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The intense heat and energetic particle fluxes expected in ITER and future magnetic
fusion reactors pose prohibitive problems to the design, selection and maintenance
of the first wall and divertor. Micropellet injection (MPI) technologies can offer
some innovative solutions to the material and extreme heat challenges. Basic physics
of micropellet motion, ablation and interactions with high-temperature plasmas and
energetic particles are presented first. We then discuss MPI technology options and
applications. In addition to plasma diagnostic applications, controlled injection of
micropellets of different sizes, velocities and injection frequencies will offer several
possibilities: (1) better assessment of the core plasma cooling due to dust produced
in situ; (2) better understanding of the plasma–material interaction physics near the
wall; (3) new methods for plasma fuelling and impurity control; and (4) techniques
for edge cooling with minimal impact on the plasma core. Dedicated small-scale
laboratory experiments will complement major fusion experiments in development
and applications of MPI.

1. Introduction

Practical fusion energy depends on resolutions of material issues arising from
plasma–material interactions (PMIs) (Federici et al. 2001; Brooks 2002). The ITER
fusion reactor has been designed to generate a steady fusion power of 500 MW and
is expected to be the first magnetic fusion device with a fusion power gain factor
(Q) of no less than 10. In steady-state operations, about 80 % or 400 MW of the
fusion power will be carried by 14.1 MeV neutrons, which corresponds to a flux of
1.77 × 1020 s−1, and they are emitted isotropically onto the first wall. Neutron flux
may increase by a factor of 10 due to nuclear reactions within the wall (Behrisch
1991). An earlier version of the ITER first wall had a total surface area of 850 m2:
700 m2 of Be (main chamber), 100 m2 of tungsten (W) (diverter) and 50 m2 of C
(divertor strike point). More recently, a full W divertor has been adopted for its first
day of operation (Pitts et al. 2013). The steady neutron energy flux to the first wall
is therefore less than 1 MW m−2 on average, while the engineering heat load limit
is about 10 MW m−2.
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Type Energy release Time scale Frequency
(×W0)a (ms) (Hz)

ELMs (type I) 2–6 % 0.1–1 1–2
VDEs 1–10 % 300 <1
Disruptions 80–100 % 1–5 1.5–5 %b

(thermal)
Disruptions 50–70 %c 50–150 1.5–5 %b

(RE current)

TABLE 1. A summary of major transient events in magnetic fusion.
aW0 ∼ 350 MJ is the total thermal plasma energy in ITER.

bOut of the total number of discharges.
cThe plasma current corresponds to about 1 GJ of energy in ITER.

In comparison, the other 20 % or 100 MW of the power in steady operations will
be carried by the α particles. The rest of the charged particle energy is channelled
through the scrape-off layer (SOL) to the ITER divertor, which has a strike zone area
of about 10 m2. The steady-state heat-flux density is at least a factor of 10 higher to
the divertor than to the first wall.

While the steady heat flux during normal operations of ITER can be handled
by the plasma-facing components, transient heating due to natural edge-localized
modes (ELMs), disruptions and vertical displacement events (VDEs) during H-mode
operations could exceed the engineering limits and thus accelerate mass loss (Loarte
et al. 2014). When 2–6 % of the stored thermal energy (∼350 MJ in ITER) is released
in a type-I ELM event within 0.1–1 ms, as summarized in table 1, the peak power
density can exceed the ablation threshold by a factor of five (Leonard et al. 1999).
Disruptions due to global plasma instabilities can result in a quick termination of the
plasma and lead to even worse wall damage if not mitigated. Furthermore, while the
divertor damage at smaller currents may be less significant, control of W migration
from the divertor region to the core plasma in order to maintain its concentration
below 10 parts per million (ppm), or about 0.25 mg, will still be needed.

