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Controlled particulate injections from the PPPL Impurity Powder Dropper(IPD) into the Large Helical
Device (LHD) have demonstrated positive effects on the wall conditions in both an intra and inter-shot
basis. Injections over a range of densities, input powers, pulse lengths, heating schemes, injection
guantities and main ion species show conclusive evidence of improvement to plasma wall conditions.
Successful injections are confirmed by both spectroscopic measurements as well as real-time visible
camera signals. In 7s long plasmas the responses include a reduction in wall recycling as well as a
reduction in native impurity content as observed over the course of several discharges. For plasmas
longer than 40s, improvements to the recycling rate and increased impurity control are observed in real
time as a consequence of the extended particulate injections. These experiments demonstrate the
extended applicability of this solid particulate conditioning technique to the control and maintenance of
the plasma wall conditions. In addition they are an important initial step in the development of the real
time boronization technique as a supplement to standard conditioning scenarios.

1. Introduction

The expected operational mode of a DEMO scale prototype fusion reactor[1-4] is that of steady state,
near continuous operation. To that end, the plasma performance cannot become significantly degraded
due to the evolution of adverse wall conditions. Thus, a need exists to develop methods capable of
replenishing and refurbishing wall conditions during the operational phase of said device. In addition, the
utilization of continuously operational superconducting magnets on projected next step long pulse fusion
devices presents a challenge to the present methodologies of ensuring premium wall conditions through
inter-discharge cleaning sessions. These strong steady state fields preclude the utilization of a nominal
application of “glow discharge cleaning”[5] as well as placing programmatic limitations on the utilization
of volume breakdown depositional methods such as boronization[6]. Given that standard boronization
techniques in a superconducting device involve a cycling of the current within the cryogenic magnets to
permit a volume breakdown, and that this procedure also entails an evacuation of the facility due to the
toxic and explosive nature of any of a number of boron containing gasses such as diborane, the



development of an alternate method of replenishing the boronization coating would be programmatically
very interesting. Indeed, if the number of these magnet cycles could be minimized by extending the
operational time between boronizations there would be a substantial programmatic benefit in extended
operational periods as well as enhanced component lifetimes.

In addition, even the present planned methods for maintaining optimal wall conditions in superconducting
tokamaks face limitations as discharge lengths are increased. The utilization of lon Cyclotron Wall
Conditioning(ICWC) as tested on EAST[7] and Electron Cyclotron Wall Conditioning(ECWC) as used on
JT60U[8] and planned for JT6OSA[9] are techniques which are compatible with steady state magnetic fields
and have been integrated into the ITER baseline for wall conditioning[10]. However these methodologies
are operated in a “between-shots” basis and could not be utilized if wall conditions are observed to
degrade significantly during extreme long pulse discharges. Thus a need also exists for a wall conditioning
technique which can be utilized during the operational phase of a fusion research plasma.

The application of sub-millimeter powders have been observed to benefit the plasma material interface
with both immediate and multi-discharge positive effects on plasma performance[11l]. The injection of
boron and boron nitride into active discharges provides an efficient way to transport coating materials to
the surfaces of enhanced plasma contact where standard coating applications are most easily worn away
such as the limiter and divertor surfaces. As such, the gravitational introduction of aerosolized boron
containing compounds has been advocated as a real time wall conditioning technique and has been shown
to positively impact the plasma material interface on DIII-D[12], ASDEX[13], EAST[14], and KSTAR[15]. The
utilization of the solid particulate conditioning method has also resulted in immediate boosts in plasma
performance in many cases[16-18]. This also includes recently reported confinement enhancements seen
to accompany injections in LHD[19].

In this paper we summarize the results of multiple series of powder injection experiments. Taking
advantage of the unique long pulse aspects and performance benchmarks of the LHD research program
we explore the efficacy of the particulate conditioning technique over an extended parameter set. These
parameters include variations in the discharge length, fill gas, plasma heating method, density and
injection quantity. Positive plasma response over this extended parameter set provides a preliminary
assessment of the viability of this technique in future fusion reactors. After briefly introducing the Impurity
Powder Dropper as well as the LHD facility, the experiments are described and the observed results of
powder injection are detailed. This includes both the prompt effects as well as an exploration of the long
term conditioning effects observed through powder injection.

2. Experimental Apparatus

2.11PD
The Impurity Powder Dropper(IPD), shown in panel a) of figure 1 is installed in section 2.5 on the top of
LHD. Panel b) of the same figure shows an image of the installation, while panel c) displays a



representative cutaway drawing of the IPD with panels d) and e) showing closeup images of typical
dropper head components. The IPD, as described in more detail within Ref[20] contains four
independent powder feeders arranged at 90 degree intervals around a central drop tube. Each dropper
head is capable of independent operation, either individually or in concert with the others, providing a
large number of possible powder combinations and concentrations.

