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Abstract

The Impurity Powder Dropper (IPD) is a device capable of injecting controlled amounts of sub-
millimetre powder into the plasma under the action of gravity. In 2019 the IPD was first installed
on the Large Helical Device (LHD) in Japan, with the aim of improving the plasma performances
through real time boronization and assessing the compatibility of this technique with steady state
operation. Extensive series of experiments have been performed using the IPD, focused on the
improvement of the plasma performance via low-Z powder injection and the understanding of the
underlying physical phenomena. In this article, we review the experiments that took place in the
period 2019-2024. The main results include the demonstration of the improvement of the wall
conditions (reduction of intrinsic impurity content, wall recycling) both on a shot-to-shot basis and
in real time. Furthermore, a reduced-turbulence improved confinement regime has been observed
coincident with powder injection, resulting in an increase of the plasma temperature of the order
of 25%, with enhancements that can reach up to 50% for ion temperature.

1 Introduction

In magnetic confinement fusion reactors, the plasma wall interactions can substantially affect the
plasma performances. Early on, wall conditioning techniques have been developed to reduce wall
recycling and impurity contamination of the plasma. The need for wall conditioning, already evident
for carbon wall machines, is even stronger in the case of metal walls, where the presence of high-Z
materials would make the contamination of the plasma more severe even for a much lower impurity
concentration, limiting plasma performances or even leading to radiative collapses or disruptions.
The wall conditioning technique most widely used worldwide is glow discharge boronization (GDB)



[1]. Despite its beneficial effects on the plasma performance, it presents downsides, namely the use
of toxic explosive gases such as diborane BoHg, and the need to halt plasma operation to restore
wall conditions. This is particularly problematic for future fusion reactors, operating continuously
in steady state to produce electricity, and employing superconducting coils, which would need to be
turned off during GDB. Recently, an alternative wall conditioning technique which overcomes these
limitations has been employed in both tokamaks and stellarators around the world (e.g. ref. [2,3] ):
real time wall conditioning via powder injection. Here, boron (B) or B composite powder is injected
directly into the plasma where it is evaporated, and the resulting B ions are finally deposited on
the plasma facing components.

1.1 The Impurity Powder Dropper

The tool that makes real time boronization via powder injection possible is the Impurity Powder
Dropper (IPD). The IPD is designed and built by PPPL, and is capable of delivering controlled
amounts of sub-millimeter powder grains to the plasma under the action of gravity [4]. The IPD
features four independent feeders units, each one being composed of a powder reservoir and a mov-
able tray that is vibrated at a resonant frequency using piezoelectric actuators. As a result of the
vibration, the powder is moved along the tray and eventually falls into the drop tube leading to the
plasma. The amount of powder delivered to the plasma can be controlled by adjusting the driving
voltage to the piezo actuators, determining the amplitude of the vibration and finally the mass in-
jection rate delivered to the plasma. Each feeder is equipped with an accelerometer, measuring the
amplitude of the tray vibration. Furthermore, a flowmeter monitors the amount of powder dropped
into the tube: here, a horizontal collimated beam of light crosses the falling powder stream; a
photo diode measures the light transmitted to the other end of the powder stream, measuring the
attenuation resulting from the powder falling through it. For each powder type, calibrations are
performed in laboratory settings or in-situ, providing calibration curves of the delivered mass rates
as a function of both the accelerometer signal amplitude and the attenuation of the flowmeter signal,
allowing an estimation of the amount of powder delivered to the plasma during the experiments. A
schematic of the IPD is shown in Fig. The presence of four separate feeder units allows the use
of up to four different powder types (size, material) during the same experimental run.

Prior to the installation of an IPD on LHD, similar devices was already operative on several toka-
maks, such as DIII-D [2], ASDEX Upgrade [5], EAST [6] and KSTAR [7]. Shortly after the instal-
lation on LHD, an IPD was installed on the WEST tokamak as well [8]. Encouraged by the LHD
results reviewed in this paper, as well as result from powder injection experiments in W7-X using
a smaller device, the Probe Mounted Powder Injector [3], 0], the installation of an IPD is currently
ongoing on W7-X [I0]. Finally, due to the growing importance of wall conditioning following the
decision to move to a full tungsten wall, the implementation of a similar device has been proposed
for ITER as well [L1].

1.2 Installation on LHD and first experiments

In 2019, the IPD was first installed on the Large Helical Device (LHD) in Japan. The primary
alm was to assess the compatibility of real time wall conditioning with steady state operation, as
LHD can sustain plasmas with durations up to one hour [12 13]. The installation of the IPD
on LHD was guided by coupled EMC3-EIRENE and DUSTT simulations [14, [I5], to maximize
the penetration of the powder grains into the LHD plasma. Indeed, LHD has a unique magnetic
configuration, featuring a helically rotating double-null like divertor connected to the main plasma
by a thick ergodic layer. Simulations were performed coupling the EMC3-EIRENE code [16], 17]



Figure 1: a) position of the IPD on the LHD vacuum vessel and relative plasma cross section. b)
Schematics of the IPD highlighting the flowmeter (green arrows) and the position of the c¢) powder
reservoirs and the piezoelectric vibration stage. d) Boron powder flowing from the feeder into the
drop tube.

describing the stellarator plasma edge, and the DUSTT code [18], which solves for the trajectories
of powder grains injected into the plasma. Simulations of powder injection were performed for four
different ports available for the installation of the IPD. Indeed, the powder grains have to cross
the divertor leg in order to reach the main plasma, and they can be deflected by the ion drag
force associated with the plasma flow in this region. The deflection of the powder grains can be
more or less effective depending on the plasma parameters, the powder grain material and size,
and geometrical factors such as the relative position of the injection location with respect to the
plasma equilibrium. An example of the resulting powder trajectories is shown in Fig. The port
maximizing the penetration of the powder into the ergodic layer was chosen for the installation of
the TPD.

The final position of the impurity powder dropper on LHD is shown in Fig. [Th, together with the
field of view of a visible camera monitoring the powder injection into the plasma (in blue in the
figure).

