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Abstract

®

CrossMark

The influence of upstream ion temperature in the scrape-off layer (SOL) on the tungsten (W)
sputtering in the divertor is studied in the WEST tokamak. For an almost constant power into the
SOL, the upstream ion temperature and its ratio over the electron temperature gradually increase
with the decrease of electron density in the SOL. This increment is observed to enhance the
energy transfer from ions to electrons. This increases the downstream electron temperature and
by coupling of electrons and ions, the impact energy of ions causing W sputtering in the divertor.
This enhancement mechanism may become crucial to sputtering the W material for high
upstream 7/T ratio since the impact energy of ions in the divertor would increase accordingly.

Keywords: tungsten sputtering, ion temperature, energy transfer,

upstream and downstream electron temperature ratio, SOL

(Some figures may appear in colour only in the online journal)

1. Introduction

The realization of fusion power faces a number of large chal-
lenges. One of them is the plasma-wall interaction [1], where
the outflux of the hot and dense plasma continuously bom-
bards the so-called plasma-facing components in the diver-
tor area which is designed to handle the power and particle
exhaust. Tungsten (W) was selected as the divertor plasma-
facing material in current tokamaks like JET [2], ASDEX
Upgrade (AUG) [3] and W (tungsten) Environment in Steady-
state Tokamak (WEST) [4] and in the International Thermo-
nuclear Experimental Reactor (ITER) [5] to maximize the
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operational space and ensure integrity of components in the
harsh environment.

Unlike graphite or other carbon-based materials, W can
be only eroded by physical sputtering [6]. And its threshold
energy for the impacting particles with low mass number
is much higher [7]. For example, the hydrogen and deu-
terium particles require more than 200 eV impact energy
(E; = 3Teq + 2T;q) to sputter W, where Tq and Tjq are the
downstream electron and ion temperature, respectively. In the
case of steady-state operation in L-mode, W is sputtered by
intrinsic or extrinsic impurities [3, 8—10]. While in H mode,
due to edge-localized-mode eruption, hot ions (~keV) trans-
port from the pedestal to the divertor, can directly erode W
[11-14].

When the plasma is still attached, the downstream plasma
parameters in the divertor, including the ion impact energy, is
correlated with the upstream plasma parameters of the scrape-
off-layer (SOL) region [15]. Due to the lack of direct ion tem-
perature measurement at the SOL, the study of W erosion and
transport is usually limited to optical emission spectroscopy

© EURATOM 2023
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and the electron temperature measurement [16]. The effect
of the ion temperature is barely considered in the theoretical
simulation [17]. While in some experiments, the upstream ion
temperature T, has been measured to be much larger than the
upstream electron temperature T, and theirratio 7, = Ty /Teu
is strongly dependent on the plasma density and collisionality
[18-21]. This implies that the effect of upstream ion temper-
ature may play indirectly an important role on the W erosion
in the downstream area of the divertor.

In this paper, we present that the W sputtering yield in the
downstream area of the divertor is correlated with the upstream
ion temperature. An energy transfer from ions to electrons
with value comparable with the perpendicular electron energy
transport would potentially increase the downstream electron
temperature.

This paper is organized as follows. Section 2 introduces
the diagnostic layout and shows the experimental results.
Section 3 shows the dependence of divertor W sputtering on
the upstream and downstream plasma parameters. Section 4
discusses the relation of E; with the upstream parameters and
an enhancement of divertor electron temperature due to energy
transfer from ions to electrons in the studied range of divertor
conditions. Finally the conclusion is made in section 5.

