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A series of L-mode discharges have been conducted in the new ‘corner slot’ divertor on the Experimental Advanced
Superconducting Tokamak (EAST) to study the divertor plasma behavior through sweeping strike point. The plasma control
system controls the strike point sweeping from the horizontal target to the vertical target through poloidal field coils, with
keeping the main plasma stability. The surface temperature of the divertor target cools down as the strike point moves away,
indicating that sweeping strike point mitigates the heat load. To avoid the negative effect of probe tip damage, a method
based on sweeping strike point is used to get the normalized profile and study the decay length of particle and heat flux on
the divertor target A;, Aq. In the discharges with high radio-frequency (RF) heating power, electron temperature T is lower
and Aj, is larger when the strike point locates on the horizontal target compared to the vertical target, probably due to the
corner effect. In the Ohmic discharges, A;s, Aq are much larger compared to the discharges with high RF heating power,

which may be attributed to lower edge 7.

Keywords: EAST tokamak, divertor plasma, sweeping strike point, decay length
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1. Introduction

In tokamaks, heat and particles exhausted from the hot
magnetically confined plasma, stream along open magnetic
field lines and mainly localize over lengths much shorter than
the size of divertor target plates. For future reactors, the un-
mitigated heat load on divertor target is more than one or-
der larger than the engineering safety limit, ~ 10 MW /m?,
which is a severe challenge.!!l Several solutions are proposed
to mitigate the high heat load: distribute heat fluxes through
manipulating divertor poloidal magnetic configurations, such
as snowflake divertor!?! and super-X divertor; ! facilitate de-
tachment through trapping neutrals and impurities in a highly
closed divertor, such as SAS divertor on DITI-D and the new
‘corner slot’ divertor on EAST.!! There is another simple and
robust method, sweeping strike point, to spread the heat load
over a large surface area. Sweeping strike point experiments
have been successfully conducted in JET experiments, and this
method may be adopted in the future campaign with 40 MW
of source auxiliary heating power.®! Similar concept, the fish
tail divertor (FTD), has been proposed and experimentally per-
formed on EAST,®”] which needs an additional alternating
magnetic field coil behind the divertor. Some studies have so
far found that sweeping appears to be compatible with imple-
mentation and use on DEMO. ¥
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In this year, EAST superconducting tokamak has replaced
the old lower graphite divertor with tungsten divertor to in-
crease the power handling capacity to ~ 10 MW /m?. The
most attractive characteristic of this new divertor is the ‘corner
slot’, i.e., a closed right-angle corner consisted by the horizon-
tal target and vertical target. This special structure can bring
the ‘corner effect’, i.e., when the outer strike point locates on
the horizontal target plate near the corner, the horizontal target
plate reflects impinging particles mostly towards the scrape-
off layer (SOL), where the particles are confined by the ver-
tical target plate and trapped in the closed corner, thus high
neutral pressure is achieved near the corner. The corner effect
has been studied by SOLPS-ITER simulation.!]

In this paper, the divertor plasma behavior will be stud-
ied through sweeping strike point in the new lower divertor
on EAST. Owning to the powerful control ability of poloidal
field coils, the plasma control system (PCS) adjusts the loca-
tion of primary X-point flexibly and controls the lower outer
strike point sweeping from the horizontal target to the verti-
cal target. Surface temperature will be monitored by infrared
(IR) thermography to demonstrate that sweeping strike point
can mitigate the heat load on divertor target. Plasma behavior,
such as divertor particle flux and heat flux, will be diagnosed

by divertor Langmuir probe array. To avoid the effect of probe
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tip damage, a method based on sweeping strike point is ap-
plied to get the normalized distributions on the divertor target,
similar to the technique in the work.[”! And the decay lengths
of divertor particle flux and heat flux, A5, 44, will be discussed
and compared with previous work.[10-12]

This paper is organized as follows: Section 2 describes
the experimental setup and introduces the relevant diagnos-
tics; Section 3 presents the experimental results and discus-

sion. Summary is given in Section 4.