A first set of experiments was performed injecting both boron (B) and boron nitride (BN) powder
into 4 second long plasma discharges. The nominal size of the powder grains was 150 um for
B and 60 pm for BN. Visible camera imaging, UV and charge exchange spectroscopy confirmed
the successful injection of the powders into the plasma, for two different magnetic configurations,
namely at R,y = 3.6 m and R,y = 3.9 m [19]. Visible camera images of B and BN powder
entering the plasma are shown in Fig. |3 together with images of the injection of different powder
materials which were performed in later experiments. The plasma response to the powder injection
was characterized by systematically scanning the plasma density and powder injection rates. As
a result, the relative perturbation on plasma density due to powder injection decreases for higher
densities and lower injection rates. The radiated power increases with the injected mass rates,
especially for BN powder. Spectroscopic measurements of UV B lines [20] as well as form Charge
Exchange Recombination Spectroscopy (CXRS) show a deeper penetration of the powder grains
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Figure 2: Results of powder grains trajectories from coupled EMC3-EIRENE and DUSTT simula-
tions for boron powder grains for different port locations and different plasma densities. Reprinted
from [M.Shoji et al., Nucl. Mater. and Energy 41, p.101803 (2024) | [15] under CC-NC-ND license.
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Figure 3: Visible camera images of powder entering the plasma, for different powders materials.
From left to right: boron, boron nitride, carbon, lithium, silicon.

into the plasma for low plasma densities, in line with previous simulation results [14], since the
plasma flow in the divertor leg is less effective in deflecting the powder trajectory from the vertical
direction at low plasma densities. Furthermore, the spectroscopic measurements showed how the
B ions were expelled more efficiently for the low density plasma, consistently with the outwards
direction of the radial electric field for those electron-root regime plasmas. This, together with
simulation results showing how the injected boron atoms are more uniformly deposited on the wall
at low plasma densities [21], suggests that low density plasmas might be a better candidate for real
time wall conditioning applications.

2 Wall conditioning experiments

Wall conditioning techniques have been developed early on in fusion machine to better control the
influx of both impurities and gas fuel from the plasma facing components (PFCs). Wall conditioning
techniques are being employed routinely in tokamaks and stellarators around the world to access
lower collisionality plasmas. While many wall conditioning schemes are available, the most popular



ones employ deposition of layers of low-Z materials on the PFCs. Several material choices have
been explored in the past, using materials such as C and Si, and Li which is currently used regu-
larly by several devices, most notably the EAST tokamak. Nevertheless, the most widely use wall
conditioning technique is the glow discharge boronization (GDB). Here, a plasma glow discharge
is performed using diborane gas (BaHg). The B atoms resulting from the ionization of the gas are
deposited on the PFCs creating a thin film. As the glow discharge boronization is performed in
absence of magnetic field, the film is deposited evenly across the wall, even in regions that are not
directly touched by the plasma. Future fusion reactors are envisioned to operate quasi-continuously
in steady state conditions, for hours at a time, with high-Z metallic walls. In this situation, wall
conditioning gains even more importance, and additional or alternative wall conditioning techniques
are needed for a safe operation of the reactor. Indeed, the glow discharge boronization requires the
magnetic field to be turned off, interrupting plasma operation. This is an issue for reactors em-
ploying superconducting coils, as ramping down and up again the magnetic field can be quite time
consuming. Furthermore, the thin B layer deposited during the glow discharge is projected to wear
off in less than one hour, as the high plasma fluxes at the contact points would erode it. A solu-
tion to this problem could be provided by real time boronization. Here, B powder is injected and
evaporated into the plasma, and B ions are finally deposited on the wall. Wall conditions can be
replenished without the need to halt plasma operation. Furthermore, with this technique B would
be preferentially deposited in the regions of the PFCs directly touched by the plasma, where the
original B layer would have been eroded faster.

2.1 Boronization via powder injection

The wall conditioning effects of injecting boron powder into the plasma have been investigated
with series of dedicated experiments, and are reported in Ref. [22]. First, the effects of cumulative
powder injection have been evaluated comparing two identical density ramp discharges performed
before and after injection of B and BN powder into the plasma, for a total amount of approximately
2 ¢ B introduced into the plasma. As a result, the content of intrinsic impurities was reduced by the
cumulative powder injection: oxygen level is decreased by a factor of 3, and carbon level is reduced
up to a factor of two, as shown in Fig. [dh,b. This is consistent with gettering and codeposition of
the O and C impurities with a newly deposited B layer on the plasma facing components (PFCs).
This result was obtained just after a vacuum vessel vent, before a standard GDB. The repetition
of the experiment after a GDB, where 37g B are deposited on the PFCs, resulted in a smaller
decrease of intrinsic impurities resulting from cumulative powder injection of 1g B. Nevertheless,
comparing two otherwise identical discharges before and after the cumulative powder injection, the
resulting plasma density is 18% lower after powder injection (Fig. ) This can be interpreted
as a reduction of recycling due to the deposition of B atoms on the wall. A similar reduction of
density was observed as well for the discharges compared in Fig. [4h,b even though the comparison
is made more difficult by a non-identical gas puff for the two discharges (unlike in Fig. ), and by
the failure of one of the NB heating sources in discharge #156166. Nevertheless, during the phases
with comparable heating ¢ < 4.165 s, the discharge after cumulative B injection (#156166) reached
a 13% lower plasma density with respect to the reference discharge (#156149), despite an overall
slightly higher gas puff source. The deposition of a thin film of boron on the PFCs is confirmed by
the post-mortem optical emission spectroscopy analysis of a material sample located on the LHD
first wall, which has been exposed to the IPD experiments [23]. Spatially resolved spectroscopic
measurements of emission from BH molecules and BT ions confirmed these species are concentrated
in the divertor region during powder injection, suggesting B ions are deposited on the divertor as
well [24]. The spectroscopic investigation also showed the decrease of neutral hydrogen in the scrape
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Figure 4: UV spectroscopy OV (a) and CIII (b) lines during density ramp up before (dashed)
and after (solid) cumulative B powder injection, plotted against line averaged density. c) Line
averaged density of discharges with same gas puff, before (dashed) and after (solid) cumulative B
powder injection. d) Density evolution during B powder injection (solid) compared with a reference
discharge (dashed), together with evolution of BV UV spectroscopy measurement. e-g) Evolution
of UV spectroscopy lines of intrinsic impurities.

off layer region during powder injection, confirming the decrease of wall recycling.