2. Experimental setup

WEST is a superconducting tokamak with major radius 2.5 m
and minor radius 0.5 m [4], aiming to test the ITER diver-
tor technology with W monoblocks in a steady state toka-
mak environment. The remaining plasma facing components,
including the upper divertor, use W coating on graphite. Its
superconducting coil system, including toroidal and poloidal
coil systems, are succeeded from the Tore Supra tokamak,
which have achieved steady state long pulse operation [22].
A series of discharges in deuterium are conducted with the
retarding field analyzer (RFA) operation. Twelve cases for nine
discharges with similar magnetic geometry and plasma oper-
ation conditions are analyzed in this paper. Among these dis-
charges, the plasma current /, is 0.5 MA, and the toroidal mag-
netic fields is 3.76 T at Ry = 2.42 m, resulting in q95 to be 4.4.
The auxiliary heating power is provided by lower hybrid wave
heating with 4 MW. The power entering the SOL after sub-
tracting the divertor radiation is almost constant ~1.85 MW.
A poloidal cross section with two almost identical magnetic
geometries within the dataset and the diagnostic layout are
shown in figure 1. The upstream plasma parameters includ-
ing the upstream ion temperature are measured by the RFA
and Langmuir probes mounted at the reciprocating probe sys-
tem located at the outer top of the device, thus relatively close
to the stagnation point [23]. The downstream plasma paramet-
ers are measured by the divertor Langmuir probe array [24]
where the probe location is shown in figure 1 with green dots.
The W erosion in the divertor is related to the divertor WI
brightness at a wavelength 400.9 nm and measured by visible
spectroscopy [25] where the line of sight (LOS) position is
shown as purple lines in figure 1. The two magnetic geometries
as seen in figure 1 are from discharges #55 067 (solid line)
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Figure 1. WEST magnetic configuration of discharges #55 067
(solid line) and #55 070 (dashed line) at 20 s when the RFA is
plunged into the plasma. The last closed flux surfaces for these two
discharges are shown as blue solid line and red dashed line,
respectively. The yellow bar is the reciprocating probe movement
path. The green dots show the divertor Langmuir probe array
location. The purple line array is the field of view of the visible
Spectroscopy.

and #55 070 (dashed line) and calculated by Newton direct
and Inverse Computation for Equilibrium (NICE) code [26].
Their waveforms of the main plasma parameters are shown in
figure 2.

As can be seen in figure 2, the plasmas in both discharges
are operated steady state after the current flat top is built. The
central line integrated density n, lower hybrid wave heating
power Ppy, ohmic heating power Popy,, bulk plasma radiation
Pruk and divertor plasma radiation Pgiy 0w are almost identical
in both discharges. At the flat-top region, the main plasma
parameters for both discharges are fixed at I, = 0.5 MA,
Ne = 4 X 10" In*z, Pig = 4 MV, Py = 2 MW. The D,
gas is first prefilled from the top of the chamber on the low
field side and then fueled from the midplane in the vicinity of
one ion cyclotron resonance heating (ICRH) antenna to sus-
tain a target plasma density. Though the central line integrated
density is almost identical in both discharges, the gas puffing
rate in #55 067 is much higher than that in #55 070. This may
be caused by different wall outgassing conditions. The core
electron temperature measured by electron cyclotron emission
(ECE) is observed to be slightly larger in #55 070 than that in
#55 067 at the steady state regime.

Due to different D, gas puffing rate, the divertor plasma
is also affected and shown in figure 3. In this figure, the
divertor plasma parameters shown at sub-figures 3(a)—(d) are
measured by the divertor Langmuir probe array and are loc-
ated near the outer strike point (OSP). More gas fuelling is
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Figure 2. Evolution of (a) central line integrated density 7y,

(b) core electron temperature T, (¢) lower hybrid wave heating
power Ppy and ohmic heating power Popm, () bulk plasma radiation
Pruik and divertor plasma radiation Pgiy 10w, (€) gas puffing rate for
pulse #55 067 (blue) and #55 070 (red). Note that the RFA and
Langmuir probes are plunged at 20 s.

correlated with larger parallel ion saturated current density
(sat,||) and plasma density (n¢q) near the strike point in #55 067
than that in #55 070 as seen in figures 3(a) and (b). As the
time increases, their increment become larger. This leads to
a cooler plasma near the divertor, i.e. lower plasma temper-
ature in #55 067. From ~12 s, the downstream electron tem-
perature at both discharges gradually decrease as the plasma
density increases. Note that the neutral particle ionization is
negligible to cool the plasma. Assume that the average loss
per ionization is ~30 eV, by multiplying it with the gas puff-
ing rate, the electron energy cost to ionize all of the puffed
neutrals is 2.3 kW. This value is much smaller than Psor.
Cooler plasma has led to lower W sputtering in #55 067 than
in #55 070 as shown in figures 3(e) and (f), where the W sput-
tering flux I'w_; and yields Yw = I'w | / I'p, | are for Wl lines
at A = 400.9 nm near the OSP, I'p_, is the perpendicular deu-
terium particle flux near the OSP. The inverse photon efficien-
cies or so-called effective S/XB values are calculated based on

