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ARTICLE INFO ABSTRACT

Keywords: The toroidal distribution of boron deposition on plasma-facing components (PFCs) in boron powder injection
Impurity powder dropper using an impurity power dropper (IPD) was investigated by full-torus simulation and observations in a systematic
ER0O2.0 plasma density-scan experiment. The images of the ablation of dropped boron powders observed with a visible
EDBIZZZTEIRENE CCD camera were consistently explained by the simulations of the ablation positions of the boron powders
LHD ’ considering the size distribution. Simulations assuming full-torus boron deposition on the PFCs did not reproduce
Boronization the observed intensity profile of boron emission lines for higher plasma densities. It indicated that the density of
boron deposited on PFCs installed toroidally far from the IPD was low for higher plasma densities due to the
change in the ablation positions of the boron powders toward the outboard side. The experimental results
verified the previous full-torus simulation of the toroidal distribution of the boron deposition in both lower and
higher plasma densities.
Introduction the divertor region is enclosed by the plates, preventing the formation of

The Impurity Powder Dropper (IPD) has gotten attention as an
alternative method for effective wall conditioning, such as real-time
boronization which can be performed without plasma discharge inter-
ruption and with magnetic field excitation [1-5]. The real-time boro-
nization is realized by injecting boron powders into the plasma
discharges, which has several advantages over conventional wall-
conditioning such as glow-discharge cleaning (GDC), using diborane
(B2Hg) gases [6,7]. In the Large Helical Device (LHD) [8], an IPD was
installed in the upper port (2.5-U) to inject impurity powders into the
plasma to investigate the effect of the boronization, impurity transport,
and plasma confinement [9]. In the divertor configuration in LHD, real-
time boronization seems preferable for forming boron-deposition layers
on the divertor plates in a closed helical diverter region to the GDC. This
is because the divertor plates do not directly face the main plasma and
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boron deposition layers on the divertor plates by the GDC. Meanwhile,
one of the main concerns of real-time boronization is the toroidal uni-
formity of the distribution of the boron deposition layers on the plasma-
facing components (PFCs) because the IPD is installed at only one of the
upper ports at a toroidal position in the torus. Thus, the analysis of the
full-torus impurity (boron) transport and the boron density profile
deposited on the PFCs is essential for using the IPD as a tool for wall-
conditioning. The impurity transport in real-time boronization is
affected by the position and the spatial distribution of the impurity
source in the peripheral plasma produced by the ablation of dropped
impurity powders.

In LHD, simulation analyses using a dust transport code (DUSTT)
[10-12] and a three-dimensional edge plasma code (EMC3-EIRENE)
[13-16] revealed that the trajectories and ablation positions of the
dropped impurity powders strongly depended on the plasma density
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[17]. Boron powders dropped from the IPD must pass through an upper
divertor leg before reaching the peripheral plasma (the ergodic layer).
The powders were evaporated by the heat load from the plasma,
resulting in the ablation of the boron powders and the production of
atomic boron sources in the plasma. The simulation showed that the
ablation position changed toward the outboard side of the torus with the
increase in the plasma density. This is because the trajectory of the
boron powders is deflected by the effect of the plasma flow in the upper
divertor leg [17]. Considering the deflection of the trajectories, the IPD
was installed at an optimized position on an upper port, which
contributed to the improvement of the energy confinement in LHD
plasmas [18]. The boron powders dropped from the optimized position
passed through the divertor leg and the powders successfully reached
the ergodic layer to supply boron ions in the peripheral plasma. Simu-
lation analyses using the three-dimensional plasma surface interaction
(PSI) code (ERO2.0) [19,20] predicted that the change in the ablation
positions for higher plasma densities brought a localized distribution of
the boron deposition in a toroidal section adjacent to the IPD [21]. This
is because the connection lengths of the magnetic field lines are short at
the ablation positions in the outer edge of the ergodic layer. The mag-
netic field lines with shorter connection lengths directly connect to the
PFCs near the ablation positions underneath the IPD.