Recent experimental successes of cryogenic pellet and lithium granule injection for
heat mitigation motivate micropellet injection (MPI) technologies for heat mitigation
in ITER-like conditions. Deuterium pellet injection has successfully induced ELMs
at up to 12 times the natural frequencies in H-mode deuterium plasmas (Lang et al.
2004; Baylor et al. 2013). Lithium granule injection has also demonstrated near 100 %
efficiency in inducing ELMs (Mansfield et al. 2013). For ITER, it has been proposed
to induce ELMs at a frequency at least 30 times the natural ELM frequency (Lang
et al. 2013), or 30–40 Hz. Shattered cryogenic pellet injection is also being developed
for disruption mitigation in ITER.

One of the existing applications of MPI is an experimental study of dust dynamics,
generation, motion and destruction. We first discuss dust motion under magnetic
fusion-relevant conditions, and identify size and velocity requirements for MPI. We
then discuss micropellet destruction physics separately, since this is essential to
impurity generation due to dust ablation, diagnostics and heat mitigation. Another
possible application of MPI is to mitigate effects of energetic particles, in particular
runaway electrons during disruptions. Our discussions are based on analytical methods,
which may not be enough to interpret dust phenomena in fusion devices in detail
but sufficient to guide MPI development and experiments. In conclusion, many
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FIGURE 1. (Left) Dust of different sizes and irregular shapes collected from an arc
discharge using graphite as the cathode and a mixture of hydrogen and argon. (Right)
Another graphite electrode nearby shows redeposition of carbon.

opportunities exist for diversified MPI technologies in the ITER era. Efforts in major
fusion facilities can be supplemented by smaller scale experiments in developing
MPI.

2. Dust motion
Dust production cannot be avoided in ITER-like conditions and it is a part of PMI

physics (Federici et al. 2001; Brooks 2002). The three primary concerns with PMI
are (1) limiting lifetimes of plasma-facing components; (2) contamination of the core
plasma due to transport of wall materials into the plasma; and (3) tritium buildup in
the fusion device due to adsorption and redeposition of tritium on the wall during
deuterium–tritium (DT) operations, an issue also known as tritium retention. In situ-
produced dust can be a significant factor in all three aspects. To use MPI for dust
physics and PMI studies, it is necessary to use micropellets of similar composition,
sizes, structures and velocities.

2.1. Dust sizes
Dust-size distributions in fusion experiments are conveniently measured by collecting
samples from the experiments. We show an example from a carbon-arc discharge here
and analyse the distribution using an optical microscope and ImageJ (Fiji distribution)
in figure 1. Previous Raman measurements indicate similarities between dust produced
in a carbon arc and in the National Spherical Torus eXperiment (NSTX) (Raitses et al.
2008).

Two models are used to describe the size distribution in figure 2, a power-law model
and an exponential-law model,

nd = n0(r/r0)
−α (2.1)

and
nd = n0 exp[−(r/r0)

β]. (2.2)
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FIGURE 2. Dust-size distribution from a carbon-arc discharge. The number of dust
particles increases rapidly as the size decreases, consistent with in situ measurements
(Voinier et al. 2005).

For the stainless steel (SS) collector, the two models gives slightly different fits to the
data. The fitting power in (2.1) is α= 1.89. In the exponential model (2.2), β = 0.331.
For the C-redeposit sample, the fitting power is α= 1.63. The exponential model gives
a better fit with β = 0.564.

2.2. Dust velocities

For dust with a small initial velocity (∼ a few m s−1), it can be accelerated by ion-
drag forces in fusion plasmas at the edge as well as inside the edge pedestal. Due
to ablation, the dust motion can be quite complicated (Pigarov et al. 2005; Wang
et al. 2008; Bacharis et al. 2010; Krasheninnikov et al. 2011; Ratynskaia et al. 2013).
We shall only estimate the magnitude of velocities for MPI development. When the
dust velocity (ud) is small compared with plasma flow (ui), the force on the dust is
approximately (Baines et al. 1965; Ticos et al. 2006a)