2. Experimental setup and main diagnostics

A series of sweeping strike point experiments have been
conducted in EAST low confinement mode (L-mode) dis-
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charges with high RF heating power. The discharges are op-
erated in lower single null (LSN) or double null (DN) divertor
configuration. The central magnetic field is By = 2.4 T with
the ion B x VB drift direction into upper divertor. Figure 1(a)
shows the configuration of one typical LSN shot #98332, cal-
culated from EFIT magnetic reconstruction. The PCS controls
the X-point moving towards low field side from Ry ~ 159 cm
(3 s) to Ry ~ 166 cm (8 s), where R, is the major radius of
the lower X-point. Consequently, the lower outer strike point
sweeps from the horizontal target to the vertical target, as seen
in Fig. 1(c). The distance between strike point and the corner
is nearly linear with time, when the strike point locates on the

horizontal target or vertical target, as shown in Fig. 1(b).

1.65

Fig. 1. In shot #98332, (a) the magnetic configurations at different times; (b) the distance (s) between lower outer strike point and the corner versus
time (7) with linear fit on the horizontal target (s < 0) and vertical target (s > 0); (c) detail view in the lower outer divertor region with the distribution
of divertor Langmuir probe array (Div-LP), the intersection angle 6 (6 < 90°) between the poloidal magnetic field and the target plate, and the pixel

location Ny, N, N3 (red ellipses).

During these discharges, the plasma current is I, =
500 kA in Fig. 2(a). The source auxiliary heating power is
Potat = 3.2 MW including 0.7 MW from 2.45G low hybrid
wave (LHW), 2 MW from 4.6G LHW, and 0.5 MW from
electron cyclotron resonance heating (ECRH), as shown in
Fig. 2(b). The displacement of primary X-point unavoidably
brings the change of the main plasma shape. The main change
is the lower triangularity, which varies up to ~ 20%. How-
ever, the elongation only varies below 2% and the edge safety
factor varies below 0.5%. It is worthy to mention that the
magnetic geometry on the outer mid-plane differs slightly, as
shown in Fig. 1(a), where the auxiliary heating system locates.
The main plasma keeps stable as the strike point sweeps. The

central-line averaged electron density is ne; ~ 2 x 10! m~3,

which has slight increase (< 10%) in Fig. 2(c). And the
plasma stored energy is ~ 110 kJ, as seen in Fig. 2(d). Besides,
two Ohmic discharges are also conducted in DN configuration
with the similar parameters (shots #98895 and #98896).

Main diagnostics used in this work include the in-
frared (IR) thermography!'®! and the divertor Langmuir probe
array.!'#13] Two integrated infrared and visible tangential
wide-angle viewing systems have been mounted in EAST to
provide real-time, simultaneously visible and infrared imag-
ing of the vacuum vessel, including the lower divertor region.
The principle of infrared thermography to monitor the surface
temperature of objects is based on black-body radiation law
with considering the impact of the radiometric factors on the

measurement of the camera.!!3] Though the heat flux code of
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the infrared thermography is under programming, the surface
temperature roughly reveals the heat load on divertor target.
EAST has installed two divertor Langmuir probe array!'*!5]
in port D and port P with the same poloidal distribution, as
shown in Fig. 1(c). Each array has 16 channels: four local-
ize on the horizontal target (#13—#16), and the others localize
on the vertical target (#1—#12). The probe array is based on
triple probe and used to measure the positive biased potential
Vp, the ion saturation current /s and the floating potential V.
Based on T, = (Vp fo) /In2 and J; = I /A, electron tem-
perature T, and particle flux I3y, = Js/e are obtained, where
e is elementary charge and A, is the effective area of a probe
tip. The parallel heat flux g and electron density n are further
obtained by q|| = YnlionTe, e = Is/[eApr (2Te/mi)l/2], where
¥nh ~ 7 is the electron sheath heat transmission coefficient, m;
is the ion mass.