To verify the prediction of the full-torus simulation, a boron powder
injection experiment was performed with a systematic scan of the
plasma density. In the following section, the calculations of the trajec-
tories of the boron powders are shown, which were performed to find an
optimized position of the IPD. In section 3, the dust transport simulation
code is applied to the analysis of the observed ablation images of the
dropped boron powders. In section 4, the intensity profile of boron
emission lines measured with a visible spectrometer array is investigated
using the full-torus simulation.

Optimization of the position of the impurity powder dropper

In LHD, a helically twisted plasma with poloidal/toroidal period
numbers of 2/10 is formed by the magnetic field produced by external
super-conducting helical and poloidal coils [8]. Four bundled magnetic
field lines deviate from X-points in the ergodic layer, which are called
divertor legs. The trajectory of boron powders dropped from the IPD is
deflected by the effect of the plasma flow in the upper divertor legs [17],
which can disturb the injection of boron powders into the plasma. We

d=150 um, v=5m/s
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had four candidate positions for installing the IPD on the upper port
(2.5-U). The analysis by the dust transport simulation was applied to
find an optimized position to inject the powders into the plasma as deep
as possible. The deep penetration of the boron powders is advantageous
in achieving more toroidally uniform boron deposition on the divertor
plates [21]. Fig. 1 displays the calculated trajectories of dropped boron
powders under three-dimensional background hydrogen plasmas
calculated by EMC3-EIRENE, in which the plasma density inside the Last
Closed Flux Surface (LCFS), n]e“CFS, was changed from 1 x 10°m3to6
x 101 m~3 with a fixed plasma heating power inside the LCFS, P°FS, of
8 MW and the radial position of the magnetic axis in the major radius,
Rax, was 3.60 m which is the most typical magnetic configuration in
plasma discharge operation in LHD. Particle and heat transport co-
efficients in the plasma were set to 0.5 m?/s and 1.0 m?/s, respectively,
which are typical values for reproducing the plasma parameter profiles.
No impurities are included in the background plasma for simple calcu-
lation. Boron powders with a diameter of 150 pm were dropped by
gravity from the points vertically underneath the four candidate posi-
tions with an initial downward velocity of 5 m/s. The diameter is the
nominal one used in the boron powder injection experiments. The
downward velocity corresponds to the speed just above the upper
divertor leg when a boron powder is dropped from the actual position on
the upper port. The four candidate positions on the upper port are
indicated in the upper-right of this figure as numbers enclosed by open
circles, indicating that the toroidal angles of positions 1 and 2 and those
of 3 and 4 are different. It should be noted that the shape of the poloidal
cross-section of the LHD plasma at the two toroidal angles is different as
shown in the lower part of this figure. While the plasma is vertically
elongated at the toroidal angle of positions 1 and 2, it rotates counter-
clockwise at positions 3 and 4.

Fig. 1 (a) shows the calculated trajectories of boron powders in four
different plasma densities where the powders are dropped from just
above the upper divertor legs underneath positions 1 and 2. The tra-
jectories deviate from the plasma with the increase in the plasma density
due to the effect of the plasma flow at the upper divertor legs. The
calculations revealed that positions 1 and 2 are inappropriate for the
installation because the boron powders do not reach the ergodic layer,
especially for higher plasma densities. Fig. 1 (b) indicates the calcula-
tions where the boron powders dropped from positions 3 and 4, showing
the trajectories are deflected at an upper divertor leg toward the
outboard side of the torus, and the deflection is enhanced with the
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Fig. 1. The calculations of the trajectories of boron powders dropped from four candidate positions for the IPD on the upper port (2.5-U). The trajectories are

indicated as colored lines for four plasma densities (nIgCFS =1,2,4,and 6 x 10
three-dimensional background plasma parameter profiles are provided by EMC3-EIRENE with a fixed plasma heating power (P*°FS =

m~>). The upper-right figure is a drawing of the top view of the upper port. The
8 MW) for R, = 3.60 m.