Figure 1 : Impurity Powder Dropper (IPD) apparatus and installation location. Panel a) shows the port location
of the impurity powder dropper and its relation to the plasma below. The blue shaded region indicates the
field of view of an injection camera. Panel b) shows an image of the IPD as installed on LHD with a cutaway
drawing displayed in panel c¢). The numbers 1 — 3 indicate the powder reservoir, piezoelectric vibration stages
and the flowmeter locations respectively where an image of the reservoir is shown in panel d) and a
representative image of the powder flow from the front of the piezoelectric vibration stage is seen in panel e).
The green arrows indicate the direction of light trave through the optical flowmeter.

Dropper operation is started by issue of an IPD control signal as shown in panel a) of figure 2 with the
amplitude of said control signal proportional to operational voltage of the IPD. This in turn starts dropper
vibration as monitored by onboard accelerometers. The falling powder, having being driven off of the
feed tray is accelerated down a vertical drop tube. During the transit it passes through a collimated fiber-
fed LED source. Occultation of this light by the transiting powder blocks a portion of the signal from
reaching the corresponding photodiode on the other side of the drop tube resulting in a decrease in the
signal as shown in panel b). This signal along with an accelerometer attached to the feeder tray provide
a record of the duration and intensity of the powder injection. The time between the activation of the
IPD and the subsequent drop in flowmeter signal is due to the powder transit time down the body of the
IPD. This lag between activation of the IPD and introduction of material into the plasma is then further
extended by the 2m drop between IPD flange and plasma location which the powder must transit. Thus
any desired effects on the plasma must be anticipated by at least 1s to allow the powder time to reach



the plasma. In addition, random collisions between the falling powder will extend the falling path of
certain particulates. This has the effect of extending the duration of an active injection pulse by up to an
additional second. This can be observed in panels c) - e) of figure 2 where the despite the IPD being
activated at t=3s, powder is not observed within LHD until after t=4s, and while the dropper excitation is
stopped just after 7s, powder is still being introduced into the vessel after t = 8.5s
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Figure 2 : IPD signals from the LHD experiment 169628. Engagement of the IPD
control signal, as shown in panel a), starts the IPD. Positive operation is seen in
the accelerometer readout with characteristic ramp up and decay time. Powder
dropped from the IPD is monitored through negative deviations of the flowmeter
photodiode signal in panel b) and direct camera observation as seen in panels c),
d) & e) which show the beginning, middle, and end of the injection respectively.
The delay from initiation of the control signal to first appearance of powder in LHD
is due to gravitational transit time from IPD to plasma edge.

For these experiments two of the four IPD reservoirs were filled with 150 micron boron (B) and 60 micron
boron nitride (BN) powders respectively. Powders were then injected at various times and throughput
levels into the stationary portion of LHD discharges. Confirmation of successful injection was provided by
a visible camera aimed at the injection site as shown in panels c - e of figure 2. The camera is mounted on
an adjacent port to the IPD in the upper portion of section 2.5 with the field of view illustrated by the blue
cone in panel a) of figure 1. In addition, entrainment of impurities into the plasmas is confirmed by
spectroscopic measurement.

2.2LHD

The distinct magnetic geometry of the Large Helical Device (LHD)[21] is formed by a 10 period externally
wound continuous helical superconducting coils and a complementary superconducting poloidal coil set.
These allow generation of an intrinsically stable helically twisted plasma which mitigates the need for



substantial internal plasma current as is nominally found in tokamak type devices. The double null
structure of the magnetic field can be seen in the field line plot shown in panel a) of figure 1. The four
legs of the magnetic field connect the graphite divertor plates to a thick ergodic region generated through
the superposition of a magnetic island chain enclosing the main plasma volume.

2.2.1 LHD Standard Wall Conditioning

The interior surfaces of LHD are primarily comprised of 730 m? of stainless steel forming the primary
vacuum vessel with a 50 m? helical series of graphite divertor plates comprising the principal plasma
contact surfaces. Over the course of normal plasma operations, a co-deposition layer of carbon mixed
with components of stainless steel is then observed[22] to coat the main vessel walls. These vessel
components provide intrinsic impurity sources for the carbon, oxygen and iron spectroscopic signatures
observed in standard LHD discharges.

To condition the plasma facing surfaces of LHD, standard boronization is applied by striking a glow
discharge into a gaseous mixture of helium and a 10% diborane (B:Hs) dopant[23, 24] before the start of
an experimental campaign. Three toroidally distributed nozzles are used to introduce the diborane gas into
the vessel which is then dissociated into constituent atoms by the helium glow discharge. The majority of
the boron plates out on to the walls while the hydrogen is evacuated from the vessel. A series of 6 diborane
detectors as well as a specialized catalyzer and dedicated filter unit are used to ensure a non-toxic gas
exhaust. After the mixture gas introduction is stopped, the He glow discharge is continued typically for an
additional 3 hours to reduce residual hydrogen in the deposited boron layer.

