolet bolometer arrays; U(L)I: upper (lower) inboard divertor; U(L)O: upper (lower) outboard divertor; U(L)D:
upper (lower) divertor dome; GP: gas puff inlet; IM: inner midplane; TMS: Thomson scattering; IRC: infrared camera; EUV: extreme ultraviolet

spectrometer; Div-W: divertor tungsten spectroscopy.

2. Experimental setup and relevant diagnostics

During 2014 and 2015 EAST campaigns, radiative diver-
tor experiments were conducted in both L-mode and H-mode
discharges in order to compare the differences between these
two confinement modes, particularly for heat load reduction,
radiation, inboard—outboard asymmetry, and impurities trans-
port behaviors in the divertor region. As shown in Fig. 1, the
controlled pulsed mixture of Ar/D, (1:4) was injected through
a pipe located inside the divertor target near the strike point.
The delay time of Ar affecting the divertor plasma was ap-
proximately 75-140 ms limited by the length of pipes after
the upgrade of the divertor gas puff system in 2014.11%1 The
width of puffing pulse was controlled using the plasma control
system (PCS) program setting. According to different divertor
configurations (lower single null (LSN) and upper single null
(USN) configuration), the mixture was injected from differ-
ent regions, that is, lower carbon divertor and upper ITER-like
tungsten divertor, in several discharges. The results are dis-
cussed in Section 3.

Table 1. Coordinates of gas puff inlet.

Location R/m Z/m

Outer 1.725 1.083

Upper divertor Inner 1.407 0.974
Dome 1.558 1.061
Outer 1.792 -1.051
Lower divertor Inner 1.364 -0.920
Dome 1.605 -0.935

Inner Midplane 1.358 0.080

Information on electron temperature, electron density,
heat load, and particle flux on divertor targets were provided

by the EAST divertor Langmuir probe diagnostic system con-
sisting of 89 groups of triple probes of which the poloidal lay-
out is shown in Fig. 1.[''] The total distribution of radiated
power in bulk plasma can be provided by four 16-channels
AXUV (absolute extreme ultraviolet) detector arrays, in to-
tal 64 channels, installed in the horizontal port P, and one 24-
channel AXUV array, installed in the upper-vertical port C.['?]
Impurities, such as argon, deuterium, lithium, carbon, and
tungsten, in the upper divertor region (only near inboard and
outboard targets) can be observed by divertor tungsten spec-
troscopy with the range of 399431 nm.!"3! Moreover, these
results are verified using the filterscope diagnostic system and
a flat-field extreme ultraviolet (EUV) spectrometer with fast
time resolution at the mid-plane.[!*13]

3. Results and discussions

As EAST upgraded its upper divertor into actively cooled
W/Cu PFCs in 2014, the heating power simultaneously in-
creased dramatically. Therefore, a considerably bigger heat
load is supposed to be deposited on the divertor target. In this
study, Ar seeding experiments were performed for controlling
the heat flux onto the tungsten divertor target. In addition, the
divertor radiation, asymmetry, and impurity transport are also
investigated.

3.1. Heat load and radiation

The particle flux is related to ion saturation current den-
sity js, calculated by the equation

Js = s/Apr, (D
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where I is the ion saturation current, acquired directly by
Langmuir probes, and Ay, is the tip effective area (2.5 mm?).

The heat flux to the target is also based on the measure-
ment by the Langmuir probes. The parallel heat flux is given
by

q = YnTerkn js /e, 2)

where 7, is the total sheath heat transmission factor for deu-
terium plasma (~ 7, assuming T, = T ), T is the electron tem-
perature at the divertor target, and kg is the Boltzmann con-

stant. Thus, the heat flux to the target is measured by
gt = q|sind, 3)

where ¥ is the grazing angle between the target and the inci-
dent magnetic field.!!!16]

Shot#57417 was an H-mode discharge with USN diver-
tor configuration. The drift pointed toward the top divertor,
and the divertor cry-pump was activated. In this shot, By was
fixed at 2.3 T and I, at 0.4 MA, and the heating power was
fixed at approximately 4.3 MW with the ICRF of 1.5 MW
and LHW of 2.8 MW. The upstream density (in separatrix),
Nup,sep = 1.0 X 10" m™3, was measured by reflectometry. Ar
impurity was seeded from the upper outboard target at the
rate of 2.2-2.7 x 10% e~/s for 200 ms.
of 100 ms, the effect of Ar started at approximately 5.1 s. At

After a delay time

the strike point, the ion saturation current js, measured by the
divertor Langmuir probe, was decreased by 60%, and the elec-
tron temperature 7. decreased to less than 5 eV, because the
ionization of the seeded neutral gas led to the increase of radi-
ation to exhaust power in the divertor region.
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Fig. 2. (color online) Profiles of (a), (b) ion saturation current, js, (c),
(d) electron temperature, 7, and heat flux, ¢, on outer and inner diver-
tor targets before (e), (f) and after Ar seeding. OSP: outer strike point;
ISP: inner strike point. The clear error data are marked with circles.