498332
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Fig. 2. (a) Plasma current I, (black) and loop voltage Viyop (red); (b) the
source power Pyource Of auxiliary heating system; (c) the central-averaged av-
eraged electron density #|; (d) the plasma stored energy Wiinp.

3. Experimental results and discussion

3.1. Surface temperature

When the strike point sweeps, the heat flux also moves
with strike point and the heat load on divertor target is miti-
gated through large surfaces. In the shot #98332 with P, =
3.2 MW, the bright ring moves with strike point from the hori-
zontal target to the vertical target, as shown in Fig. 3. And the
ring is brightest when the strike point is near the corner, and
darkest when the strike point is on the vertical target.

A pixel path is chosen, as shown in the Fig. 3(b), to get the

time trace of surface temperature, as seen in Fig. 4. Limited to

spatial resolution and mechanical vibration, it is hard to obtain
the exact location of each pixel. Here we give numbers to the
pixels, and Npixel < 0 is on the horizontal target, Npixel > 0 is on
the vertical target, and Npixel = O is around the corner. From
3 s-8 s, the peak surface temperature obviously moves with
strike point. After the strike point moves away, the local sur-
face temperature decreases, which demonstrate that sweeping

strike point mitigates the heat load on divertor target.

(a) t=3s

(b) t=5s

(c)t=Ts

: ‘ | Ty (°C)
50 100 150 200 250 300 350 400

Fig. 3. Three IR camera frames with the colorbar of surface temperature 7Tir
at 3, 5, and 7 s in the lower outer region of shot #98332. The white path in
panel (b) is used to get the time trace of surface temperature.
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Fig. 4. (a) Time traces of surface temperature Tjr (°C) for the pixel path
shown in Fig. 3(b) with the reflective ring (black dashed line); (c)—(d) surface
temperature evolution of the pixel Npixel = —4, —1, 9 with the approximate
location Ny, Ny, N3 respectively in Fig. 1(c).

The peak surface temperature differs largely for different
regions. The peak surface of Npixel = —4 on the horizontal tar-
get (away from corner) is ~ 240 °C, ~ 40% larger compared
to Npixel = 9 on the vertical target, as shown in Figs. 4(b) and
4(d). This difference is mainly attributed to the intersection

angle 0 (6 < 90°) between the poloidal magnetic field and the
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target plate, as shown in Fig. 1(c). Without significant energy
dissipation, the parallel heat flux g should have slight change
in the divertor region as the strike point sweeps. And the heat
load g on the target plate is expressed as g = g sin@sin6,
where the intersection angle ¢ between the magnetic field and
the toroidal direction is almost the same as the strike point
sweeps. The intersection angle 0 is larger when the strike
point locates on the horizontal target compared to the verti-
cal target, as shown in Fig. 1(c). Thus, the heat load g; on the
horizontal target is larger than that on the vertical target.

Another remarkable phenomenon is that as the strike
point moves near the corner, the surface temperature becomes
very high, as shown in Fig. 4(a). The maximum surface tem-
perature even exceeds 400 °C, as seen in Fig. 4(c). There are
several possibilities for this phenomenon. (I) The distance be-
tween the surface and the water-cooling copper tubes near the
corner is larger compared to other locations on the target plate,
as seen in Fig. 6 of the article,!!! which leads to relatively
weaker cooling capacity. (II) The reflection of light and en-
ergetic neutral particle by smooth tungsten surface becomes
important as the strike point moves near the corner, which
leads to heat accumulation. One evidence for (II) is that the
reflective ring is observed in the Fig. 4(a).

3.2. The method to get normalized distributions of particle
and heat flux on the divertor target

As the strike point sweeps, the plasma behavior can be
diagnosed by divertor Langmuir probe array. However, the
measured absolute values of electron density, particle and heat
flux are affected by the serious ablation of graphite probe
tips, especially during long-pulse operation or unmitigated
disruptions.!'#! In this paper, a method to overcome this draw-
back is applied to get the normalized distributions of particle
and heat flux on the divertor target and study the decay lengths
Ajs, Aq, similar to the technique in the work. 1 As shown in
Fig. 1(b), the movement of strike point on the horizontal tar-
get or vertical target is almost under the constant velocity, thus
the time signal can be transferred to relative location informa-
tion. The moment of peak 7. is transferred as the separatrix
location.