2.3 IPD Injection modelling

The unique magnetic geometry of LHD means that rather than being directly introduced into the crown
of a tokamak type discharge on the Low Field Side as on ASDEX[18] or High Field Side as on EAST[14] the
gravitationally injected powder must first cross a section of the upper divertor leg to reach the confined
region. During this transit, the main additional force acting on the falling powder is an ion flow drag
proportional to plasma density[25]. To ensure that the powder parameters chosen for these experiments
would result in successful entrainment into the confined plasma an initial evaluation of the powder
injection trajectories was predicted by coupled simulation using the EMC3-EIRENE and DUSTT[26] codes.
This provides a better understanding of the processes which occur during powder injection and leads to
conditions supportive of the real time boronization efforts which in turn guide the choices for plasma
parameters utilized in the initial LHD-IPD experiments[27]. The 3D Monte Carlo code EMC3 which models
edge and scrape off layer plasma transport is supplemented with the EIRENE model of neutral dynamics.
For these simulations the experimental profiles of electron density as well as electron and ion
temperatures are provided by Thomson scattering and charge exchange spectroscopy. These profiles are
then matched to the diffusion and thermal conductivity coefficients for the main plasma ions within the
simulations. Once a self-consistent solution has been reached this parameter set is used as the
background against which DUSTT simulations of 3D particle trajectories are computed. For these
simulations 150 micron boron powder particles are created with an initial downward velocity of 5 m/s at



a location just above the upper divertor leg. This corresponds to the conditions of an estimated free falling
powder particle immediately before interacting with the plasma. While these calculations showed
substantial deflection of the incident powder by ion flow within the upper divertor legs of LHD, the
positioning of the IPD on the radially innermost port provides sufficient margin to ensure reasonable
powder assimilation.
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Figure 3: Simulated boron powder injection trajectories into low density and high density plasmas. The coupled
IPD injection simulations are provided by the EMC3-EIRENE and DUSTT codes. B powder trajectories are shown
by the vertical magenta line while the blue dots indicate the positions where the neutral boron atoms are
provided to the simulation by the evaporation of the plasma heat load. These injection trajectories are
superimposed over the EMC3-EIRENE generated B ion distributions as summed over all ionization states.

The left hand image shows powder particle trajectories for the low density cases (ne = 0.4x10*° m=3) with
minimal deflection being shown to the injection trajectory as the powder transits the divertor leg and
enters the confined plasma. The blue marker indicates the approximate location of full ablation with the
color coding representative of the boron ion distribution as summed over all of the ionization states. This
is contrasted with the high density case where the powder trajectory is significantly deflected by the
entrained ion drag force within the divertor leg plasma flow. While this does not contribute significantly
to the particle ablation, the deflection results in a more peripheral location for the ion source term. As a
result there is greater toroidal uniformity of the powder distribution in the low density case as the deeper
penetration allows greater homogenization. This is consistent with the findings of the predictive
investigation[28] which was performed before the injection series and also matches the more limited
impact of the powder injections observed in the higher density cases.

3. Experiment
For this series of experiments we explore the prompt and long term effects of power injection in standard

pulse (< 8s), long pulse (~40s) and extreme long pulse (>100s) discharges in turn. Injections with a
multitude of heating sources are explored as well as injection into H, D, and He fill gasses utilizing both B
and BN injection species. Powder injection discharges were interspersed with control discharges to



determine any cumulative modification of the recycling rate of the vessel. In addition intrinsic impurity
concentrations were monitored for gettering effects attributable to the newly deposited boron layers.
Injection of powder was observed to successfully penetrate into the main plasma volume with these
injections briefly increasing plasma density as well as total radiated power.

3.1 Standard Length Discharges

Typical time evolutions of the plasmas parameters for standard length plasmas can be seen in figure 4.
For the discharges shown, the solid lines (169616 and 169621) were reference discharges while the
dashed lines (169618 and 169623) indicate powder injected plasmas. Auxiliary heating for all discharges
is primarily provided by the combined contributions of neutral beams 1-3, which are tangentially injected,
with electron cyclotron heating applied at the beginning of the discharge to provide an impetus for volume
breakdown. Diagnostic pulses from NBI 4 & 5, which are perpendicularly injected are employed to recover
charge exchange information which is in turn utilized to determine the ion temperature. Throughout the
remaining panels of the figure we compare the control discharges with powder injection discharges for
pre-programmed plasma densities of 2x10¥ m= and 4x10* m3. While no variation is observed in the
feedback controlled plasma densities both with and without powder injection, as is shown in the third
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Figure 4 : Time traces for control and IPD injection plasmas. Heating scheme for the standard
pulse length is shown in the top panel with the lower and upper feedback controlled densities
in the second panel. Inthe Te and Ti panel(3™) as well as the 4" panel showing stored energy
traces, the solid lines represent the control discharges without powder injection(169616 &
169621) while the dashed lines correspond to plasma evolutions which include powder
injection(169618 & 169623). The shaded box denotes the period of powder injection.




panel, there are elevations to both the electron and ion temperatures coincident with powder injection.
These enhancements to plasma performance are fully detailed in Ref [19] which notes that these periods
align with a decrease in turbulent fluctuations and a corresponding reduction in anomalous transport.
The radial profile shaping denoted as the nascent cause of this turbulence suppression appears to be
similar to that observed both during carbon pellet injection experiments on LHD[29-31] as well as on
Wendelstein 7-X during periods of enhanced confinement [17, 32-34]. As these phenomena are better
described elsewhere we merely note that while not anticipated during these experiments, these results
are not without precedent.