More importantly, the heat flux, g, onto the outer diver-
tor target plate, which once was more than 6 MW/m? with
ELMy before Ar seeding, was clearly reduced to less than
0.5 MW/m?. The plasma was completely detached (at and
near the strike point) from the upper outboard target. During
gas puffing, the increase of the radiated power measured using
the AXUV was approximately 350 kW in total.

Figure 3 shows the profile of radiation obtained by the
horizontal AXUV arrays. A burst of radiation in the upper
and lower divertor regions led to the mitigation of ion and
heat fluxes onto the divertor target. However, approximately
30% total radiation, ascribed to Ar impurity puffing, was dis-
tributed inside the core plasma region, which caused 5% loss
of the entire plasma stored energy, and it rapidly returned to
the initial state when the Ar puffing stopped. Nevertheless,
for another discharge under similar plasma conditions (Shot
#57423, Fig. 5) with the long pulse Ar seeding (1s), the results
reveal a clear difference in the entire stored energy, which de-
creased by 32 kJ, ~ 35%.

transition was observed. The injection method is a key factor

Subsequently, an H- to L-mode

to the experimental results of the impurity seeding according
to the experience of our device and other devices. For ex-
ample, a single continuous long pulse Ar seeding, as shown
in Shot #57423, easily causes Ar accumulation in the plasma
core region, which is possibly of considerable risk to plasma

confinement.
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Fig. 3. (color online) Profile of radiation before and after Ar injection
(R=1.85m).

3.2. Asymmetry

The divertor asymmetry for particle and heat fluxes de-
pends on the divertor geometry and the magnetic equilibrium,
as well as the plasma shape and parameters. There is a consid-
erably strong in—out asymmetry with considerable difference
for heat and particle fluxes between the inner and the outer tar-
gets in case of the present geometry in EAST. This asymmetry
is clearly evident with the increase of plasma electron density,
which is proved by the previous experimental results on the
machine.!'”]

Figure 4 shows the time evolution of plasma parameters
for the preceding discharge #57417 using Ar seeding. The in—
out asymmetry of ion saturation current and heat flux in the
upper divertor region reduced significantly after Ar impurity
seeding, which led to the detachment on the divertor target.
The inner divertor first entered the detached state owing to less
particle flow into the inner divertor region. Subsequently, the
outer divertor followed the inner one to detachment.
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Fig. 4. (color online) Time traces of H-mode discharge with Ar seeding. The Ar mixture was seeded from the upper outer divertor target, and
it started to function at 5.1 s owing to the delay of pipe length. (a) Plasma line-averaged density. (b) Ar/D, mixture seeding rate. (c) Stored
energy of plasma. (d) Midplane, upper divertor, lower divertor region line integrated radiation, and total radiation power. (e), (f), (g) Emission
intensities of impurity in the upper divertor region, measured using filterscope arrays. Note that the WI+ArII signal may contain two types of
impurity: WI (400.87 nm) and ArlI (401.38 nm), because the system cannot well distinguish these two spectral lines. (h) Ion saturation current

in outer and inner divertor regions.
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Fig. 5. (color online) Time evolution of Shot#57423. (a) Line integrated
density (ne) and plasma current (I,). (b) Heating power: 2.45 GHz
LHW, 4.6 GHz LHW and ICRF. (c) Impurity seeding rate. (d) Stored
energy of plasma: Wypq. (€) Core, upper divertor, lower divertor region
line integrated radiation, and total radiation power.

Deuterium line emission is frequently used for evaluating
the plasma characteristics such as the density, electron tem-
perature, and the frequency of ELMs. As shown in Fig. 4, the
Dy emission increases clearly in both inner and outer divertor
regions after Ar injection, which is a sign of divertor detach-

ment onset. The increase of D, emission was attributed to
the increased neutral fluxes. Generally, the Dy line emission
exhibits higher photon efficiency in recombining plasmas at
higher density and lower electron temperature.!'”] These re-
sults were firstly found in the EAST ITER-like tungsten diver-
tor to predict and validate the detachment process. To com-
pare the differences between the lower carbon divertor and
upper tungsten divertor, Ar impurity was seeded, respectively,
from upper and lower divertor targets under similar plasma
setting and heating conditions, corresponding to different di-
vertor configurations: USN and LSN, respectively. Compared
to the LSN configuration, the in—out asymmetry of the particle
flux is smaller than the case under the USN condition. The
primary reason is that the geometry shape is different for the
upper divertor structure and lower divertor structure. Each of
these two divertors exhibits different geometry shapes, which
directly affects the divertor plasma parameters such as power
flux, pumping efficiency, recycling coefficients, and neutral
pressure.[!8] From the above experiments, we observed that
the distribution of plasma density in the two divertor regions
is considerably different.!!) The results indicated that it is eas-
ier to achieve detachment on both inner and outer targets in the
upper divertor than that in the lower divertor geometry.