2.2 Real time boronization

In a second series of experiments where real time wall conditioning was investigated [22], B powder
is injected for 10 seconds in a 40 s long hydrogen (H) plasma discharge, and compared with an
otherwise identical reference discharge, as is shown in Fig[] d-g. In particular, in both discharges,
for t < 15 s the H gas puff is controlled via feedback to keep the average density to a prescribed
level; for t > 15 s, to better evaluate the wall conditioning effects of B powder injection, the H gas
puff is set to zero, making recycling/outgassing from the PFCs the only H source in this phase.
As a result of B injection, performed in the phase without H gas puff, the line averaged electron
density is at first increased by the additional electron source provided by the powder, but after a
few seconds it recovers the reference level, and remains lower than the reference value after the end
of the powder injection. This can be interpreted as a real time reduction of recycling given by the
deposition of B atoms on the wall. Simultaneously, the level of intrinsic impurities (C, O, Fe) is
decreased during the powder injection, recovering the reference level after the powder injection is
stopped. This could be the results of a change in transport induced by B injection, rather than a
decrease of the influx of intrinsic impurities from the PFCs due to the real time deposition of a B
layer. Similar real time wall conditioning effects have also been observed during B powder injection
into helium plasmas, where the reduction of recycling, even in absence of chemical bonding between
boron and He, suggests this reduction could be caused by co-deposition [25].
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Figure 5: Time traces of (from top to bottom): input ECH (dotted) and ICH (solid) power, BV line
from EUV spectroscopy, line averaged density, gas puff, OV line from EUV spectroscopy, FeXVI
line from EUV spectroscopy, and total radiated power from bolometry. A discharge with B powder
injection (red) is compared to a reference discharge (blue).

2.3 Application to long plasma discharges

Leveraging the real time wall conditioning capabilities of the IPD demonstrated in Ref. [22] and
reported in the previous subsection, boron powder injection was used in minutes-long hydrogen
discharge to provide real time wall conditioning, improving density control and eventually extending
the discharge duration by avoiding an otherwise occurring radiative collapse [26]. In this experiment,
B powder was dropped continuously for 240 seconds in a 5 minutes-long plasma, as shown in Fig.
In a reference discharge without powder injection, following a controlled increase of density
at about t ~ 130 s, density control is lost as density increases even if the gas puff fueling is set
to zero. The total radiated power is increased, together with the radiation lines OV and FeXVI
from UV spectroscopy measurements, taken as a proxy for the concentration of the O and Fe
intrinsic impurities. Due to cumulative injection of B powder in subsequent shots, the oxygen level
is decreased since the beginning of the discharge. With the beginning of powder injection, the gas
puff required to sustain the same plasma density is increased, suggesting the recycling of H at the



wall is reduced. At the same time, the Fe level is also reduced with respect to the reference discharge,
suggesting a change in impurity transport. The total radiated power, measured by bolometry, is
reduced in a similar fashion. When the programmed density increase is reached, density control
is not lost, O and Fe concentration are kept approximately constant and the total radiated power
is increased only proportionally to the density. As a result, the uncontrolled density increase at
t ~ 190 s and consequent plasma collapse are avoided, showcasing a successful demonstration of the
real time wall conditioning technique.

2.4 Wall conditioning with different powder materials

While boronization is the most widely used wall conditioning technique, other low Z materials can
be used as well to achieve the same effect. In particular, Li is routinely used in the EAST tokamak
for wall conditioning purposes, as well as in smaller machines such as HIDRA and LTX-38. Wall
conditioning with other materials was attempted in the past as well, such as carbonization and
siliconization. While Si has higher Z than B and is potentially more polluting for the plasma, Si
offers potential advantages as a surface material, like lower sputtering rates and reduced hydrogen
retention, as well as longer lasting conditioning effects. Siliconization was compared to boronization
in ASDEX-Upgrade [27] and EAST [2§], and was found to have similar or even better wall condi-
tioning properties. Recently, interest is growing to consider silicon carbide (SiC) as a candidate for
plasma facing components material [29, 30]. A first series of experiments was recently performed
in LHD to investigate the use of silicon powder injection for real time wall conditioning. Similarly
to what was done for B powder (see Fig. —g), Si powder was injected for 10-20 seconds into 6
40 second long plasmas heated by 0.6 MW ECH. The plasma density is controlled by a feedback
mechanism on the gas puff fueling. The results of the experiment are shown in Fig. [6] The injection
of the powder into the plasma results into a remarkable increase of radiated power, up to 80%, with
respect to the reference discharge (in black in the figure). No visible effect on the plasma density
nor the gas puff is observed during or after powder injection, suggesting that the wall recycling is
not altered. While a shot-to-shot variation of the OV and FeXVI UV spectroscopy line is observed,
no clear trend of reduction or increase of those impurities concentration can be deduced. On the
other hand, a clear reduction of CIII radiation can be observed, especially during the time window
of the powder injection itself. Once again, this might be induced by a change in plasma impurity
transport rather than wall conditions. The different response for different intrinsic impurities (C, O,
Fe) might be due to a dependence on impurity charge of the fluxes, and/or to the different location
of the sources (divertor/first wall). Further analysis to disentangle those effects will be needed, and
are reserved for future works.

The lack of clear wall conditioning effects might be due to the fact that these low density, low power
plasmas can sustain only a limited amount of Si powder, which is both higher Z and a more effective
radiator than B, without collapsing. The low amount of powder grains entering the plasma during
this experiment can be appreciated in Fig. [3] Therefore, the amount of Si powder introduced in this
series of experiments might not be sufficient to deposit enough Si on the wall to start to observe wall
conditioning effects. Repeating these experiments with higher density and higher power plasmas,
thus able to assimilate more Si powder, might lead to the observation of clearer wall conditioning
effects.

Finally, the wall conditioning effects of lithium powder injection were investigated in a dedicated
series of experiments. The results are currently being analyzed and will be detailed in future
publications.
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Figure 6: Time traces for consecutive shots with Si powder injection of (from top to bottom):
line averaged density, gas puff, total radiated power, CIII, OV and FeXVI UV lines normalized to
density. The reference discharge, first of the series and with no powder injected, is plotted in black.