Confirmation of positive injection and plasma entrainment is obtained by observation of spectroscopic
boron signatures[35] coincident with the period of injection. Figure 5 shows the time evolution of the
Boron Il signal at 136.25 nm in panel a) and the Boron V signal at 4.86 nm in panel b). As can be seen, the
background plasma density (2x10%° m™ for LHD 169618 (blue) and 4x10° m™ for LHD 169623(red)) has
little effect on the boron signal level for both Bll and BV signatures while the increase in IPD voltage for
LHD 169626 understandably leads to a greater injection quantity and thus a greater signal level. However
while the boron V signal plateaus at a level mildly elevated over the lower injection rates, the boron I
signal line continues to increase throughout the discharge.

While detailed ion transport modelling for these scenarios has yet to be undertaken and as such a
comprehensive understanding of the mechanisms of powder assimilation are still in the nascent stage we
can make some basic observations which could help to explain this phenomenon. Examining panels c)
and d) which show fitted electron density and temperature profiles at t = 7s from Thomson scattering
measurements, we see that there are substantial differences between the baseline discharge LHD 169616
and the pair of powder injection discharges LHD 169618 (IPD @ 6V) and LHD 169626 (IPD @ 7V). The
steepening of the edge density profiles and elevation of the core temperatures are consistent with those
observed during boron carbide pulse injection in W7-X[17] and are further examined in [19]. For this
particular discussion we note that there do not appear to be any substantial differences between the
profiles obtained during the pair of B injection discharges which could help explain, through a change in
transport regime, the elevated boron-Il levels in the higher injection discharge. What could explain this
difference is an observed ramping of the boron injection level as shown in flowmeter readout for the IPD
in panel e). During changes of settings to the IPD there is sometimes a lag which is observed between
the requesting of a powder output level and the full realization of this level. In addition the elevated level
of excitation is more likely to break up agglomerated boron chunks which might not normally flow through
the IPD channel. These can be indicated by larger point like boron clumps as seen by the increasing level
of negative spikes. While this offers a plausible explains the elevated boron-Il levels, it does not provide a
corresponding clarification for the plateau of the boron-V signal. However, if there is significant impurity
screening in the ergodic layer due to high edge collisionality as suggested in [36-38] it could explain the
buildup of lower ionization state impurity ions in the edge region. The screening could also explain why
the increased injection level only results in a mild enhancement of the resulting boron V signal.
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Figure 5 : Plasma behavior in response to boron and boron nitride particulate injection. Panels a) and b)
confirm entrainment of boron species coincident with powder injection through spectroscopic
measurement while panels c) and d) display the changes in electron density and temperature profiles with
corresponding error bands from Thomson scattering measurements. Panel e) is the signal recorded from
the IPD flowmeter for LHD 169626 showing an increasing level of injection through the plasma evolution.
The arrow has been added to guide the eye.

Returning to panel b of figure 5 we also note a reduced boron V signal level during Boron Nitride injections
in LHD 169628. The utilization of Boron Nitride in initial IPD experiments was due to the physical
properties of the medium[13]. As a recognized lubricant and a compound often found within fusion
research devices it was introduced in some of the first IPD experiments on ASDEX-Upgrade due to the
ability to maintain fine control over the injection quantity. The unexpected beneficial result of these
injections was an observed increase in confinement on the full metal wall machine in a manner similar to
that of nitrogen gas puffing[18]. Experiments were attempted on LHD to see if there was a similar effect.
In these experiments we note that while boron-Il level asymptotes to a similar level as that seen in the
corresponding pure boron injection, the B-V level is nearly a factor of 2 lower. We postulate that this may
be the result of a decreased entrainment of the smaller BN particulates(60 microns for BN vs 150 microns
for pure B). As shown in the injection modelling[26] the smaller injection media are more likely to be
redirected by the divertor plasma flow during the initial injection process. The BN, being of smaller size,
is deflected by a more substantial amount leading to a reduced fraction of the material entering the fully
confined region and thus reaching an elevated ionization state.
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Figure 6 : Changes in neutral particle pressure and Ha intensity. These measurements serve as a proxy
for a direct wall recycling measurement. For both high and low density measurements the control
discharges are denoted by the lighter broken lines.

3.1.1 Evidence of prompt changes to recycling

The application of boron powder into the plasmas has been shown to contribute to thin layer formation
over the plasma facing components[12]. This layer is then thought to be responsible for the reduction in
recycling in a manner similar to that observed during standard glow discharge boronizations[39, 40]. The
deposited boron layer shows evidence of oxygen gettering and the chemical formation of compounds
such as BO, B0, B;0,, and B,03[41]. This in turn leads to the demonstrated ability of a mixed
boron/carbon surface or BCO-x film to retain hydrogen isotopes more effectively as compared to a pure
carbon surface.[42].