3.3. Impurities

Impurities, such as Ar, C, Li, and W, may exist in the en-
tire space of the vacuum chamber during EAST operations. In
the divertor and SOL regions, it is beneficial for long pulse
high performance discharges to bring in moderate impurity
that plays an important role in power exhausting and acceler-
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ating the plasma detachment process. Conversely, impurity in
the core plasma region is harmful for the plasma confinement
that may cause a considerable loss of stored energy, and then
cause the plasma to go into the fluctuated state, even leading
to bring disruption finally.

As Fig. 6 shows, the Ar concentration reached a consid-
erably high level after the mixture was injected in the upper
divertor region. Ar is a quite strong radiator when the elec-
tron temperature T is in the range of 1040 eV. The electron
temperature close to the targets is typically within this region.
Therefore, the results reveal that the heat load and ion flux onto
the divertor target decreased rapidly.

In Section 3.1, concentration of Ar ions in the core re-
gion that caused the increase of radiation therein was also con-
firmed by the EUV spectroscopy. The primary reason was at-
tributed to the transport of the impurity ion along with VB
drift direction into the core region and the ionization there.
The similar experiment conducted in DIII-D demonstrated that
seeded Ar impurity accumulated in the core plasma with the
B x VB-ion drift directed toward the X-point.[20-22]

As Ar gas was injected from the upper divertor target,
there was a notable increase of C and Li signals accompany-
ing the gradually increasing Ar impurity signal observed by
the divertor impurity spectroscopy. After the peak signal of
the Ar intensity was approximately 5.2 s, Li decreased grad-
ually and C either decreased rapidly. This phenomenon was
attributed to the increased Ar ions flux, which was accelerated
to the target by the sheath potential and produced sputtering on
plasma facing components, particularly on divertor targets un-
der the strong Li coating conditioning. The decline of Li and

C impurities was also ascribed to the decrease of Ar ions be-
cause the seeded Ar cooled the plasma in the divertor region,
so that less Ar could be ionized. The similar results of CIII
emission in the divertor region, which are measured using the

filterscope system, confirmed the phenomenon as well.
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Fig. 6. (color online) Time trace of major types of impurity in upper di-
vertor region: (a) Ar, (b) C, (c) Li, and (d) W, which were observed by
divertor tungsten spectroscopy. There was no evident change of tung-
sten after Ar seeding in this shot.
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Fig. 7. (color online) Impurities in the upper divertor region observed by div-W spectroscopy without Ar seeding (4.8 s) and with Ar
seeding (5.2 s). In this L-mode discharge, a small amount of tungsten sputtered from the divertor target, which causes a rapid increase

of core radiation.

As is well known, EAST upgraded its upper divertor into
actively cooled W/Cu PFCs in 2014, which consequently pro-
duced concern over how the W transport and concentration af-
fect the plasma confinement. Typically, the tungsten sputtering
was rarely observed by spectroscopy with strong Li-coating

wall condition on the chamber surface. In the Shot#56649, an

L-mode discharge with the LSN configuration, after Ar seed-
ing, as shown in Fig. 7, the sputtered tungsten observed qual-
itatively by divertor tungsten spectroscopy, entered the core
plasma and thus resulted in the degradation of plasma confine-
ment owing to the burst of core radiation. Similar results for

Ar seeding were discovered in ASDEX-Upgrade as well.[2324]
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As previously mentioned, it is deduced that the sputtering of
tungsten is primarily ascribed to Ar impurity being ionized in
the boundary plasma and accelerated to the target owing to
sheath potential. However, the quantitative calibration of tung-
sten concentration is still in commissioning because the tung-
sten and argon signals exhibit an overlap in this wavelength
range.

4. Summary

In this study, the radiative divertor behavior involving the
heat flux, radiation, asymmetry, and impurities was investi-
gated by using the Ar mixture as the radiator.

The asymmetry of the particle fluxes and heat loads be-
tween inner and outer divertor reduced significantly after Ar
impurity injection. In addition, the respective Ar mixture gases
were seeded, from the upper and lower (carbon) divertors un-
der similar plasma setting and heating conditions. For the
lower divertor, this asymmetry is smaller than that for the top
one.

Moreover, impurities were investigated. It is proved that
Ar is an efficient radiator. However, there will be the risk that
Ar impurity contaminates core plasma and leads to a consid-
erable decrease of plasma stored energy. The concentration
of C and Li is associated closely with the Ar injection owing
to the sputtering. Unlike the carbon divertor, Ar seeding pro-
duced tungsten sputtering on the surface of the PFCs, which
was observed in the experiment, and exhibited a considerable
influence on plasma confinement. These results will provide a
reference for future investigation on ITER discharge in the sce-
nario of radiative divertor experiments using tungsten plasma
facing components.
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