F= 2πr2
dkT

∑
i

ni
s3

i

si
. (2.3)

The sum is for different ion species. The normalized relative velocity si= (ui− ud)/vi
is the ion flow (ui) relative to the dust motion, with the normalization vi=√2kT/mi. It
is interesting to estimate how fast dust can be accelerated by ion-drag force in fusion
plasmas. For a constant ion drag and initial dust velocity ud ∼ 0, (2.3) gives

s(t)= 1
t
τ0
+ 1

s0

, (2.4)
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FIGURE 3. Entrain time τ0 as a function of deuterium plasma density and temperature
for carbon dust of 1 µm in radius. Dust granules are unlikely to approach plasma flow
velocities in the km s−1 range.

where the characteristic time τ0 is given by

τ0 = mdvi

2πr2
dkTn

. (2.5)

As expected, for the same dust size, higher density W particles take longer to
be accelerated to the same speed than lower density particles of Be or C. τ0 for
fusion-relevant conditions is illustrated in figure 3 for carbon dust, which is in the
hundreds of ms to tens of seconds range. Extrapolations to other materials and plasma
conditions are possible using (2.5). When a dust grain moves for a distance L in the
fusion plasma, it will reach a velocity ud given by

ud ∼
√

2Lvi

τ0
, (2.6)

assuming the plasma flow is of the same order as the thermal velocity vi. An example
is shown in figure 4. Tens of m s−1 to hundreds of m s−1 is even possible depending
on the dust mass and size.

3. Dust and micropellet destruction
A comprehensive model for dust and micropellet destruction due to evaporation

and ablation in fusion plasmas is beyond the scope of this work. Numerical studies
can be found for example in (Pigarov et al. 2005; Smirnov et al. 2007; Bacharis
et al. 2010). Here we only discuss the simple case when the equations for dust or
micropellet mass and transport are mutually independent. Dust or micropellets also
move along straight-line trajectories at a constant velocity (ud). The dust destruction
depends on a single geometrical parameter (radius of the dust, rd) and assumes

https://doi.org/10.1017/S0022377816000404 Published online by Cambridge University Press

https://doi.org/10.1017/S0022377816000404


6 Z. Wang, R. Lunsford, D. K. Mansfield and J. H. Nichols

FIGURE 4. Expected dust velocity as a function of acceleration distance due to ion-drag
force – carbon dust (10 µm in radius). The deuterium plasma density is 1019 m−3.

spherical symmetry. We also assume single-temperature single-density (Maxwellian)
distributions for plasma ions and electrons. The dust density is assumed to be low
so that ‘mutual shielding effects’ are neglected. Experiments involving large pellets
indicated that ablation is not spherically symmetric. The non-Maxwellian electron and
ion distributions due to heating can enhance ablation significantly.

3.1. Ablation model
The ablation equation is

1
M0

dmd

dt
=−AdΓ

∞fs

E0
, (3.1)

which for a spherical micropellet may be rewritten as

drd

dt
=−fsca. (3.2)

md, Ad, ρd and rd are the dust or micropellet mass, surface area, mass density
and radius, respectively. M0 is the mass of individual atoms/molecules. E0, the
evaporation/sublimation energy per atom/molecule, is listed in table 2 for several
materials. We introduce a characteristic ablation speed ca that satisfies

ca ≡ M0

ρ0

Γ ∞

E0
. (3.3)

The heat flux at far away from the dust Γ ∞=∑j Γ
∞

j is the sum of the thermal fluxes
of electrons and ions. Γ ∞j =njv̄j(2kTj)/4 and v̄j=

√
8kTj/πmj with corresponding mass

(mj), temperature (Tj) and density (nj) for ions and electrons, respectively. fs is the
heat flux shielding factor. If 0< fs < 1, the heat flux is reduced due to ablation cloud
shielding and dust charging and other secondary effects. If fs > 1, the heat flux is
enhanced due to dust–plasma interactions.
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Material Densitya E0
b Evap. temp., T0 Pre-ablation, E1

c

(g cm−3) (eV) (K) (eV)