3 Performance improvement via powder injection

3.1 Access to a reduced turbulence, improved confinement regime via boron
powder injection

The injection of B powder into the plasma has been observed to cause an improvement of the
plasma performance, with a marked increase of both plasma temperature (electron and ion), stored
energy and confinement time [31]. At the same time, the turbulent density fluctuations measured
by phase contrast imaging (PCI) diagnostic have been observed to decrease by up to a factor of 2
in a wide portion of the plasma volume. In matched discharges with the same input power and line
averaged density, kept constant by a feedback control, the increase of plasma temperature upon B
powder injection is of the order of 25%, but the ion temperature can increase by up to almost 50%
upon powder injection under certain conditions. Typical increases of stored energy W, and energy
confinement time 7g are of the order of 15%. The transition to this reduced turbulence, improved
confinement regime has been observed for different heating schemes (ECH, NB, ECH+NB+ICH),
for both H and D main plasma ions and for both directions of the magnetic field. Two examples are
shown for a deuterium and an hydrogen plasma respectively in Fig. [7| discharge #166256 (subplots
a,b,c,g), which has been analyzed in details in Ref. [31], and discharge #167234 (subplots d,e,f,h).
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c,f) turbulent density fluctuations. g,h) Turbulent fluctuation spectrum. Red: boron powder injec-
tion discharge. Blue: reference discharge. Two different examples are shown (a,b,c,g and d,e,fh)

Here, radial profiles for a boron powder injection discharge are shown in red and compared with an
identical reference discharge without powder in blue. As a result of powder injection, the density
profile generally becomes more peaked in the edge and hollower in the center (even though this effect
is small for the discharge #166256). This can be due to the extra electron source provided by the
powder, which is evaporated just outside the last closed flux surface according to EMC3-EIRENE
simulations coupled with the DUSTT and DIS codes. Also, the increase in electron temperature can
contribute to the hollowing of the profile increasing the neoclassical particle flux. For the discharge
in Fig. [, H, radiation from neutral hydrogen is observed to decreased during powder injection,
as well as plasma density in the divertor, suggesting a decrease in recycling during boron injection.
This effect might contribute to steepening the electron density profile at the edge of the plasma.
Intrinsic impurity concentration (C, Fe) is also observed to decrease during B powder injection,
similarly to what was already reported during wall conditioning experiments detailed in section
At the same time, temperature profiles are steepened in the edge, increasing T, and T; over the
whole cross section. At the same time, the turbulent density fluctuations Fig. [k are decreased in
most of the plasma cross section (no PCI measurement is available for r.s¢/agg < 0.4).

3.2 Further experiments with different plasma conditions, powder materials

To better characterize the improvement upon powder injection, and to understand the underlying
physical phenomena, an extended series of experiments has been performed, where the plasma
density, input power, injection mass rate have been scanned systematically, and different powder
materials have been compared [32]. As a result, the relative ion temperature increase AT;/T; is
observed to increase with the amount of injected powder for each plasma scenario considered (plasma
density, heating power/scheme). If the injection mass rate exceeds a certain threshold, the value of
which depends on the plasma scenario, density control can be lost leading to increase to the plasma
density, and even plasma collapse. While generally always remaining positive, AT;/T; is reported
to decrease with both electron density and input power. Across this extensive database, no clear
trend could be established for the turbulence response. The modification of turbulence upon powder

10
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Figure 8: Comparison of the effect of different powders: B (red), C (green), BN (yellow) with
respect to reference discharge (blue). Time traces of a) electron density b) electron temperature
c) ion temperature d) stored energy. Powder injection time window is marked by vertical dashed
lines. Radial profiles e) of total heat flux from DYTRANS analysis (solid), neoclassical heat flux
from SFINCS simulations (dashed) f) ion and g) electron thermal conductivities from DYTRANS.

injection is found to depend on the initial state of the plasma and its turbulence type/level, and
any case should be analyzed in detail. The access to the reduced turbulence, increased confinement
regime has been observed for different powder materials, namely B, BN and C. The time traces
of an experiment comparing the three powder materials are shown in Fig. [§] Here, the powder is
injected into the plasma starting at approximately ¢ = 4 s, until ¢ = 8 s. Initially, the electron
density is increased ~ 10% above the reference level due to the extra electron source provided by
the powders, and is then recovered by the feedback on the gas puff within 2 s. After this transient
phase, for the three materials, a similar increase of temperature ~ 30% has been reported for both
ions and electrons. The plasma stored energy W), also increases similarly for the three different
powder types. The turbulence response was similar as well for the three different powders, with
decrease of turbulent fluctuations inside the LCFS and for lower frequencies, while higher frequency
modes are excited, in a similar manner to the case discussed beforehand in Fig. [7] In all cases,
dynamic transport analysis with the DYTRANS code [33] 34] reveals a substantial decrease of
thermal diffusivities in the region 0.4 < rerf/agy < 0.9, up to 50% for the ions and up to 2/3 for
electrons, as shown in Fig. [Bf,¢. Intrinsic impurity concentration is observed to generally decrease
for the three different powder materials. After a few seconds of powder injection, the H, radiation
recovers the reference level after an initial decrease, while the gas puff is increased to maintain a
constant line averaged density, suggesting a decrease of wall recycling. This similar behavior occurs
for the three powder materials (even C), so that wall conditioning effects can not be excluded from
the possible cause of accessing the improved confinement regime. Turbulence reduction has been
observed also upon Li powder injection, as will be detailed in subsection [3.4. However, a direct
comparison of the effect on turbulence of B and Li powder is missing up to this day. This comparison
was attempted in a dedicated experiment where big Li powder grains ~ 850 pm were used to improve
penetration of the light Li powder into the plasma. However, the density perturbation introduced
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Figure 9: Comparison of different powder materials: B (red), C (purple) and Li (green) compared
with a reference discharge (blue). Time traces of a) electron density b) ion and electron temperature
c) stored energy d) plasma effective charge e) total radiated power, spectroscopic measurement of
line radiation normalized to electron density of the OV (f) CII (g) and FeXVI (h) lines.