WEST outer strike point (OSP)
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Figure 3. Evolution of divertor parallel ion saturated current j, |
(a), downstream electron density neq (b) and temperature Teq (¢),
parallel heat flux gq, (d) near the outer strike point measured by
divertor Langmuir probes, and W sputtering flux I'w, 1 (e) and
yields Yw (f) measured by Spectroscopy with the LOS18 channel at
a wavelength A = 400.9 nm for pulse #55 067 (blue) and #55 070
(red).

equation S/XB(T.) = 53.63 —56.07 x exp (—0.045 x T.[eV])
as shown in [27]. After multiplying the S/XB coefficient, the
W atom influx I'w_; is calculated and used to estimate the
effective W sputtering yield Yw =T'w 1 /Tp | .

However, the divertor plasma remains in the full ioniz-
ing regime with peak electron temperatures at the strike line
above 25 eV. The corresponding impact energy for D would be
~125 eV, thus, below the W sputtering threshold. Therefore,
the W sputtering is determined by impurities in the plasma. In
WEST, the main impurities in the divertor are boron (B) and
carbon (C), while the oxygen (O) impurity influx is an order
of magnitude smaller as seen in figure 4. Their particle con-
centrations in the divertor, estimated by comparing with the
D ion particle flux are roughly 0.8% for B, 0.4% for C and
0.03% for O. In addition, since the impurity concentration in
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Figure 4. Evolution of ion flux of (a) boron I'g, | at a wavelength
A =412.3 nm, (b) carbon I'c | at a wavelength A = 426.7 nm,
(c) oxygen I'o | ata wavelength A = 418.5 nm, and impurity
concentration of (d) boron I', | /I'p, 1, (¢) carbonI'c ; /T 1,
(f) oxygen I'g, | /T'p, 1 measured by Spectroscopy near the outer
strike point with the LOS18 channel for pulse #55 067 (blue) and
#55 070 (red).

the steady state regime is much lower in #55 070 than that in
#55 067, the larger W sputtering yield in #55 070 is attrib-
uted to higher impact energy of impurities, i.e. hotter divertor
plasma in #55 070 than that in #55 067.

In these two discharges, the W sputtering yield Yw_, is also
shown as functions of the plasma parameters ¢4, Tcq, I'p, | and
qq,|| at the OSP as seen in figure 5, where the data is selected
between 13 and 22 s at the flat top of discharges #55 067 and
#55 070. For both discharges, Yw, | gradually decreases with
ned, I'p, 1 and qq,), and increases with Teq. It should be stated
that the plasma parameters, such as neq and T4, are coupled
in these experiments. It is not that n,., is constant and 7,, can
be increased or vice versa. Since the W sputtering is strongly
correlated with the impact energy of hydrogen isotopes and
impurity particles [8], it is reasonable to imply that the tend-
ency between Yw and neq is caused by the variation of Tegq.

WEST LOS18@13-22s

4 6 8 40 60 ) 80
-2_-1 22
Ty, Im?s k10 Gy MW/m?]

Figure 5. W sputtering yield as functions of (a) downstream
electron density, (b) downstream electron temperature Teq,

(c) perpendicular particle flux I'p, 1 , and (d) parallel heat flux gq ),
near the outer strike point for pulse #55 067 (blue circle) and

#55 070 (red square).