Li 0.512 1.41 1603 0.41
Be 1.69 3.03 3243 0.98
B 2.08 5.27 4200 1.66
C 2.27 6.28 3915d 0.94–1.53
W 17.6 8.02 6203 2.98–3.73

TABLE 2. Material properties for ablation models.
aLiquid density or solid density when sublimates.

bBased on evaporation/sublimation energy. For carbon, the value of 589 kJ mol−1 comes
from Doehaerd et al. (1952).

cPer atom.
dSublimation temperature.

3.2. Pre-ablation phase
As recognized in Kuteev et al. (1984), there is a pre-ablation phase for most non-
cryogenic materials before evaporation and sublimation begin. We compiled a material
property table based on Wikipedia and NIST condensed phase thermochemistry data
(NIST 2016), shown in table 2. The pre-ablation energy per atom (E1) is the mean
energy that each atom will gain before evaporation or sublimation begins. Another
way to estimate E1 is to subtract the evaporation/sublimation energy (E0) from the
surface bonding energy of the atoms to the solid.

In the pre-ablation phase, dmd/dt ∼ 0. We may calculate the ability of dust and
micropellets to penetrate through edge plasma and cross the separatrix as a function
of size and velocity without losing any mass. We assume a constant plasma density
of 1019 m−3 and temperature profiles Te(z)= Ti(z)= Ta+ (Tb− Ta)z/z0, where Ta= 10
eV and Tb = 200 eV. z= 0 corresponds to the wall position. z0 = 10 cm is the width
of the SOL.

The electron and ion heating rates, Γe and Γi, can be related to the electron and
ion currents (Ie and Ii) for Maxwellian distributions of electrons and ions,

Γe =− Ie

e
2kTe, Γi = Ii

Zie
2kTi − Zieφd

1− Zieφd/kTi
, (3.4a,b)

with −Ie = Ii, the vanishing current condition. The following assumptions are made:
the sticking coefficients of electrons and ions on the dust are one, independent of their
energies. The thermionic and secondary electron emissions, as well as radiative heating
and cooling, are negligible. The vanishing current condition is used to find φd self-
consistently through

v̄e exp
eφd

kTe
= v̄i

(
1− Zieφd

kTi

)
. (3.5)

For Ti = Te = T and Zi = 1 (hydrogen and deuterium plasmas), the ratio eφd/kT is
independent of T and has the value of –2.504 and –2.776 for hydrogen and deuterium
plasma, respectively.

For an SOL of width L0, the dust penetration without evaporation gives the
minimum dust velocity required before ablation starts,

umin
d =

∫ L0

0
dz
Γe + Γi

NdE1
, (3.6)
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FIGURE 5. Minimum dust velocity required to penetrate a ‘model’ edge plasma with a
constant density of 1019 m−3 and a linear variation of temperature from 10 to 200 eV.
The same pre-ablation model can be applied to other realistic edge-plasma scenarios.

where the integration is along the trajectory of the dust. Nd is the initial number of
atoms/molecules contained in the dust and E1 is given in table 2. umin

d for several
materials are shown in figure 5.

3.3. The shielding factor fs and surface neutral density nsurf

In the ‘small’ or orbital motion limit (OML), the shielding factor fs for Maxwellian
distributions (Ti = Te = T) can also be calculated as

fs = Γe + Γi

Γ ∞
= v̄e

v̄e + v̄i
exp

(
eφd

kT

)
+ v̄i

v̄e + v̄i

(
1− eφd

2kT

)
. (3.7)

The temperature dependence cancels out for Ti = Te = T , which yields fs = 0.134 and
0.102 for hydrogen and deuterium plasmas and the self-consistent eφd as given above.
fs as a function of eφd is shown in figure 6.