by the evaporation of the single granules were not negligible on the plasma with a relatively low
density ne ~ 2.5-10"%9m ™3, compromising the turbulence measurements. In this experiment, the
injection mass rate of the B, C and Li powders was scanned on a shot to shot basis. Discharges with
similar values of Z.¢y ~ 2.5, supposedly one of the controlling parameters for turbulence reduction
and confinement improvement, are selected a posteriori for a more meaningful comparison of the
effects of the different powder materials (for comparison in the reference discharge Z.¢s ~ 2). The
results of this comparison are shown in Fig. [9] Despite the above mentioned non-conclusiveness of
the turbulence measurements for the Li case, a similar increase of both T3, T, and W), was observed
for the three powder materials, being AT;/T; = (30%, 24%, 21%), AT, /T, = (18%, 14%, 15%),
AW, /W, = (25%, 21%, 13%) for B, Li, C respectively. Those values are computed as an average
over the time window 6 < t[s] < 7. Over the same time window, the energy confinement time is
increased Atg/Tmr = (21%, 19%, 12%) for B, Li, C. B and Li powder resulted in similar reduction
of radiated power AP,.q/Prqq = (—20%, —30%) respectively. A slight reduction in P,,q4 is observed
for C powder as well AP,,q/Prqqa = —6%. This might be due to the fact that the three different
powders appear to be effective in the reduction of intrinsic impurities such as O and Fe. The
smaller reduction in radiated power in the case of C powder is consistent with the introduction of
a more effectively radiating impurity with respect to B and Li, and might explain a lesser increase
in performances for C.
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3.3 Interpretation

The increase of T, T; and W), with powder injection is associated with a reduction in energy
transport in the edge of the plasma. Indeed, in Ref. [3I] transport analysis performed with the
DYTRANS module of TASK3D-a has shown that the thermal conductivities for electrons and ions
Xe and x; are reduced by more than 40% in the edge of the plasma 7cf¢/agg > 0.4. This result
is consistent with a decrease of turbulent transport, as SFINCS [35] simulations have shown that
during powder injection both the main ion particle and neoclassical heat fluxes are increased. Since
the input power is the same with/without powder, and the discharges are in steady state, the total
heat flux computed by DYTRANS is approximately the same in the case with and without powder.
By difference, the increase in neoclassical transport implies then a reduction in the turbulent com-
ponent of the transport. The same analysis has been repeated in Ref. [32] for the case comparing
different powder materials, finding similar results, shown in Fig. [Be-g. Furthermore, the SFINCS
simulations in Refs. [31] [32] show how the injection of powders produces only minor changes in the
ambipolar radial electric field E,., suggesting a more negative FE, or the increase in E, shear could
be excluded as mechanisms for turbulence stabilization in this case.

For discharge #166256, analyzed in detail in Ref. [31], the analysis of the PCI turbulent spectrum
resolved in terms of wavenumber reveals turbulence peaking for k; ~ 0.3 mm~! before powder in-
jection, which in previous LHD analysis had been found to be consistent with ITG turbulence [37].
During powder injection, this peak is substantially decreased. This lower frequency turbulence is
decreased (peak around 20 kHz in Fig. , showing the turbulent spectrum in terms of frequency),
while higher frequency fluctuations are increased. This might be due to a destabilization of TEMs
in the edge of the plasma where density and its gradient are increased. Dedicated global gyroki-
netic simulations of discharge #166256 (Fig. [7)) have confirmed the presence of both ITG and TEM
turbulence, as detailed in Ref. [36]. The distribution of the potential fluctuations for the linear
phase of the simulations in the case without and with boron is shown in Fig. The numerical
simulations were able to reproduce the mode frequency, estimated to be ~ 20 kHz for I'TGs and
~ 80 kHz for TEMs. For the case featuring boron, the frequencies are shifted to ~ 13 kHz for ITG
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and ~ 100 kHz for TEMs, which is judged to be consistent with the experiments (Fig. ) The
effective thermal diffusivity x.s; was found to be in good quantitative agreement with the experi-
mental values resulting from a DYTRANS analysis. Nevertheless, the decrease in transport upon
addition of B ions was not well captured by the simulations. One possible explanation could be the
lack of EM effects in the simulations. Indeed, recent experiments suggest that resistive interchange
turbulence might be important in the edge of LHD plasma [38§].

Furthermore, as mentioned in the previous subsection and detailed in Ref. [32], more in gen-
eral the turbulence response to powder injection varies with the plasma scenario (density, heating
power /source). Indeed, the different scenarios exhibit different PCI spectra, suggesting different
turbulence types might be dominating transport in the different scenarios. Consequently, turbu-
lence response varies from case to case and drawing a general picture is not possible at this point,
and each case should be analyzed in detail. For example, for discharge #174829 analyzed in detail
in Ref. [39], the main peak in the turbulence spectrum at ~ 60 kHz is judged to be consistent with
TEM turbulence rather than ITG. This peak is substantially suppressed by powder injection, sug-
gesting reduction of TEM turbulence in the plasma core. But as detailed in Ref. [32], the turbulence
level can even increase upon powder injection, for low plasma density cases. Recent theoretical in-
vestigations have shown how impurity concentration can strongly affect stellarator turbulence, both
reducing or enhancing it depending on impurity concentration and gradient sign [40]. While each
case must be considered singularly, and this phenomena is not fully understood yet, most possibly
the improvement of confinement is due to suppression of ion-scale turbulence (either ITG or TEM),
due to either the modifications in Z.r; and the plasma profiles caused by the powder injection, or
both.

3.4 Impurity transport during turbulence suppressed phase

The transport of mid and high-Z impurities during the reduced-turbulence, increased confinement
regime via powder injection has been recently investigated in a series of dedicated experiments,
which results are detailed in Ref. [4I]. Here, mid and high-Z impurities (Ti, Mo) are injected
into the LHD plasma using the Tracer Encapsulated Solid Pellet (TESPEL). The characteristic
timescale of the decay of extreme UV spectroscopy lines is used as a proxy for impurity confinement
time. TESPEL is injected in discharges where continuous Li powder injection is used as a tool to
reduce turbulence, and results are compared to TESPEL injections in reference discharges without
powder injection. Here, Li powder of approximate size 500 um is injected in plasmas of density
ne ~ 5.25-109m 73 heated by 7 MW NBI. Unlike what was observed in the Li injection experiments
described in section [3.2] here turbulence reduction is observed across the portion of the plasma cross
section measured by PCI in the region r.sr/agg > 0.4, with turbulent density fluctuation amplitude
being decreased by approximately a factor of 2 during Li powder injection. Electron temperature
is increased on average by ~ 12% while T; on average stays approximately the same. The smaller
powder granules and higher plasma density led to relatively weaker density perturbation given by the
evaporation of the single Li granules with respect to the results discussed in section confirming
that the access to the reduced turbulence improved confinement regime is possible with Li powder
as well.