The prompt effect of powder injection on the wall conditioning can be observed by examining the
evolution of the neutral pressure and Hoo measurement over the course of the discharge. These quantities,
interpreted as indicators of improved recycling control, are shown in panels a) and b) of figure 6 for the
series of discharges. For the lower density discharges, a reduction of both the Ha signal as well as the
neutral pressure is observed after powder injection with stronger reductions observed for the larger
powder injection quantities. As the boron containing compounds are injected, one might expect the
electron density to increase due to the introduction of additional material, however if this were the case
a corresponding reduction of fueling would also be observed. Examining the top panel of figure 7 we
observe that there is actually an increase in the fueling rate for the B containing discharge. As such it
seems more likely that the reduction in neutral pressure and Ho. measurement observed in this discharge
is due to an enhancement of the wall pumping by the newly deposited B layer leading to a decrease in the
electron density. For feedback controlled discharges such as these, this results in an increased level of
fueling needed to maintain the density setpoint. The competing effects of the injected material and
increased pumping can be seen in the lower panel of figure 7 where the gas puffing level for the plasmas
with elevated B injection rate (169626) is similar to the control discharge despite strong reductions in the
neutral pressure and Ha seen in figure 6. This is believed to be the result of the additive electron burden
introduced by the B powder counteracting the increased wall pumping resultant from the powder
injection.



These contraindicating behaviors are also observed in a very specific manner during the higher density
discharges. Examining the powder injection discharge LHD 169623 when compared to its respective
control discharge LHD 169621 we see a reduction in the observed neutral gas and Ha signals from 4s to
approximately 6.5s indicating a reduction in recycling as was seen with the other experiments. As this
appears to reverse after t=7s, it could possibly give one the indication of a sharp increase in recycling.
However, we note that during the high density control discharge the gas puff level decreases as the shot
progresses, as shown in the middle panel of figure 7. This indicates a saturation of the walls and the
beginnings of a loss of density control. Because of the reduction in fueling rate the neutral pressure and
Ha levels start to tail off sharply after t = 7s. In contrast, the increased wall capacity from the newly
deposited boron layer in discharge 169623 allows the gas puffing rate to remain high during the latter
stages of plasma development which keeps the neutral pressure and Ha. levels elevated when compared
to the control discharge. Thus it is not a reduction in the efficiency of the coating layer which is indicated
by the uptick in neutral pressure and Ha., but rather a confirmation of the positive effects of particulate
conditioning as evidenced by extended period of density control. Finally, the transition from B to BN as
the injection species does not appear to inhibit the ability of the injected boron to reduce recycling or Hao.
The primary difference noted is an increase in the overall plasma radiated power as is to be expected with
the injection of the concomitant nitrogen.
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Figure 7 : Gas puff introduction into conditioning and control plasmas. Lighter
colors represent discharges without particulate injection (Discharges 169616,
169621 and 169625) while the darker traces correspond to powder injection
discharges(169616, 169623, 169626 and 169628).

3.1.2 Powder injection effects on intrinsic impurity levels



An additional measure of the ability of the injected material to condition the plasma is through the
flushing of intrinsic impurities. It has been observed in several other devices that the introduction of low
z materials through powder or granule injection leads to a reduction in levels of intrinsic discharge
impurities[43]. Whether this is due to a reduction of the source term by application of a boron coating,
or as a flushing of the present impurity through a neoclassical effect, the result is consistent across
experiments. For the recent experiments on LHD we are monitoring the Carbon(C-1V), Oxygen (O-VI) and
Iron(Fe-XVI) line intensity evolutions over the course of the discharge.
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Figure 8 : Impurity evolution with powder injection. Differences
between the initial control discharge LHD 169616 without powder
and a discharge with powder injection LHD 169618 are shown as well
as a second control discharge, LHD 169625 taken after several
injection discharges.

As can be seen in figure 8, the application of powder within LHD 169618 leads to a reduction of the
normalized spectral intensity of the monitored impurities over the course of the discharge. During the
periods of B injection there is a substantial reduction in the iron signature (bottom panel) as well as a
reduction in the carbon signatures(top panel). Oxygen levels(middle panel), while still reduced do not
appear to be flushed as significantly. Long term effects of powder injection, attributable to cumulative
conditioning effects can be observed by variation in signal levels recorded during control discharges at the
beginning(169616) and end(169625) of the injection series. For these discharges the effect is most
notable in the intrinsic carbon and oxygen impurities which are both reduced by 25%-35%. We suggest
that this is further evidence of the deposition of a boron layer in the plasma facing surfaces and the



resulting absorption of carbon and oxygen impurities as provided by this layer. The Fe impurity
contribution inherent in the discharges is provided by sputtering from the LHD stainless steel shell. So
while the presence of B in the discharge can be expected to flush the Fe from the plasma as seen with the
other IPD and |Gl experiments[12-14,18] the limited contact between the plasma and the SS shell suggests
minimal generation of an appreciable B coating on this surface during periods of moderate IPD application.
Thus given this limited coating, it is not surprising to see that the spectroscopic signature of Fe does not
decrease significantly over the course of the conditioning discharges.
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Figure 9 : Long term effects of conditioning injections on baseline discharge
impurity levels. The top panels display the change in O-V and C-lll impurity
signatures as a function of the line integrated densities during control
discharges. The plots show the evolution of impurity levels which occur
between the beginning of the experimental series and the initial boron
injection, after a standard B:Hs boronization, and then again after further
boron particulate injections. The lower panel shows the variation in density
evolutions for identical fueling programs before and after the injection of
boron particulates.