Figure (a) shows the calculated boron powder trajectories dropped from positions 1 and 2. Figure (b) indicates the calculated trajectorles dropped from positions 3

and 4. The poloidal cross-sections of colored electron temperature profiles in the peripheral plasma for n:™ = 1 x 10'° m

recognize the positional relationship between the trajectories and the plasma.

3 and P*F — 8 MW are illustrated to
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increase in the plasma density. The calculations show that the dropped
powders penetrate the ergodic layer deeper than in positions 1 and 2.
The simulations in Fig. 1 (b) demonstrate that the position in the inboard
side of the torus is more advantageous for injecting the powders into the
peripheral plasma (the ergodic layer) because of the deflection of the
trajectory toward the outboard side for higher plasma densities. The
simulations proposed that position 3 was optimum for installing the IPD
for real-time boronization.

Analysis of the ablation positions of the dropped boron powders

As shown in Fig. 1, the plasma density affects the ablation positions
of the dropped boron powders. For this reason, a systematic plasma
density-scan experiment was performed to investigate the boron ion
transport in the peripheral plasma during boron powder injection. Fig. 2
shows the time evolution of the representative plasma parameters in this
experiment in which the radial position of the magnetic axis was Rnx =
3.60 m and the toroidal magnetic field was B; = 2.75 Tesla. The direction
of the toroidal magnetic field was clockwise when the torus was viewed
from the top. The total port-through power of NBIs was estimated to be
14 MW which is output through the drift tube (not the power absorbed
in the plasma). The line averaged plasma density, n., was controlled to
about 1, 2, 3, 4, and 5 x 10'° m~2 by feedback hydrogen gas fueling. It
takes about 1 s for the boron powders to reach the peripheral plasma
from the IPD. In this experiment, the powders reached the plasma at
about 4 s and continued until about 5 s. The plasma parameters before
and during the boron powder injection were almost the same because of
a low powder drop rate of ~ 1 mg/s estimated by a reduction of laser
intensity in a flowmeter installed in the IPD. While the radiation power,
the intensity of Hy, the intensity of boron emission lines, and the stored
energy increased with the plasma density, the central electron temper-
ature decreased with the plasma density. Fig. 3 presents the radial
profile of the electron temperature and density in three different line
averaged plasma densities (7, ~ 1, 3, and 5 x 10°m 3 at5.0s (during
boron powder injection), which were measured with a Thomson scat-
tering system at a toroidal position where the plasma was horizontally
elongated. The figure shows that the central electron temperature at a
major radius R of about 3.6 m decreases with the plasma density.

The ablation position and distribution of the dropped boron powders
were routinely monitored with a visible Charge Coupled Device (CCD)
camera installed in an upper port close to the IPD [22]. Fig. 4 displays
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the images of the ablation of the boron powders in the three line aver-
aged plasma densities (1, ~ 1, 3, and 5 x 10'° m~3) at the initial phase of
the powder injection, where the exposure time was set to 10 ms. Several
stripes of visible light were observed during the powder injection,
especially for the higher plasma densities. The boron powders were
evaporated and released boron atoms into the plasma. The boron atoms
were ionized and emitted visible light by interaction with the plasma.
The boron ions moved along the magnetic field lines, producing the
stripes of visible light. Fig. 4 shows that the main ablation area, where
the stripes gathered with high brightness, was moved toward the
outboard side of the torus with the increase in the plasma density, which
also shows that the stripes dispersed toward the outboard side, espe-
cially for higher plasma densities.

The atomic boron source profile in the plasma is one of the critical
parameters for the impurity transport simulation in the boron powder
injection. The position and distribution of the boron source by the
dropped boron powders in the plasma density-scan experiment were
calculated using DUSTT. The profiles of plasma parameters were pro-
vided from the calculations by EMC3-EIRENE in which the plasma
density inside the LCFS, ni°S, the plasma heating power inside the
LCFS, PX°FS_ the perpendicular particle diffusion coefficient, D |, and the
electron/ion thermal diffusion coefficients, y; .|, were set to reproduce
the observed electron density and temperature profiles in the peripheral
plasma. The electron temperature and density profiles reproduced by
EMC3-EIRENE in the plasma density scan experiment are indicated as
small solid red circles and blue squares in Fig. 3, respectively. The above
control parameters for reproducing the observed plasma parameter
profiles for the three plasma densities are listed in Table 1.