The spectroscopic measurements of the TiXX and MoXXXII lines show a faster decay in the case
where the TESPEL is injected in the reduced turbulence plasma with Li powder. This suggests
that in these LHD plasmas, the transport of heavy impurities is not dominated by turbulence
but by neoclassical transport instead. Dedicated SFINCS simulations for those discharges with
Mo TESPEL injection show how the ambipolar radial electric field E, is negative everywhere,
consistently with poloidal flow measurements from PCI, and F, is not noticeably changed during

14



Ti t=497s

10 ‘ t=495+0.1s
—— #184626 no B .
#184632 w/ B 10
——#184670 N0 B
8r | ——#184684 w/ B ||

i i
!

PSD/ne [a.u]
\/

N\
{ 1" § 4
= 61 —— #184626 no B LI
£ #184632 w/ B "
ol 104
=
S,
Cﬂ)
2 5 g6
7]
& —— #184670 no B
g —— #184684 w/ B
0 ‘ ‘ ‘ ‘ ‘
-0.5 0 0.5 10! 102
Mo g9 Freq [kHz]

Figure 11: Left: radial profiles of ion temperature measured by CXRS for a case before ICHWC
(black: no B, and yellow: with B) and after ICHWC (blue: no B, red: with B). Right: turbulence

spectra from PCI normalized to electron density for the same discharges.

the Li powder injection with respect to the reference discharge. While one would then expect an
inwards flow of the Mot ions driven by E,, the simulations show how due to the high collisionality
for this species in the edge of the plasma, its transport is dominated by the classical contribution
rather than the neoclassical one. The classical particle flux, already directed outwards in the
reference discharge, is increased even further during Li powder injection, consistently with the
spectroscopic measurements. Theoretical studies have indicated that the classical transport could
indeed be important for strongly collisional plasma species [42], and our observations point in this
direction.

While more analysis is required, this mechanism could potentially explain the reduction of intrinsic
impurity transport observed during B powder injection as well, for example in the discharges in

figure [@d-g or Fig. Pf-h.

3.5 Application to high ion temperature scenario

In LHD, a ”high-T;” scenario was developed with the aim of maximizing the ion temperature,
with the formation of an internal transport barrier (i-ITB), resulting in ion temperatures in the
order of T; ~ 10 keV. The scenario consists in high power NBI-heated low density plasmas, where
the injection of carbon pellets can help sustain the i-ITB, and wall conditioning methods such as
Ion Cyclotron Heating Wall Conditioning (ICHWC) can help achieve low wall fueling for better
density control providing access to low collisionalities. A more comprehensive description of the
LHD high-T; scenario can be found in Ref. [43]. As described in Ref. [43], boron powder injection
was investigated as a mean to improve the performance of this scenario, both through real-time
and cumulative wall conditioning effects due to the powder injection, and as a means of reducing
turbulence and further enhancing T;, leveraging the results detailed in subsections B2l Asa
result, continuous B powder injection resulted in an increase of T; of ~ 50%, reaching T; ~ 4.5 keV,
as reported in [43] for discharge #177950. While wall conditioning effects of B powder injection
certainly contribute to this result, for this discharge PCI measurements show a reduction of density
turbulent fluctuation level for frequencies F' < 80 kHz, consistently with previous observations of
turbulence reduction upon powder injection, especially considering higher ion temperature gains
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reported for low density, high power plasmas upon B powder injection in Ref. [32].

A further series of experiments have been performed to investigate the effect of B powder injection
on this scenario, and the results are shown in Fig. First, boron powder is added to a reference
shot where approximately 15 MW NBI are injected into an n, ~ 1.3-10?m =3 plasma, in which also
one carbon pellet is injected. As a result, ion temperature is increased of about 37% from 4.8 keV
to 6.6 keV, as shown in Fig. in black and yellow for the reference discharge and the one with
B powder respectively. For this case, turbulence level is clearly reduced on most of the spectrum
measured by PCI F < 250 kHz. In figure the PCI spectrum normalized to the electron density
is shown, to account for the ~ 17% decrease in n,. due to the introduction of B powder.

Then, ion cyclotron heating (ICH) wall conditioning is performed. As a result, temperature is
increased further to T; ~ 7 keV (without B powder injection). Though, the density is decreased
down to ne ~ 0.8 -10m ™3 as an effect of the wall conditioning, so that overall the effect of ICH
wall conditioning and B powder injection appears comparable, as already noted in Ref. [43]. The
injection of B powder after the ICH wall conditioning results in a further 20% increase in T; ~ 8.45
keV. Here, boron powder resulted in an increase of electron density of ~ 19% with respect to the
reference discharge. The normalized turbulent density fluctuation spectrum, shown in blue and
red in Fig. respectively, is slightly decreased only in the higher frequency part of the spectrum
F > 80 kHz. While dedicated modeling efforts would be needed for the correct interpretation of
these results, these experiments constitute a successful demonstration of B powder injection as a
tool to reduce turbulence and improve performances for already high-performance plasmas.

4 Other experiments

4.1 Effect of powder injection on density limit

In a fusion reactor, the produced fusion power scales with the density as Py, o n?, therefore operat-
ing at high density is attractive for energy-producing future fusion devices. While the density limit in
tokamaks is determined largely by the plasma current, this is not true in stellarators, where the mag-
netic field is provided almost entirely by external coils. The density limit in stellarators is described
in first approximation by the empirical Sudo limit [44], ngu4o[10%m=3] = 2.5/(P;n B)/(r2R), be-
lieved to be determined by the balance between the input power and the power radiated by the
plasma. Densities above the Sudo density limit are sometimes observed in stellarators, e.g. in LHD
[45]. In particular, further studies in LHD and W7-X indicated that the density limit in stellarators
might be determined by the power radiated in the edge of the plasma by impurities [45, 46]. On the
other hand, recent theory development showed that the density limit in tokamaks might be deter-
mined by a transition in edge turbulence [47]. The same mechanism could be at play in stellarators
as well.