For sufficiently large dust, fs < 1 due to the shielding of the ablation cloud, which
consists of neutral atoms and so-called ‘secondary’ plasma. Ionization of the neutral
atoms gives rise to the secondary plasma, to distinguish it from the surrounding
plasma or the ‘primary’ plasma. The shielding of the cloud is not effective when the
condition ∫ ∞

rd

drn0(r, rd)M0 6 ρ0Re (3.8)

is met. The left-hand side is the areal density of the neutral-atom cloud. Re on the
right-hand side is the electron range in the cloud corresponding to a density ρ0. The
product ρ0Re is a material property. The neutral density n0(r, rd) is given by

n0(r, rd)= nsurf (r′d) exp
(
−r− r′d

Λe

)
, (3.9)
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FIGURE 6. Shielding factor ( fs) as a function of dust potential φd (normalized to plasma
temperature T).

where Λe = u0/(ne〈σi0ve〉) is the neutral ionization mean free path, ne the electron
density and 〈σive〉 the average ionization rate coefficient. u0 is the speed of the neutrals
leaving the dust surface and it remains constant until they collide with another atom
or heavy ion. Electrons are too light to deflect the neutrals. Here we introduce a new
variable nsurf (rd), which is the surface neutral density when the dust is at radius rd. r′d
is related to the instantaneous radius rd through a time delay δt as

δt= r− r′d
u0
=
∫ r′d

rd

ds
1

fsca
(3.10)

based on the ablation (3.2) and (3.3) for ca. Assuming that fs remains constant for
the period when the dust or micropellet shrinks from a size r′d to rd, solution of
equation (3.10) for r′d gives

r′d =
fscar+ u0rd

u0 + fsca
, r > rd. (3.11)

From neutral particle flux conservation, the surface density nsurf (rd) is given by

nsurf (rd)= Γ
∞fs

E0u0
= ρ0

M0

fsca

u0
. (3.12)

The neutral atoms expand thermally at the evaporation temperature with a radial
velocity of up to u0=√2kT0/3M0. Here the factor 3 takes into account that the total
thermal energy kT0 from evaporation is equally shared among the three degrees of
freedom. The transition radius as a function of nsurf (rd) has been calculated for Li
and C in figure 7.
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FIGURE 7. Transition dust radius as a function of the surface neutral density (nsurf ) for
Li and C spheres. N0 = 2.69 × 1019 m−3 (the ideal gas density at STP). The plasma is
assumed to be at 100 eV with a density of 1019 m−3.

4. Stopping of energetic particles
Energetic ions in magnetic fusion plasmas come from fusion reaction as well

as ion heating. Energetic electrons come from heating and runaway processes.
Runaway electrons (REs) are generated through Dreicer acceleration and avalanche
(multiplication) (Rosenbluth & Putvinski 1997). We can compare the ion stopping
and energetic electron stopping in materials. Figure 8 shows the energetic ion (p and
α) ranges in different materials using SRIM. The results show that energetic ions
expected in magnetic fusion can be readily stopped by individual micropellets in
10–100 µm, while REs will take at least hundreds of micropellets with a medium
atomic number (Zm), as shown in figure 9.

5. Experimental aspects of MPI
Application of hypervelocity dust injection to high-temperature plasma diagnostics

was discussed previously (Wang & Wurden 2003, 2004; Wang et al. 2007; Ticos et al.
2008). The latest progress in using pellets of different sizes and materials for ELM
pacing and the proposed shattered pellet injection (SPI) for ITER disruption mitigation
(Baylor et al. 2009) indicate broader roles for high-speed (>0.5 km s−1) micropellet
injection to control the transient heat flux and possibly to provide stellarator core
fuelling. In addition to injection speed, the abilities to cover a wider range of
mass-injection rates, frequencies and material choices are areas of interest (Loarte
et al. 2014). Mass-injection methods are currently developed in parallel with externally
applied non-axisymmetric or ‘three-dimensional’ magnetic perturbations (Schaffer
et al. 2008; Canik et al. 2010).