3. Dependence of divertor W sputtering on
upstream and downstream plasma parameters

3.1 Measurement of upstream and downstream plasma
profiles

For discharges of #55 067 and #55 070, the upstream RFA
and Langmuir probes are plunged into the plasma after 20 s
long pulse operation. The measured profiles of upstream ion
temperature T, upstream electron temperature 7. and density
n. are shown in figure 6, and the movement position of these
two probes are shown in figure 7(#). The fitting curves for each
profile in figure 6 is based on the exponential function. The
result shows that the plasma density in the SOL in #55 070 is
~30% lower than that in #55 067. This induces much higher
Tu in lower plasma density discharge #55 070, where the T
(T.) profiles are slightly higher (lower) than those in discharge
#55 067.

Lower gas puffing also accompanied smaller downstream
plasma density and parallel particle flux in #55 070 than
in #55 067 as seen in figures 7(a) and (c) and the corres-
ponding temporal evolution at strike point in figures 7(e) and
(g) measured by the divertor Langmuir probe array. In this
figure, the downstream plasma parameter profiles are shown
in figures 7(a)—(d) for time slices of 20.30 s and 20.35 s dur-
ing the upstream RFA and Langmuir probe movement period,
and the temporal evolutions shown in figures 7(e)—(h) are cor-
responding to the plasma parameters at the strike point. In con-
trast, the downstream electron temperature is higher in #55 070
than in #55 067 as seen in figures 7(b) and (f), where T,
is increased for ~20% near the strike point. Despite that the
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Figure 6. Upstream profiles of (a) Ti, (b) T, (c) ne and (d) Tu
measured by RFA and Langmuir probes. The curves in each
subfigure are obtained by exponentially fitting the measurement
profiles. Note that the error bars of the measurements of the
upstream RFA and Langmuir probe are set to be 20%. The
reciprocating probe measurements are obtained by fitting the
corresponding single I-V characteristic every 2 ms.

divertor electron density and temperature were changed, the
parallel heat flux are still almost identical for both discharges
as seen in figure 7(h). Note that the divertor plasma paramet-
ers are perturbated largely at the strike point, especially in
#55 070. This leads to the parameters of Te, jo,|» and qq,
at the strike point varied significantly from 20.30 s to 20.35 s.

By means of the measurement by divertor Langmuir probe
array and spectroscopy, the spatio and temporal evolution of
W sputtering flux and yield are shown in figure 8, where
figures 8(a)—(d) are the profiles of WI photon influx, W
atom flux, D atom flux and W sputtering yield, respectively.
Figures 8(e)—(h) show the temporal evolution of these para-
meters at the strike point. Though the particle flux impact-
ing the W target is higher in #55 067 than in #55 070, the
WI photon influx measured by the visible spectroscopy shows
almost identical profiles in both discharges and even higher
value in #55 070 near the strike point as shown in figures 8(a)
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[ ]
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w S
g ;gﬁ

30 35
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Figure 7. Downstream profiles of (@) ne, (D) Te, (¢) jsa,||> (d) qq,)
measured by outer-lower divertor Langmuir probe array, and
temporal evolution of (e) ne, (f) Te, (&) jsar,||» (B) qa,| at the outer
strike point. The upstream probe movements are shown in
sub-figure (1) with solid line for RFA and dot line for Langmuir
probe. ‘67’ with black color and ‘70’ with magenta color are
corresponding to discharge #55 067 and #55 070, respectively. The
time slices of 20.30 s and 20.35 s are also covered on the temporal
evolution subfigures. Note that the error bars of the measurement of
the downstream Langmuir probe array are from the least square fit
of the I-V characteristic averaged over 50 ms in which each I-V
characteristic is 4 ms.

and (e). After transforming the W photon influx to the W sput-
tering yield by multiplying the S/XB coefficient, I'w | at the
strike point is clearly much higher in #55 070 than in #55 067
as shown in figure 8(f). After dividing by the perpendicular
deuterium particle flux as shown in figures 8(c) and (g), the
Yw profile and its evolution at the strike point are much higher
in #55 070 than that in #55 067 as shown in figures 8(d) and
(h). In the strike point position, Yy increases for roughly 30%.
This could be easily understood since the ion impact energy
is proportional to the downstream electron temperature. The
strange increase of Yy for dr > 20 mm is probably caused
by the exponential decay of I'p_; at this region which cannot
properly reflect the light impurities concentration since W is
preferably sputtered by the impurities such as B, C or O ions
in the order of a few % [28]. Near the strike point, Yy normal-
ized by D+ could still be assumed to behave the same way as
the impurity concentration. Therefore, the following statistic
only focuses on the Yw evolution near the OSP position.