During boron powder injection experiments, a reduction in intrinsic impurities such as C, O,
Fe is generally observed [22], which can result in an overall decrease of the radiated power [32].
Furthermore, during powder injection, a reduction of turbulence and an increase in confinement is
sometimes observed [31]. Therefore, B powder injection might result in an increase of the density
limit, either in the case it is determined by edge radiation, or edge turbulence, or both. To test this
hypothesis, a first set of experiments has been performed in LHD. Here, the density limit is first
determined by density ramps. Secondly, the same plasma discharge is repeated, while injecting B
powder in the plasma at the same time. Two heating scenarios are considered, a low power one
where the plasma is heated by neutral beams P;, = Pyp = 3.5 MW, and a high power one with
the addition of electron cyclotron heating Ppo = 1.5 MW for a total of P, = Pyp+ Pgc =5 MW.
In the high power case, for which results are shown in Fig. without B injection a rapid density
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Figure 12: From top to bottom: time traces of electron density and BV spectroscopic measurement,
electron temperature, total radiated power, OV and CIII spectroscopic lines normalized to density,
for a shot with (red) and without (blue) B powder injection.

increase is observed starting at n. ~ 0.85ng,40, quickly leading to a radiative collapse. B powder
is injected into the plasma starting at { = 4.3 s, in increasing amounts on a shot-to-shot basis.
As a result, the maximum attainable density is increased up to n. ~ 1l.1nguq4,. The intrinsic im-
purity concentration of O and C, measured by the spectroscopic lines OV and CIII respectively,
remains below the reference level during B injection. This might be due to a change in neoclassical
transport of the impurities. No remarkable change in total radiated power is observed in the phase
leading to the collapse of the reference discharge. No substantial change in the density profile is
observed as well, while the density fluctuation level measured by phase contrast imaging (PCI) is
decreased of 25% in the edge of the plasma Teff/agy > 0.75. The turbulence level, for which we
consider the line integrated PCI spectrum normalized by the average electron density as a proxy,
shows a decrease in the lower frequency part, F' < 30 kHz, in the phase before the collapse of the
reference discharge, 5.5 < ¢ [s] < 6, as it is shown in Fig. The turbulence level for higher
frequencies, 30 < F[kHz] < 150, is lower during the first second into powder injection, recovering
the reference level in the phase 5.5 < t [s] < 6. From here to plasma collapse, the turbulence level
in this frequency range is further decreased. The electron temperature is also slightly increased by
about 8% as a result of B powder injection, consistently with previous observations of simultaneous
turbulence reduction and confinement improvement.

In the lower power case, the reference discharge (without B powder) already reaches a density of
ne ~ 1.6ngydo.- Densities about double the Sudo limit were previously observed in LHD [45]. In
this case, the addition of B powder does not result in an increase of the density limit, causing
the plasma to collapse slightly earlier instead. The effects of the powder injection observed on
the concentration of the intrinsic impurities is mixed, as C concentration is decreased, while O is
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Figure 13: Turbulent density fluctuation amplitude measured by PCI (line integrated) normalized
by electron density, for a shot with (red) and without (blue) B powder injection.

increased. The total radiated power is increased by 25%. No substantial change in plasma density
and temperature profile is observed during B injection, and the amplitude of the turbulent density
fluctuations measured by PCI in the edge of the plasma is increased by ~ 15% in the phase before
the radiative collapse.

This first set of experiments shows encouraging results for improving the density limit via powder
injection. Nevertheless, the difference in response between the low and high power scenario needs
to be understood. The smaller effect of B powder for the low power scenario might be in part
explained with a shallower penetration of the powder and subsequently of the evaporated B ions
into the plasma, as the plasma density is higher in this scenario, and the penetration of the powder
has been shown to decrease with increased density in LHD due to stronger deflection via ion drag
force in the divertor leg, which the powder has to cross to reach the main plasma [I5]. The present
experiments do not allow us to disentangle the effect of reduced impurity radiation and reduced
edge turbulence on the density limit, since both effects occur when B powder injection improves
the density limit (high power scenario). Further experiments comparing different powder materials
are foreseen for the next LHD campaign to shed light on this matter.

4.2 p-B'! fusion

While powder injections experiments have been performed mainly with the goals of improving wall
conditions and/or the plasma performances, other applications are possible. As an example, the
IPD has the unique capability to provide substantial boron sources to the plasma. The IPD has
been instrumental in the realization of a series of experiments aimed at measuring alpha particles
born from proton-boron fusion reactions [48]. Here, boron powder is injected with the IPD into
plasma heated by 6 MW, 160 kV NBIs. As a preliminary study performed on previous boron
powder injection experiments showed, the high energy of the neutral beams results in a substantial
number of p-B fusion reactions, enough to be measured at the first wall [49]. A dedicated alpha
particle detector was built and dedicated boron powder injection experiments were performed, in
which alpha particles born form p-B fusion reactions during powder injection were detected, with
good agreement with theoretical models [4§].
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5 Modeling of powder penetration and boron transport

Numerical simulations have played a fundamental role in the planning and interpretation of impurity
powder injection experiments. Simulation with EMC3-EIRENE [50], computing the 3D distribution
of plasma quantities in the edge of the plasma, coupled with the DUSTT code [1§], computing the
trajectory of the powder grains into the plasma, have been used to choose the position to install
the IPD on LHD, maximizing the penetration through the ergodic layer among several candidates
[14), 15] (Fig. [2). Those simulations also predicted deeper penetration of powder grains into the
plasma for lower plasma densities, while at higher plasma densities the plasma flow in the divertor
leg is more effective at deflecting their trajectory. Spectroscopic measurements during powder
injection experiments later supported this result [19]. Further coupling of EMC3-EIRENE and
DUSTT with the ERO2.0 code predicted that the deposition on the wall of B ions resulting from
powder injection is more spatially uniform for lower plasma densities, thus making low density
plasmas a better candidate for real time wall conditioning applications [2I]. EMC3-EIRENE and
DUSTT simulations have later been used to interpret the experimental results: by fitting EMC3
simulations to reproduce the experimental profiles, and computing the powder trajectories in such
plasmas, it is determined that most of the B powder is evaporated just outside the LCFS [31].
Similar studies have been carried out by coupling EMC3-EIRENE with the DIS code [51] instead,
for which composite materials such as BN have been implemented, as well as a statistical treatment
of trajectories including a distribution in initial velocities. As a result, most of the BN powder is
evaporated in the divertor leg rather than in the main plasma as it is the case for B powder [32]. The
EMC3-EIRENE-DUSTT coupling was recently improved by including self consistently the effects of
boron ions on the powder trajectories [52], showing how an increase of the amount of injected boron
can move the powder ablation point radially inwards due to the cooling of the divertor leg and local
reduction of the plasma flow velocity. Finally, the EMC3-EIRENE-DUSTT model was validated
against dedicated experiments, reproducing the observed movement of the powder ablation point
radially outwards with increasing plasma densities due to the increasing ion drag force in the divertor
leg [15]. The EMC3-EIRENE-DUSTT-ERO2.0 model could also qualitatively reproduce the spatial
profile of BI and BII line radiation measured from visible spectroscopy, though their variation with
plasma density could not be captured by the simulation results so far.