3.1.3 Cumulative effects of powder injection on impurities



The results of conditioning injections on the intensity of the O-V and C-Ill impurity lines are shown in figure
9. The signals are plotted vs the line averaged plasma density for a set of density ramping control
discharges taken at various points during the experimental series. These experiments were undertaken in
the Rax = 3.6 m configuration with the first discharge of the series (156149, denoted by the grey dotted
line) occurring after a vessel vent and before a subsequent standard boronization. The presence of a
recent vent just prior to this control discharge explains the relatively high oxygen concentration. After a
series of IPD dropper experiments whereby approximately 2g of boron is deposited into the vessel the
oxygen content can be seen to have dropped by over a factor of 2 as shown by the blue solid line depicting
signatures recorded during discharge 156166. The respective colored blue area is used to help illustrate
the reduction observed between the initiation and completion of Impurity Powder Dropper operations.
Between the first and second series of IPD experiments a standard B,Hg gaseous boronization was applied
to the LHD vessel depositing an additional 37g of boron over the interior surfaces. This is responsible for
the new reduced oxygen and carbon concentrations as shown by the orange dashed line and red shaded
area. The injection of an additional 1g of boron by the IPD during the period between discharges 160016
and 160050 was successful in further reducing the oxygen impurity level slightly, but as expected, the
effectis not as evident in a newly boronized vacuum vessel with already exemplary wall conditions. These
results are consistent with the gettering of the oxygen within the vessel by the newly deposited boron
layer. Additional evidence of a wall conditioning effect is demonstrated in the lower panel of figure 9. In
this figure we are again comparing the performance of the control discharges before and after application
of boron powder, specifically the changes observed in line averaged electron density in response to a
constant fueling envelope. As shown, the evolution of the density after injections of B and BN injections
totaling approximately 1g, as indicated by the solid line, is 18% lower than the density response to an
identical gas puff profile applied before the powder injection as represented by the dotted line. We assert
that this clear indication of a change in the recycling rate is most likely due to the deposition of a thin B
film on the relevant PFCs and the interaction of the fill gas with that film.

3.2 Long Pulse Discharges and dust assimilation

To further investigate the effects of powder introduction on wall conditioning and plasma performance a
series of injections were also introduced into 40-second long plasmas. The set consisted of electron
cyclotron heated hydrogen and helium plasmas into which powder is injected for up to 15s. These
extended powder introduction phases allow initial observations of true real-time wall conditioning. The
fuel gas is feedback controlled until t = 20s for He or t = 15s for H after which the gas injection is stopped
for the remainder of the discharge evolution. The entry of the powder into the plasma and its subsequent
rapid assimilation is evidenced by the sharp increase of the spectroscopic boron-V signal which quickly
reaches a quasi-static elevated level, with spike-like deviations due to the introduction of aggregate
clumps of powder. The rapid ablation and ionization of the injected material also leads to a rapid increase
in the electron density with respect to the reference discharges similar to what was observed in the
shorter discharges as described in [27]. In panel a) of figure 10 a shorter boron pulse was introduced to
allow observation of the long term effects of powder injection on the density evolution. As shown, the
overall density level is observed to sharply decrease and remain at this lower level throughout the
remainder of the discharge.



The reduction of density seen in the top panels of figure 10 is interpreted as a corresponding reduction in
the recycling level due to gettering of fuel gas by the injected boron which is being expelled from the
plasma and plating out on the walls. This behavior of the boron impurities is supported by the observation
that the boron signal level plateaus despite continuing injection for multiple seconds. The fact that we are
not seeing a ramping boron signal means that it is being exhausted and driven from the plasma. In
addition, the observation that the electron density remains lower than the reference level even to periods
long after the powder injection has completed again indicates the ability of the exhausted boron
particulates to affect the recycling through co-deposition of the main ions onto the plasma facing
components and then continue to do so in a manner consistent with the deposition of a thin gettering
layer of material reducing the influx of neutral gas from the wall.
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Figure 10 : Response of plasma evolution to extended powder injection in long pulse
discharges. Each panel shows the comparison between an IPD injection discharge in color and
the corresponding control plasma in black.