3.2. Dependence of SOL plasma parameters on upstream
electron density

For fixed PsoL ~ 1.85 MW and lower hybrid current drive
(LHCD) only discharges, changing the SOL plasma dens-
ity has affected the upstream and downstream parameters,
which in turn affect the divertor W sputtering. Figure 9 shows
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Figure 8. Downstream profiles of (a) WI lines at A = 400.9 nm,
(b)I'w, 1, (¢) I'p, 1, (d) Yw at outer-lower divertor, and temporal
evolution of (¢) W1 lines at A = 400.9 nm, (f) I'w, 1, (¢) I'p, 1,
(h) Yw at the outer strike point.
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Figure 9. Dependence of (a) Tiuy and Teyys, (b) Teq, (¢) Turand
(d) neq on the upstream electron density, ne, s, Where the upstream
plasma parameters are located near the separatrix and the
downstream plasma parameters are located near the outer-lower
strike point. The red curve in subfigure (@) represents the function

Teuj = 271 /Neu,f-

the SOL plasma parameters as a function of the upstream
plasma density for 12 cases with the RFA operation in nine
discharges. As can be seen, the parameters of T, s and 7,
roughly decrease with the increase of n.,, where the subscript
‘f’ denotes that the relevant value is extrapolated but not meas-
ured. neq and Ty gradually increase with ne,. These trends
are consistent with the measurement carried out in the limiter
plasma of Tore Supra, except that T, gradually decreases with
the increased n, in Tore Supra [18]. In addition, a tendency
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Figure 10. Exponential fitting result of (a) extrapolated ion and
electron temperature at separatrix, Ty s and Tey s, and (b) ion and
electron temperature decay length, At; and At.. Goodness-of-fit
statistics of (¢) Root mean squared error (RMSE) and (d) coefficient
of determination, R

for Ty, nflnf ? was found to hold, not just at the separatrix but
across the SOL of JET and Alcator C-Mod for the high recyc-
ling (conduction limited) divertor [29].

Note that the upstream parameters are located near the sep-
aratrix, and the downstream parameters are located near the
outer-lower strike point. T}, s is extrapolated by exponentially
fitting the measured points which is usually 2 cm away from
the separatrix. This causes a larger uncertainty of Tj,s near
the separatrix, and leads to some distorted Tj, s extrapolation
points and the calculated 7, s. The fitting result, including para-
meters of Ty, Teus, A1i and Are, and the goodness-of-fit stat-
istics are shown in figure 10. Comparing with the electron
temperature fitting, we can see that the ion temperature fit-
ting behaves much larger root mean squared error and worse
coefficient of determination (R> ~ 0.5), implying a much lar-
ger error bar in the T, ¢ extrapolation.

3.3. Dependence of W sputtering yield on SOL plasma
parameters

The dependence of Yw on the downstream plasma parameters
in the dataset of these 12 cases is similar with the relation in
figure 5 and not shown again. Yy is also observed to gradually
decrease with the increase of neq, I'p, 1, and qa,|> with Toq.
This result is consistent with the observation in other devices
[12], where increasing the downstream plasma density would
usually cool down the plasma, and then decreases the impacted
ion energy.

Because the downstream plasma parameters are determ-
ined by the upstream ones, Yy also shows strongly correlation
with the upstream plasma parameters. As seen in figure 11,
Yw is positively proportional with T, s and 7, r when 7, r < 4,
and is inversely proportional with 7, s. In contrast with the
relation of Yy with Ty, Yy gradually decreases with the
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Figure 11. Effective W sputtering yield located near the outer-lower
strike point as functions of (a) 7y f, (D) Tiu s, (¢) Teu,r and (d) neu s
near the separatrix.

increase of Teu . These opposite dependencies of Yy on Teq
and T, imply that the energy transfer from ions to electrons
occurred in the SOL has enhanced the downstream electron
temperature. Note that some scattering points with 7, ;> 4 are
corresponding to T, s > 200 eV. These high values may be
caused by the ion temperature extrapolation method as shown
in figure 10.