With the assumption that the distribution on the divertor
target changes slowly as the strike point sweeps, each probe
can obtain the whole normalized distribution information of
particle flux and heat flux. This assumption is checked through
comparing the distributions provided by different probes. As
shown in Fig. 5(a), probes #15, #14, and #13 on the horizontal
target get the similar distributions of particle flux on the target,
which verifies the assumption. The distributions on the verti-

cal target also support the statement, as shown in Fig. 5(b).

Je
(a) Horizontal target (shot #98338)

1.0
0.8f
0.61

0.4} W
0.2}

(b) Vertical target (shot #98332)

e #14
e #13

1.0t
0.8}
0.6 :
/
0.2._}
1 0 ' 1 ' 2

T—Tsep (cm)

Fig. 5. Distributions of normalized particle flux on (a) the horizontal target
and (b) vertical target. The former is diagnosed by probes #15, #14, and #13
in DN shot #98338; the latter is diagnosed by probes #10, #9, and #8 in LSN
shot #98332.

3.3. Divertor plasma behavior with high RF heating power

In the discharges with high RF heating power, the plasma
behaviors differ largely when the strike point locates on the
horizontal target or vertical target. The plasma distributions
on the divertor target in shot #98332 with Py = 3.2 MW
are shown in Fig. 6. To study Ajs, Aq, a widespread fitting

function!'-!7] ig used
) S\? X—Xp
X) = ypex — ] —
y Yoexp 2 P
S x—xp
fo [ = —
xerc(zl S )erBG,

where erfc is the Gauss error function, xg and ypg are the sepa-
ratrix location and background flux, S is introduced for the ra-
dial diffusion. The decay length A is mapped to the outer mid-
plane (OMP) to avoid the influence of connection length dif-
ference. As shown in Fig. 6(a), Aj; = 5.6 mm on the horizontal
target is about twice as that on the vertical target (~ 2.7 mm).
This difference may be due to the corner effect. When the
strike point locates on the horizontal target, the target plate
reflects impinging particles mostly towards the SOL. As a re-
sult, high neutral pressure is achieved near the corner, which
significantly reduces local T¢ in Fig. 6(b) and promote 7. in
Fig. 6(d). Aq on the horizontal target is also larger compared
to the vertical target, as seen in Fig. 6(c).

We calculate Zjb lq in several similar discharges with
Piota = 3.2 MW, including shots #98313, #98332 in LSN con-
figuration and shot #98338 in DN configuration. It is worthy
to mention that the results of probes #12 and #11 are not in-
cluded due to the following reason: both probes are close to
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Shot #98332

o #13
Ce# 8

=Ty, (cm)

Fig. 6. In shot #98332, (a) the normalized particle flux fs, (b) the electron
temperature T¢, (c) the normalized parallel heat flux cju, (d) the normalized
electron density 7. The red is diagnosed by probing #13 on the horizontal
target, and the blue is diagnosed by probe #8 on the vertical target. The solid
lines in panels (a) and (c) are the fitting results with the decay length on the
outer mid-plane.
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Fig. 7. Decay length of (a) divertor particle flux and (b) heat flux. The X-
coordinate is the distance between the corresponding probe and the corner,

and the negative is the horizontal target region and the positive is the vertical
target region.

corner on the vertical target as seen in Fig. 1(c), as a result, the
obtained distributions have the mixed information in which the
SOL side are partly with strike point on the horizontal target,
while the rest are with strike point on the vertical target. As
shown in Fig. 7(a), Ajs on the horizontal target is nearly twice

as that on the vertical target. A4 on the horizontal target is also
larger compared to the vertical target, as seen in Fig. 7(b). The
weak corner effect on heat flux is probably due to low electron
density or lack of energy dissipation, which still needs more
research.