An additional observed effect, common to both the injections short and long pulse injections into LHD is
the ability of injected materials to flush higher Z impurities. As shown in the lower three plots of panels
b) and c) of figure 10, the introduction of B containing powders leads to an observed reduction of C-lll, O-
V and Fe-XVI during the period of the dropper activation. Here the spectroscopic signals of the control
plasmas without IPD injection, normalized to the electron density, are compared to the signals resulting
from plasmas which include IPD injections. Again we note a stronger effect in the low density He discharge
than was observed in the high density H discharge, consistent with the greater assimilation of material
into the plasma. However in all cases we note that the impurity level quickly returns to match the control
plasma level once the active portion of the dropper injection is stopped. This may indicate that the
introduction of the boron powder to the plasma was producing a change in transport resulting in impurity



flushing, rather than a change in the impurity source as a result of particulate wall conditioning. This does
not mean that there were no long term conditioning effects, as evidenced by the density reductions,
simply that the quantity of injected material was insufficient to provide demonstrable proof of longer
term conditioning within the single discharge.
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Figure 11 : Change in density during deuterium long pulse discharges. The three above panels
show the difference in density evolution between the control discharge and the IPD injection
discharge for three distinct auxiliary heating levels. The black dotted line is overlaid on the
density trace to illustrate the change in baseline level evolution over the period of injection.

In addition to injections into H and He long pulse discharges, a series of B powder injection was performed
into deuterium plasmas at a range of densities and input powers. These 40s plasmas were injected with
either B from 15-25s or BN from 20-30s to further explore the effects of extended injections. The three
panels of figure 11 explore the evolution of the change in density over the course of, and after the series
of injections. All discharges are supported by 2.0 MW of ICH heating along with variable steps of ECH
power. At the reduced input power (ECH = 200kW) the energy losses due to powder ionization and
assimilation can be substantial enough to result in a discharge collapse, as such the powder injection rate
must be limited. Subtracting the density of the B injection plasma from the control plasma we see that
the increase in density closely mirrors the behavior of the spectroscopic boron signal with the increase in
density being completed as the B powder injection is stopped. Thus the final density observed after the
completion of the injection is similar to the density level observed prior to the injection. This would
indicate that at this input power level and powder injection level there was not substantial wall pumping.

When the ECH auxiliary heating power is increased from 200kW to 400kW the elevated heating level
permits a greater powder introduction rate and given this we now observe the overlay of a pair of
competing behaviors similar to what was seen during the shorter discharges. As can be seen in the second



panel while the overall system density does increase over the control plasma as a result of the B injection,
if we follow the course of the plasma evolution throughout the drop period we find that this increase in
density is overlaid on a negative sloping discharge baseline, and that once the injection is concluded the
plasma now evolves from this new lowered baseline throughout the remainder of the discharge. Thus
the powder dropper is able to demonstrate a real time density control effect on long pulse plasmas.

This effect is further confirmed in the third panel of the figure set where an elevated ECH level of 800 kW,
a higher baseline density of 3.5x10*® m™ and a B introduction voltage of 3.5V lead to an even steeper
reduction of the overall plasma density. Here the powder was introduced from 22s to 27s and
demonstrates an even stronger reduction of the baseline density with the effect continuing even after the
powder cessation. This could indicate not just density control but also the beginnings of a conditioning
layer formation.

We conclude this study by observing the effects of B powder injection on extreme long pulse He plasmas
as shown in figure 12. For these discharges powder was injected starting at 110s, when the original
discharge began to exhibit loss of density control, until the conclusion of the plasma at t = 168s. As the
recycling is larger than unity the gas injection system is shuttered and the density evolution is uncontrolled.
During the powder injection discharge, density rises as new material is absorbed, but soon drops back
below the feedback setpoint due to the reduction in nominal density caused by the now enhanced wall
pumping. It is not until an additional 10s burst of fuel gas that the other discharge begins to exhibit a
similar loss of density control. In the B injection discharge there are coincident spikes visible in the plasma
density, iron impurity signature and radiated power at t = 143s just as the density starts to ramp leading
to the supposition that a piece of wall material may have entered the discharge and possibly destabilized
the plasma, an event from which the discharge was unable to completely recover.

Normalizing the spectroscopic impurity signatures to the plasma density we observe that there is a
continued reduction in oxygen impurities as a result of the boron powder injection. This is understandable
as a result of the chemical affinity of B and O. There is also a initial slight reduction in the overall iron
intensity, although the full evolutions return to a concurrent state by the end of the discharge. Helium
and carbon signatures are also observed to initially decrease mildly, however this trend is reversed during
the period of additional gas fill. Following the evolution through to the end of the discharge we note that
the carbon signature again trends downward, while the helium evolution is essentially the same as the
control discharge.
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Figure 12: Evolution of plasma parameters in extreme long pulse He discharge. The black
traces throughout the panels show evolution of a plasma without IPD injection while the blue
traces correspond to plasma responses to IPD injection. The light blue trace in the top panel is
the spectroscopic boron-V signal and denotes the period of injection. Spectroscopic traces are
normalized to the evolving averaged plasma density and scaled by unitizing the corresponding
value of the control discharge at the midpoint of the time period of interest.