4. Enhancement of divertor electron temperature
due to energy transfer from ions to electrons

4.1 Estimation of energy transfer from ions to electrons

When plasma energy transports across the separatrix to the
SOL, ion energy usually transports along magnetic field lines
with lower thermal conduction than that for electrons, result-
ing in 7, being larger than unity. Then the thermal energy could
transfer from ions to electrons with the transfer rate satisfying

Qeq = 3m neueq (kT; — kT,) (1

where the temperature equilibration frequency satisfies

_3,
Veg ~ 2.9 x 10”20, InAT, '2. 2)

Larger value of 7; — T, and higher collisionality would
increase the energy transfer rate, which results in an increase
of the electron thermal energy. Consequently, 7, gradually
decreases with the increase of the plasma collisionality as the
EDGE2D and onion-skin model simulations predicted [15].
This was also observed in experiments as seen in figure 12,

WEST@MaCh<0 5&P_ ~1.85MW

sol
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HH ¢+ dr=0mm
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Figure 12. 7, ras a function of upstream normalized electron
collisionality.

where 7, gradually decreases from 4 to 2 as the upstream
normalized electron collisionality v, = 10_16neuLH /T2, [15]
increases from 60 to 80. L; in this formula is the magnetic
connection length from the outboard midplane to divertor tar-
get and is roughly constant (~45 m) when dr € (0,20) mm in
this dataset. This relation seems also independent on the radial
position of measurement which was changed from the separat-
rix to 20 mm further into the SOL. Note that some points for
T, < 2 and 7, > 4 are deviated from the 7, (1) trends. This
deviation may be because the value of 7, is extraplotated but
not measured.

After substituted the upstream plasma parameters into
equation (1), Qcq is estimated and shown in figure 13 as a func—
tion of . Although that Q4 is proportional with veq o< 15,
the relation of Qq with 1/} is also affected by the parameter of
T; — T, which causes Qe gradually decreases with the increase
of v}, near the separatrix. Further away from the separatrix,
since the value of n, and 7; — T, exponentially decay along
the radial direction, Q.q gradually decreases as the increase of
dr, and increases with v, when the measurement position is
20 mm away from the separatrix.

In the SOL, assuming that there is no heat source and sink
exist in the volume, the transferred energy between ions and
electrons is mainly came from the perpendicular heat flux
transport which could be estimated by the following equations:

0..,=Vi-q, 3.1

01.=Vi-q, (3.2)
where ¢' | and ¢, are the ion and electron perpendicular

heat flux, respectively. Substituting the terms of V| = i gr
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Figure 13. Upstream energy transfer rate between ions and
electrons as a function of upstream normalized electron
collisionality.

¢ =mx', 5+ 3KTDL e, g =nx PG4 3KTD L G
into equations (3.1) and (3.2) leads to

Q1= </\Tl t5 /\ne) o 4.1
B ﬁ §DJ_ aPe (r)
Q1= < . +t3 )\ne> o (4.2)

where Ari, Are and A, are the decay lengths of upstream
ion and electron temperature and upstream electron density,
respectively. The perpendicular ion and electron heat transport
coefficients ', and x* are assumed to be equal to each other
[15]. x¢ and the perpendicular particle transport coefficient
D could be expressed as [15]

e AX/\%e CS
X~ %)
Vo L
)\2 Cy
D, ~ - 6
i ©
Where A, = 1% c S LKoes Koe = 0692 Cy=\/T./m,