Fig. 5 displays a perspective view of the three-dimensional model of
the vacuum vessel and an LHD peripheral plasma in Ryx = 3.60 m for half
of one helical section (18° in toroidal direction) which was made for the
calculation of the trajectories and the ablation positions of dropped
boron powders. The poloidal cross-sections of the plasma near the initial
position are indicated as dark gray. Boron powders were dropped from
the initial position just above the upper divertor leg underneath the
optimized position (corresponding to position 3 in Fig. 1) with a
downward velocity of 5 m/s. Using the loss rate of the powder’s mass
along the trajectories, the spatial distribution of the production rate of
boron atoms evaporated from boron powders was calculated by DUSTT.
A recent microscopic analysis revealed that the boron powders (a
nominal diameter of 150 pm) used for the powder injection experiments
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Fig. 2. The time traces of representative plasma parameters (line averaged plasma density, H, intensity, central electron temperature, radiation power, BII intensity,
and stored energy) in the plasma density-scan experiment with boron powder injection for R,x = 3.60 m. The powders reached the peripheral plasma at about 4 s and

continued until about 5 s.
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Fig. 4. The images of the ablation of dropped boron powders in three line averaged plasma densities (i, = 1, 3, and 5 x 10 m~) in the density-scan experiment,
which were observed with a visible CCD camera installed in an upper port close to the IPD.

Table 1 (1 1547 cora)
A table showing the control parameters (the plasma density and the plasma

heating power inside the LCFS, the perpendicular particle diffusion coefficient,

and the electron/ion thermal diffusion coefficient) of EMC3-EIRENE for repro-

ducing the measured radial profile of the plasma parameters in the density scan

experiment shown in Fig. 3.
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have a size distribution, which found an average major axis length of the 100
powders of about 107 pm with the full width at half maximum of 56 pm

[23]. These parameters are newly implemented in DUSTT by dividing

the size distribution into more than one hundred groups. The evaporated

boron atoms are isotropically diffused with an energy corresponding to

the evaporation temperature. Fig. 6 presents perspective views showing

the distribution of the production rate of boron atoms in the peripheral

plasma for the three line averaged plasma densities (7. ~ 1, 3, and 5 x R..=3.60m
10'° m™3), in which the production rate is expressed as colored spheres. ax

The background plasma parameter profiles in the three line averaged Fig. 5. A perspective view of a three-dimensional model of the vacuum vessel
plasma densities were calculated by EMC3-EIRENE in which the control and the plasma for half of one helical section (18° in toroidal direction) to
parameters listed in Table 1 were used. The position of the framework in calculate the trajectories and ablation positions of dropped boron powders by
Fig. 6 corresponds to the area enclosed by a broken gray square in Fig. 5. the dust transport simulation. The poloidal cross-sections of the plasma near the
The main ablation area of the boron powders is indicated as a group of initial position are indicated as dark gray inside the vacuum vessel.

red spheres, which shows that the position of the ablation area moves

toward the outboard side with the increase in the plasma density. Fig. 6
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Fig. 6. The calculations of the distribution of the ablation positions of the dropped boron powders in the LHD peripheral plasma for three line averaged plasma
densities (l, = 1, 3, and 5 x 10'® m™3), in which the background plasma parameter profiles are fitted to the measurements in the density-scan experiment. The
production rate of boron atoms originating from dropped boron powders is indicated as colored spheres, and the trajectories of the dropped boron powders are shown
as thin black lines. The position of the framework of these figures is shown as the broken gray square in Fig. 5.