6 Conclusions and outlook

In this article we summarized the powder injection experiments performed in the Large Helical
Device in the period 2019-2024 using the Impurity Powder Dropper. The experiments mainly fo-
cused on improving the plasma performance, both by improving wall conditions and improving
confinement. Injecting boron powder into the LHD plasma has been proven effective in reducing
both wall recycling and the influx of intrinsic impurities (C, O, Fe). Wall conditioning effects have
been observed both on a shot-to-shot basis due to cumulative B injection, and in real time. Real
time wall conditioning by B powder injection has been demonstrated in minutes-long discharges,
avoiding an otherwise occurring radiative collapse. These results suggests that real time boroniza-
tion via powder injection might be an effective way to replenish wall conditions in steady-state
operation, but further experiments are needed to demonstrate these capabilities for reactor relevant
plasma parameters. Real time wall conditioning has been attempted with different powder mate-
rials. Experiments with Si powder did not result in sensible wall conditioning effects, though this
could be explained by the fact that this explorative set of experiments were conducted with low
power/density plasmas, which were not able to sustain the injection of substantial Si amounts. Li
powder wall conditioning experiments have been performed, and the evaluation of the results is still
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ongoing and will be the subject of future publications.

Real time wall conditioning via powder injection is an active research topic on both stellarators
and tokamaks. Many experiments have been conducted on tokamaks, some examples can be found
in references [2, 5] [7, 63| 54, 8, 29]. While a comprehensive review of real time wall conditioning
on different devices is outside the scope of this article, similar results have been found across the
different machines, with reduction of wall fueling/recycling and concentration of intrinsic impurities
during/after low-Z powder injection. The extrapolation of the effectiveness of this technique to
future fusion reactors is a topic of growing importance and is currently under investigation. Indeed,
fusion reactors are foreseen to operate in steady state for hours at a time, making standard wall
conditioning techniques such as glow discharge boronization inconvenient, as they would require to
stop plasma operation and turn off the superconducting coils. Furthermore, future fusion reactors
are foreseen to operate with high-Z metallic walls, making plasma contamination from intrinsic im-
purities potentially more deleterious to plasma performance than in current carbon wall machines.
The recent decision for ITER to use a full tungsten wall sparked interest in the use of real time wall
conditioning for this device as well [11].

The access of a reduced turbulence, improved confinement regime has been observed upon boron
powder injection, with increase of the plasma temperature in the order of 25%, but that can be
as high as 50% under some conditions. At the same time, the amplitude of the turbulent density
fluctuations has been measured by PCI to decrease by up to a factor of 2 in a wide portion of
the plasma cross section. The improvement has been observed for both magnetic field directions,
different heating schemes, and different main plasma ions (H, D). Series of dedicated experiments
have been performed to characterize this improvement, showing how it generally scales positively
with the amount of injected B. The relative improvement of the temperature has been found to de-
crease with both increasing density and input power. The turbulence response though was found to
vary in between the different plasma scenarios, possibly depending on the pre-injection turbulence
characteristics. Similar effects on confinement and turbulence have been observed with different
powder materials such as C, BN and Li. While the reason behind this improvement is not fully
understood yet, the most probable explanation is the stabilization of ion scale turbulence, due to
the profile and/or Z. ¢ modifications induced by the powder injection. Neoclassical and gyrokinetic
simulations partially support this explanation. The improvement of confinement upon powder in-
jection has been leveraged in dedicated experiments to maximize ion temperature in the high T;
scenario, as well as to study impurity transport in turbulence reduced phase.

A similar improvement of confinement upon low-Z powder injection has been observed in W7-X
as well [3], where boron carbide B4C powder was injected horizontally in pulses using the Probe
Mounted Powder Injector [9]. Here, a substantial increase of T; was observed together with a reduc-
tion in turbulence. Nevertheless, due to the pulsed nature of the powder injection, the improvement
on confinement and T¢, W), is only transient. More likely the same physical mechanism as the LHD
experiments described here are at play in W7-X as well, and a steady state improvement of con-
finement is expected once the powder is delivered to the plasma as a constant stream. This will
be possible with the already planned installation of an IPD on W7-X [10], which is foreseen to
be operative in the OP2.4 experimental campaign. Furthermore, a similar increase of confinement
upon boron powder injection has been observed for L-mode plasmas in WEST [8|, [55], which has
been interpreted to be caused by turbulence reduction due to profiles modification [56], similarly to
the LHD case. The access to this reduced-turbulence, improved confinement regime appears then
to be possible for stellarators and tokamaks alike. While the causes of the observed confinement
improvement upon low-Z powder injection are still to be fully understood, and more experiments
and modeling work are needed, should this improved confinement regime scale to reactor relevant

20



scenario, a 25% increase of T; starting from T; = 15 keV which is the operating point foreseen for
future stellarator fusion reactors [57, [58], would increase the D-T reaction rate and energy output
by 40%, provided the main ion density can be kept constant.

Boron powder injection was investigated as a possible means of improving the stellarator density
limit by reducing radiation from intrinsic impurities and/or edge turbulence, in a first dedicated
experiment showing encouraging results. Boron powder has also been injected in LHD plasmas to
provide a B source to be used in p-B fusion experiments, successfully measuring for the first time
p-B born alpha particles in a magnetic confinement fusion device.

Impurity powder injection experiments are supported by continuous modeling activity of coupled
powder dynamics, impurity transport and material migration, helping the interpretation of the ex-
perimental results.

Finally, while this article attempted to comprehensively review the impurity powder injection exper-
iments taking place in LHD in the 2019-204 period, several further experiments involving impurity
powder injection are planned for the next and last LHD experimental campaign, taking place at the
end of 2025. These new experiments will help further improving the understanding of the topics
exposed in this article, such as real time wall conditioning with different powder materials and its
application to steady-state discharges, the access to a reduced turbulence improved confinement
regime via low-Z powder injection, the effect of low-Z powders on the density limit, and more
generally impurity transport in a stellarator plasma.
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