Substituting equations (5) and (6) into equations (4.1)
and (4.2), the perpendicular ion and electron energy rate,
Q1 and Q| ., are estimated. Figure 14 shows the estima-
tion of x¢ and D based on equations (5) and (6), and Q| ;
and Q| . as a function of Qcq. Az; for these 12 cases varies
from 0.012 m to 0.037 m as shown in figure 10(b). The value
variation of A, and A, are shown in figures 14(a) and (b).
The calculated value of x9 and D, near the separatrix vary
between [0.3 0.4] m? s—! and [0.1 0.3] m? s—!, respectively.
The result indicates that Q| ; and Q| , are proportional with
QOeq- And these trends are independent on the radial position
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Figure 14. Relation of (a) x° with Ar, (b) D1 with Ay, upstream
(c) ions and (d) electrons perpendicular energy transport rate as a
function of upstream energy transfer rate from ions to electrons.

in the SOL. The ratios of Qcq/Q 1 ; and Qcq/Q 1 . are roughly
constant with the value of Qeq/Q 1 ;i ~ 1/2 and Qeq/Q 1 o ~ 2.
These comparable values among Qcq, Q1 ; and Q, , imply
that the energy transfer rate in the edge plasma energy balance
play an important role and may even affect the downstream
Tiq/ Teq ratio.

4.2. Dependence of divertor ion impact energy on upstream
plasma parameters

Considering the ion and electron heat flux balance along the
flux tube [15],

u

%d,||And=%u,nAuu—/(Qeq+QEi)A|\ (sy)dsy (7.1
d

u

Ged, [ Alld = Geu, | Alu + / (Qeq — O — Ore) Ay (s)) ds
d
(12)

where g;q,|| and g.q,|| are the downstream ion and electron par-
allel heat flux, Qg; is the ion energy loss caused by ioniza-
tion and charge exchanges with neutrals, Qg is the electron
cooling caused by neutrals, Q% is the electrons and impurit-
ies interaction, Ay and Ajq are the upstream and downstream
cross section area of the flux tube, respectively. Since geq || =
SMukTeancaCsas Gia,| = (3kTia + M3 (kTea + kTia) ) Maneacsas
where cgg = \/ (kTeq + kTiq) /m;, My is the downstream mach
number, the downstream ion and electron temperature could
be expressed to

Ja(Qeq + Qe Ay (sy) dsy
0% — Ore) Ay (51)) ds
¢))

3Tid +O-5Ted -
5Teq N

Giu, | A |u —
Geu | Alu + [ 4 (Qeq —
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where M, has been assumed to be unity. When T4 is still larger
than 20 eV as shown in this paper, the power loss due to neut-
rals and impurities is still negligible [30]. Then equation (8)
could be simplified to

3Tia+0.5Tea __ G A — Sy Qe (59) ds)
5Tua Geu | A+ [ 4QeaA| (s1) ds)

The above equation indicates that the downstream Tq/Teq
ratio gradually decreases with the increase of Qcq. This implies
that the energy transfer from ions to electrons along the
flux tube has enhanced the downstream electron temperature,
which would be further discussed in section 4.3. Because in
the divertor region the downstream normalized electron col-
lisionality 1% = 107 '%neqLy /T2, usually is larger than 100,
electrons and ions are coupled with each other and leads the
downstream Tjq/Teq ratio to approach to unity based on extra-
polating the 7, (vZ,) relation as shown in figure 12.

Combining equation (9) with the pressure balance along the
flux tube,

®

2ned (Tid + Ted) = Ney (Tiu + Teu) (10)

the downstream ion impact energy E; could be deduced to

n,
EizeﬂTeu(l"_Tu) (11)
Ned
_ 3 G, 1A= [ Qeqy (s )dsy
Where ¢ = (1 + 5+10a) and T Gew 1At L50ea (s )dsy

Equation (11) indicates that the ion impact energy near the
target is proportional with the upstream 7T, and 7,. The
energy transfer from ions to electrons directly affect the coef-
ficient e. Increasing Qcq along the flux tube would gradu-
ally decrease «, which in turn gradually increases E;. Since

2 N\ 2/7
Tew ~ (WLQ‘V'A) [31], equation (11) could be changed to

16k5kN
2/7
22

New [ TPsoLgo,A
E=e2 —2 (1+7,) (12)

Ned 16K5kA,

. . 1+r2, (14262—1.283
where the aspect ratio A=R/a, k= M
Kgeo 1S the elongation, 0 is the plasma triangularity,
Gy = g]‘;’l -5 with By = %, the parallel heat constant
2000 W

Ko = 72 vy With fieo (Zew) = 0.672+0.076Z% +
0.252Zt. A, is the power width in the SOL. Its scaling has
been proposed in different expressions [32, 33]. For almost
constant Psor. and magnetic geometry as shown in this paper,
increasing n., was observed to significantly decrease 7, and
slightly increase T, due to the energy transfer from ions to
electrons. As aresult, Yy in figure 11 gradually decreases with

Tey.