also demonstrates that the distribution of the production rate disperses
toward the outboard side, especially for higher plasma densities. The
change in the position of the main ablation area is explained by the
deflection of the trajectories of the dropped boron powders due to the
effect of the plasma flow in the upper divertor leg. Smaller-sized boron
powders are included in the dropped powders because of the size dis-
tribution. The plasma flow is more influential in dispersing the smaller-
sized (lightweight) powders toward the outboard side, explaining the
observed images of the ablation positions of the dropped boron powders
in Fig. 4. The simulations showed that the ratio of the numbers of
ionized boron atoms in the plasma to the total boron atoms contained in
the dropped powders was 1.0, 0.85, and 0.76 for the three line averaged
plasma densities, respectively. The negative dependence of the ioniza-
tion ratio of the boron atoms on the plasma density indicates that
smaller-sized boron powders are swept away by the plasma flow in the
upper divertor leg, especially for higher plasma densities.

Full-torus impurity transport simulation during boron powder
injection in the plasma density-scan experiment

Full-torus impurity transport simulation in the plasma density-scan
experiment was performed to investigate spectroscopic measurements
during the boron powder injection. The right figures in Fig. 7 are colored
plots showing the time trend of the line-integrated intensity profile of
two boron emission lines by B? and B™ (BI (563.3 nm) and BII (494.0
nm), respectively) for a high line averaged plasma density of n, ~ 5 x
10' m~3, which was measured with a vertical visible spectrometer
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Dome

. 04
0.3
0.2
01 averor
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array installed in an outer port (10-O) [24,25]. The observations
exhibited an increase in the intensity of the boron emission lines during
the powder injection. On the left side of this figure, a poloidal cross-
section of the vacuum vessel, the divertor plates, a dome, and an LHD
plasma along the Line Of Sight (LOS) of the spectrometer array are
illustrated. The cross-section of the radiation power density profile by
B" calculated by EMC3-EIRENE is also shown. The code does not
distinguish chemical and physical sputtering caused by the background
hydrogen plasma. In this calculation, the sputtering rate of boron on the
divertor plates was assumed to be 0.01 which is appropriate under
typical plasma parameters on the divertor plates [26]. The self-
sputtering of boron was not included because of the dominance of the
hydrogen ion flux on the divertor plates. The simulation assumed a
perpendicular diffusion coefficient of impurity (boron) ions of 1.0 m?/s
which is appropriate for reproducing both the observed line emission
ratio of the outboard to the inboard side, and the absolute value of
impurity (carbon) emission in LHD plasmas [27]. The simulation
revealed that the total boron source from the divertor plates is much
higher than that supplied by the IPD by around two orders of magnitude
in this case. The observed intensity of the boron emission lines was high
at the channels having LOS viewing the front of the divertor plates in the
closed helical divertor region in the inboard side (around channel 28),
indicating the sputtering of boron atoms on the divertor plates.

Fig. 8 (a) and (b) present the measured intensity profile of the two
boron emission lines before and during the boron powder injection in
the plasma density-scan experiment, respectively. The exposure time of
the spectrometer was set to 50 ms. The measurements show that the

#185332 (1,~5% 10 m3), R,,=3.60 m
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Fig. 7. The right figure presents the observed time evolution of the line-integrated intensity of two boron emission lines (BI (563.3 nm) and BII (494.0 nm)) for a high
line averaged plasma density of 5 x 10'® m~2 in the plasma density-scan experiment. The left figure shows the poloidal cross-section of the vacuum vessel, divertor
plates, dome, and LHD plasma along the LOS of the visible spectrometer array. The cross-section of the calculated radiation power density profile by singly ionized

boron ions for the high plasma density is illustrated.
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Fig. 8. The line-integrated intensity profiles of the two boron emission lines (BI (563.3 nm) and BII (494.0 nm)) before the boron powder injection (a) and during the
injection (b), which were measured with the visible spectrometer array in the plasma density-scan experiment. The change in the intensity profiles of the boron
emission lines is shown in Figure (c), which was obtained by subtracting the intensity profile during the injection from that before the injection.