It is worthy to mention that the DN configuration does
not narrow the decay length compared to LSN configuration,
as seen in Fig. 7, consistent with previous work. 1% Besides,
for the vertical target, Ajs/Aq ~ 1.3, which shows that the di-
vertor heat flux is mainly dominated by the divertor particle
flux.[1%11] However, the ratio is much larger for the horizontal
target, i.e. ~ 2, which may be due to the corner effect.

3.4. Divertor plasma behavior in the Ohmic discharges

The Ohmic discharges are also conducted with strike
point sweeping, i.e., shots #98895 and #98896. In the two
shots, ne; ~ 2 X 10" m—3 and I, = 500 kA, which are simi-
lar with the shots mentioned above. Typical divertor plasma
distributions are shown in Fig. 8. With T; peax ~ 12 €V, the
heat flux distribution on the target is mainly dominated by the
particle flux. Aj; = 11.4 mm and Aq = 10.3 mm are obtained,
which are significantly larger compared to the discharges with
high RF heating power.

Shot #98895 probe #13

ner

Ajs=11.4 mm

T—Tsep (cm)

Fig. 8. In shot #98895, (a) the normalized particle flux Js, (b) the electron
temperature T¢, (c) the normalized parallel heat flux provided by probe #13.
The solid lines in panels (a) and (c) are the fitting results with the decay length
on the outer mid-plane.

In these Ohmic discharges, the corner effect becomes
weak. }js on the horizontal and vertical target is obtained, as
shown in Fig. 9. And there is no clear difference between the
horizontal target and vertical target, which implies that the cor-
ner effect is weak. The T, measurement is poor in these two
shots, and only few probes can provide the heat flux distribu-
tions, which are almost the same as Fig. 8(c).
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Shot #98895 & #98996
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Fig. 9. Decay length of divertor particle flux A;s in the Ohmic discharges.
The X-coordinate is the same as Fig. 7.

3.5. Discussion on the decay length

The Ajs, Aq in the Ohmic discharges are consistent with
previous results.!!'%!l However, they are much shorter in the
discharges with high RF heating power. The difference may
be due to the influence of the edge 7. In ASDEX-Upgrade
L-mode plasmas, A4 scaling yields A4 o< 7;%53,
is the edge electron temperature inside the separatrix.!'®! Sim-
ulation work based on EAST L-mode discharges also shows

that the SOL power width is influenced by the edge elec-

where T edge

tron temperature through both parallel and radial heat trans-
port, and Aq scaling yields Aq o 7;11(':%35, where T¢ | crs is the
electron temperature at the last closed flux surface (LCFS).[!?]
Unfortunately, Tc 1crs is not measured in EAST experiments
yet. In the experiments with Py = 3.2 MW, ng =~ 2 X
10" m=3, T, cps should be much higher than that in the
Ohmic discharges or the shots with only 1-MW source aux-

(10,11

iliary power. I As a result, higher T Lcrs may shorten Ajq,

Ag.

4. Summary

In this paper, divertor plasma behavior through sweeping
strike point recently conducted on EAST, which has upgraded
the lower divertor with closed corner structure. As the strike
point sweeps from the horizontal target and vertical target,
the peak surface temperature of the divertor target measured
by IR camera moves with strike point. And the local surface
temperature successfully cools down as the strike point moves
away, which indicate that the heat load is mitigated by sweep-
ing strike point.

To study the behavior of particle flux and heat flux on
the divertor target, a method based on sweeping strike point is
used to avoid the effect of probe tip damage. A5 on the hori-
zontal target is almost twice as that on the vertical target, and
T is also lower for the horizontal target. These differences
may be due to the corner effect, which is one of the design
thoughts of the new divertor with closed corner. In the Ohmic
discharges, the corner effect seems weak and A;, Aq are much
larger than the discharges with high RF heating power. The

underlying mechanism may be that higher edge 7. can narrow

the Ajs, A4, consistent with the simulation results.[12]
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