The reduction in overall density observed during the initial powder injection is of interest given the helium
fill gas utilized for this particular set of discharges. We note here that when the H or D fill gas is captured
by the deposited layer it is reasonable to assume that a portion of this is due to chemical bonding due to
the natural affinity of the borate series of compounds. However such chemical formations do not occur
with a noble fill gas such as He and thus some other avenues of aggregation must be explored. Previous
LHD postmortem analysis has shown a first wall mixed material depositional coating comprised
predominantly of carbon and trace amounts of iron[22]. This amorphous nature of this layer appears to
act as an attractive trapping site for helium during long pulse discharges[44]. Thus it is possible that an
enhancement to this layer by the additional boron coating could reasonably lead to an additional adhesion
of helium to the first wall. However, this remains an open research question with future experiments

proposed to better determine the true underlying mechanism.

3.3 First wall observation of boron coating layer buildup




The evidence presented so far, while all completely consistent with the evolution of a boron layer
formation can not be said to be completely conclusive without direct observation. To assess coating
effectiveness a 316 stainless steel sample specimen was inserted from a lower vessel port to be flush with
the first wall position in section 4.5 lower port located 72 degrees toroidally apart from the point of IPD
injection. A poloidal cross-section of the LHD vacuum vessel can be drawn as a circle with diameter of
3.2m with contours removed for the helical coil grooves. For these experiments, the stainless steel
samples were located at the first wall relevant position as shown in the drawing on the left hand side of
figure 13. A single specimen was exposed to the plasma for a subset of the duration of the IPD experiments
on December 3 and 6% 2019 with the total boron quantity dropped during these experiments estimated
at about 800 mg. Another material sample was inserted prior to a standard B;Hg boronization on LHD to
provide a comparison. An analysis of the coatings on these samples was performed ex-situ using Glow
Discharge Optical Emission Spectroscopy [45]. With this method an argon glow discharge is utilized to
sputter micro-layers from the sample allowing a record of the composite depth profiles found upon these
samples to be discerned. This comparison is displayed in the graphs on the right hand side of figure 13.

For the samples shown here the depth of the layer is determined by sputtering time needed to remove
the coating. Overall layer depth is determined by shine through of the substrate, in this case Fe from the
steel, with longer times indicating thicker coatings. The indications of a boron coating on this first wall-
equivalent section is noteworthy as the injections were undertaken during operation of the LHD magnetic
fields and as such preferential transport to the divertors is expected. Evidence of material transport to
additional first wall surfaces, either through direct deposition or through a multi-step evaporation and
redeposition process is supportive of a powder injector type device being able to provide some aspect of
first wall maintenance without the need to curtail standard operational scenarios.
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Figure 13 : Diagram of the manipulator location (left) and optical emission spectroscopy readout
for specimen exposed to standard boronization and to impurity powder dropper coating(right).
Note that as the standard boronization deposits substantially more material it results in a much
thicker coating and the axes have been adjusted to reflect this.

5. SUMMARY

We report here a comprehensive study of recycling and wall conditioning response to powder injection
over multiple discharge lengths, multiple heating methods, plasma densities and fill gasses. The
demonstration of robust conditioning effects over all the parameters demonstrates that the utilization of
particulate based real time wall conditioning is a versatile tool for modifying and maintaining plasma wall
interactions. Upon first inspection these results appear to be compatible with the requirements of a real
time boronization system in a steady state device, although further research is suggested as these results
need to be confirmed for higher density plasmas with greater heating power.

The injection of boron and boron nitride powders into LHD plasmas has been observed to have beneficial
effects on the plasma material interface both in real time and cumulatively over a series of discharges.
These benefits are reported for both H and He plasmas, with the stronger results in the latter believe to
be more dependent upon overall plasma density than a species specific effect. Coupled simulations with
the EMC3-EIRENE and DUSTT codes confirm observations that with the present powder inventory and
injection location the low-density plasmas are more efficient at full material assimilation and thus results



in more uniform distribution of B atoms at the plasma facing components. As such these scenarios might
be more favorable for future conditioning type discharges with the IPD as the B impurity ions are
continually flushed from the discharge providing an effective coating mechanism.

The present limitation of powder deflection by the divertor flow can be surmounted by the utilization of
larger grain sizes within the applied powder as long as the volumetric flow rate from the IPD has been
compensated to maintain mass throughput. This can also allow conditioning injections to be undertaken
in higher density discharges where smaller particles might otherwise be fully deflected. Operations in this
regime may be more relevant for future reactor scale operations. Such experiments have been
undertaken and will be the focus of future analysis.

In addition the observed changes to the plasma density and temperature as a result of injections into
extended duration plasmas opens up the possibility of utilizing the IPD as an additional plasma control
tool for research purposes. Testing of these powder dropper feeders for extended periods in extreme
long pulse LHD discharges has also determined that the length of the injection is limited only by the
available quantity of powder. In addition the ability to generate pulses of variable length and intensity
multiple times within a discharge provides a controllability to the application of particulate material which
would be necessary if one were to utilize the dropper in a feedback control manner. This is especially
noteworthy as the world fusion program begins to explore the complex physics of long pulse discharges.
A delivery device such as the IPD could be envisioned as a method for intra-shot conditioning to allow
extreme long pulse discharges. Such conditioning would be required due to deterioration of low Z
coatings on metal walls and the resultant increase in high Z sputtering.
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