intensities in lower line averaged plasma densities of i, ~ 1 x 101° m~3

and 2 x 101 m~3 were quite low, and the intensities around channels 25
and 36 were high for higher line averaged plasma densities, regardless of
the powder injection. The high intensity around channel 36, viewing the
top of the roof-shaped dome in the closed helical divertor region, cannot
be explained by the simulation of the radiation power density profile
shown in Fig. 7. One of the possible reasons for the high intensity could
be unexpected PSI on the dome because the distance between the dome
and the peripheral plasma is short (less than 10 mm). The unexpected
PSI on the dome cannot be taken into account in the simulation, which
disturbs the detailed analysis of the impurity transport in the boron
powder injection experiment. For this reason, the perturbation method
was applied to the analysis by subtracting the intensity profile before the
powder injection from that during the injection, which extracts the
increment of the intensity induced only by the boron powder injection.
Fig. 8 (c) shows the extracted intensity profile which exhibits successful
subtraction of the intensity of the boron emission lines around channel
36. The figure shows a large peak around channel 25 for a medium line
averaged plasma density of i, ~ 3 x 10'° m~3, It should be noted that
the peak of the two boron emission lines (BI and BII) decreases with the
increase in the plasma density.

The subtracted intensity profiles of the boron emission lines were
investigated by a full-torus simulation using ERO2.0. Fig. 9 (a) illustrates
the full-torus model for the simulation, in which EMC3-EIRENE pro-
vided the three-dimensional background plasma parameter profiles. The
background plasmas were made by extending the simulations for one
helical pitch angle (36° in toroidal direction) to the full-torus geometry
under an assumption of helical symmetry. The calculations by DUSTT
provided the distributions of the atomic boron source originating from
the dropped boron powders, in which the drop rate was set to 1 mg/s.
The initial position underneath the IPD is indicated as a yellow sphere,
and the position of the LOS of the visible spectrometer array is illustrated
as green lines. It should be noticed that the position of the spectrometer
array is toroidally far from the IPD. In the ERO2.0 simulations, it was
assumed that the plasma-facing side of all divertor plates consists of
boron. The other parts such as the backside of the divertor plates, the
dome, and the vacuum vessel were assumed to consist of carbon. To

investigate the observations of the subtracted intensity profile of the
boron emission lines, only the self-sputtering of boron induced by the
dropped boron powders was considered (no sputtering of boron by the
background hydrogen plasma was assumed). The reason for this
assumption is that the subtracted intensity profiles consist of boron
emission originating from the dropped boron powders. In this simula-
tion, the boron atoms/ions originating from boron powders injected by
the IPD, and boron atoms produced by the self-sputtering on the divertor
plates induced by the injected boron powders are comprehensively
taken into account. The dependence of the sputtering rate and the
angular distribution of boron atoms on the incident angle and the energy
of boron ions was derived from a database on plasma-wall interactions
calculated by SDTrimSP [28]. Fig. 9 (b) presents the simulation of the
full-torus density profile of neutral boron atoms evaporated from the
dropped boron powders for the medium line averaged plasma density
(n, = 3 x 10" m~3). The figure presents that the boron atoms are
localized near the toroidal position where the IPD is installed. In this
figure, the poloidal cross-sections of the boron density profile are dis-
played at the toroidal positions where the shape of the LHD plasma is
horizontally or vertically elongated. In the ERO2.0 simulation, the tra-
jectories of large amounts of test particles (about 40 million at
maximum), which were representatives of boron atoms/ions in the
plasma, were tracked in the full-torus model. Fig. 9 (c-f) exhibit the
simulations of the density profile of boron ions with different charge
states, showing that the boron ions toroidally transported with the in-
crease in the charge state. The density of singly and doubly charged
boron ions (B™ and B2") was localized in the divertor region at the
inboard side of the torus as shown in Fig. 9 (c) and (d).