4.3. Estimation of upstream and downstream electron
temperature ratio

For a simple SOL model, the upstream and downstream elec-
tron temperature ratio, f; = Tey,/Teq, satisfies follows as shown
in [15].

WEST@Mach<0.58P__~1.85MW
¥ Exp | | |

|- = woQ
eq

—_—w Qeq@rie=2&z/eu=50

Figure 15. f; as a function of the downstream normalized electron
collisionality.

ntLH
ar,

1P -1=

(13)

2K,

TveCso
ficient y~7 and Cy=./Z. Then the right hand of

where C; = ~ 10", the sheath heat transmission coef-

mLH _ V::J
GT%, — Gl
into equation (13) obtains f;

equation (13) satisfies

~ 4 Substituting them

U 2/7
_ d
ft(cufr“’“) '

When the ion and electron energy exchange is introduced,
based on the two-point model including the ion temperature
[20], the f; equation could be extended to

(14)

2
Fr o b Qe s
t O 7/2 (15)
14eq 4K/eT€d
Then equation (14) is changed to
. 2/7
s +1
fo= | e (16)

1+ Cy (1, — l)uj;uz

1
/
%. Equation (16) indicates that the

introduced energy transfer term C; (7, — 1) v, would reduce
[ 1.e. enhance the downstream electron temperature.

In experiments, the measured f; is observed to gradually
increase from ~1 to ~1.5 as v, increases from 100 to 200.
Comparing with the theoretical calculation by equation (14),
the measured f; is only half as shown in figure 15. When con-
sidering the energy transfer term from ions to electrons, the

where C, =



Nucl. Fusion 63 (2023) 026019

Y. Lietal

predicated f; by equation (16) is much closer to the measure-
ment point. Note that the energy transfer term is scanned by
changing the parameters of 7, and v/, in equation (16).

5. Conclusion

This paper studies the influence of ion temperature in the SOL
to the divertor W sputtering in the WEST tokamak. The meas-
ured WI emission reflects the gross W erosion. The net W
source which includes the prompt redeposition of W has not
been considered in the studies presented here. The covered
parameter space in divertor electron density and temperature
in the present study is limited and only very moderate vari-
ation of the re-deposition factor is considered [17], which is
not hampering the main correlation. The 7;, and downstream
plasma parameters are varied by changing the upstream elec-
tron density and maintaining a constant SOL power under a
lower hybrid wave heating plasma. The W sputtering yield
was observed to gradually increase with T, s and 7,5, while
decreased with T, where T, is extrapolated by exponen-
tially fitting the RFA measurement. This phenomenon is attrib-
uted to the energy transfer between ions and electrons in the
SOL. Its value comparing with the perpendicular ion and elec-
tron energy transport rates are roughly Qeq/Q 1 ;~ 1/2 and
Qeq/Q1 e ~ 2. This indicates that the energy transfer from
ions to electrons plays an important role in governing the edge
plasma energy balance.

An theoretical analysis indicates that the divertor ion
impact energy is proportional to Te, (1 +7,) and could be
enhanced by the increase of Q.4 along the flux tube when the
power loss due to neutrals and impurities is still negligible. An
analytical equation considering the ion and electron coupling
term is introduced to predict the upstream and downstream
electron temperature ratio (7¢,/Teq). The result is more pre-
cise than the traditional analytical equation in comparing with
the experimental measurement. Based on the new analytical
equation, Qcq plays a significant role to enhance the down-
stream Ty and potentially increase the W material sputter-
ing risk. This work may help to facilitate the understanding
of the effect of the coupled ion and electron energy on the W
sputtering.
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