Using the three-dimensional distribution of the plasma parameters
and the calculated boron atom/ion densities, the profile of the radiation
power density of the two boron emission lines was derived using an
atomic-molecular database provided by ADAS [29]. Integrating the ra-
diation power along the LOS of the spectrometer array provides the
intensity profiles. Fig. 10 displays the simulations of the intensity profile
for three line averaged plasma densities (7, = 3, 4, and 5 x 10°m~3). 1t
shows that the peak value of the intensity for the higher plasma densities
is larger than that for the medium plasma densities in both boron
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Fig. 9. (a) A perspective view of the full-torus model of the vacuum vessel and PFCs for the simulation. The LOS of the visible spectrometer array and the initial
position of the boron powder injection underneath the IPD are indicated as green lines and a yellow sphere, respectively. (b) The simulation of the density profile of
neutral boron atoms originating from the dropped boron powders for a medium line averaged plasma density of i, = 3 x 10’ m~>. The three-dimensional
background plasma parameter profile was provided by EMC3-EIRENE. (c-f) The simulations of the density profile of boron ions with different charge states
(from B to B**). The poloidal cross-sections at the toroidal angles where the shape of the plasma is horizontally or vertically elongated are displayed in the figures.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

emission lines. Comparing the simulations with the observations shown
in Fig. 8 (c), it was revealed that the simulation did not reproduce the
observed decrease in the intensity with the increase in the plasma
density. This discrepancy indicates that the assumption adopted in the
ERO2.0 simulations in this analysis (the plasma-facing side of all
divertor plates consists of boron) is not reasonable for reproducing the
observations, which suggests a lower sputtering rate of boron on the
divertor plates in the higher line averaged plasma densities. The ob-
servations of the lower intensity of the boron emission lines in the higher
plasma densities can be explained by the lower density of boron
deposited on the divertor plates at the LOS of the spectrometer. The
previous full-torus simulation using ERO2.0 predicted a toroidally

localized boron deposition near the IPD in a high plasma density and a
toroidally uniform boron deposition in a low plasma density [21]. The
experimental result suggesting the lower sputtering rate of boron is
consistent with the previous full-torus simulations which indicated a
lower boron density deposited on the divertor plates at the LOS of the
spectrometer in the high plasma density. It has been found that the
reason for the different toroidal distribution of the boron density in the
low and high plasma densities is due to the difference in the connection
lengths at the ablation positions of the dropped boron powders in the
two different plasma densities [21].
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Summary

The calculations of dropped boron powder trajectories using DUSTT
under three-dimensional background plasma parameter profiles by
EMC3-EIRENE proposed an optimized position for installing the IPD for
real-time boronization. It showed that the plasma density affects the
dropped boron powder trajectories and the ablation positions in the
peripheral plasma. A systematic plasma density-scan experiment was
performed to investigate the toroidal distribution of the boron deposi-
tion on the PFCs by boron powder injection. A dust transport simulation
proved that the main ablation area of the dropped boron powders
changed toward the outboard side of the torus with the increase in
plasma density. It also presented that the ablation positions dispersed
toward the outboard side, especially for higher plasma densities, which

Nuclear Materials and Energy 41 (2024) 101803

was consistent with the observed images of the ablation of the dropped
boron powders. A visible spectrometer array measured the intensity
profiles of two boron emission lines (BI and BII) before and during the
boron powder injection. By subtracting the intensity profile before the
injection from that during the injection, the change in the intensity
profile caused by the boron powder injection was successfully extracted.
The subtracted intensity profiles in the plasma density-scan experiment
were investigated by ERO2.0 using a full-torus model, showing that the
simulation did not reproduce the observed decrease in the intensity of
the boron emission lines for higher plasma densities. This discrepancy
indicates a lower boron deposition density on the divertor plates at the
LOS of the spectrometer array for the higher plasma densities. The po-
sition of the spectrometer array is toroidally far from the IPD. Thus, this
result experimentally verifies the previous full-torus simulation showing
a toroidally localized boron deposition adjacent to the IPD for the higher
plasma densities.
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