5.1. Granule dropper experiments in NSTX
A compact piezoelectrically actuated granule dropper has enabled several successful
injections of both low-Z (Li) and high-Z (W) dust into tokamaks (Mansfield et al.
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FIGURE 8. SRIM predictions of energetic ion (3 MeV p and 3.5 MeV α) stopping in
matter. The results indicate that individual dust grains of the order of 100 µm in radius
are sufficient to stop MeV ions.

FIGURE 9. Continuous slowing down approximation (CSDA) ranges of energetic electrons
in matter. The results indicate that individual dust grains are not sufficient to stop 10–20
MeV electrons, which are expected during ITER-like disruptions. A thick cloud with
equivalent matter thickness of the order of 1–10 cm would be needed for medium-Z
materials.

2013). By varying the amplitude of the piezoelectric oscillation at a resonance around
2 kHz, the dropper provided a regulated mass injection which was rapidly aerosolized
as it impacted the edge plasma. Commercial spherical Li powder with a 44 µm
average diameter was stabilized against reaction with air by a 30 nm thick mantle
of Li2CO3. When dust particles were gravitationally accelerated, their velocities were
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around 3 m s−1. When used in conjunction with a mechanical propeller, granule
velocities of up to tens of m s−1 have been achieved. In long-pulse tokamaks, the
dust dropper has shown the ability to reliably provide real-time Li injection rates
between 1 and 120 mg s−1 for periods of up to 30 s (Hu et al. 2014).

The three-dimensional motion of lithium dust in NSTX was tracked using two
toroidally separated fast visible cameras (Nichols et al. 2011). Between 10 and
250 mg of Li dust were dropped into H-mode discharges with neutral beam heating
power of 2–6 MW, plasma current (Ip) 0.9 MA and discharge duration 1.0–1.3 s.
While a statistically representative sample could not be obtained, it was clear that most
(∼90 %) dust particles drifted perpendicular to field lines, while a smaller (∼10 %)
population accelerated along field lines and an even smaller (<1 %) population
changed direction mid-flight. Even at the highest injection rates, no Li dust particles
were observed to cross the separatrix. Additionally, no discharges were lost to
disruptions due to the injection of Li dust, and in some cases the introduction of Li
dust improved confinement.

In the case of W injection, an approximate rate of 3 mg s−1 was achieved for the
duration of a 700 ms NSTX discharge (Clementson et al. 2010). In that case, the W
particles took the form of irregularly shaped crystals with 5 µm average diameter and
maximum dimension of 10 µm. W dust trajectories were also obtained, but they are
not directly comparable to Li trajectories because NSTX was operating with a reversed
toroidal field at the time. Significant W radiation was observed in the core during the
dust injection, and W dust appeared to have crossed the separatrix, but nevertheless
the discharge did not disrupt. Furthermore, during the subsequent discharges with no
W injection, there was no spectroscopic evidence of W residue in the core, indicating
that injected W particles had been pumped away or deposited on a plasma-facing
component (PFC) surface.

5.2. MPI technologies
In addition to gas injection and pellet injectors based on high-pressure gas acceleration,
several mass-injection technologies are shown in figure 10 in the velocity versus
radius plot. The velocity scales with radius as ud ∝ r−1

d because of the fact that the
forces of acceleration are proportional to r2

d while the mass scales with radius as
md ∝ r3

d. In comparison with fuelling pellets moving at several hundred m s−1, higher
speeds and smaller masses can be advantageous for many applications (Plöckl et al.
2011). Blower guns, centrifuge launchers (IPP 0000) and rail guns are some other
possibilities for larger mass. Supersonic molecular beam injectors are examples for
smaller mass (Xiao et al. 2012).

5.3. Materials of interest
For PMI research, it is useful to examine dust transport of carbon, Be, W and
compounds of these first wall/divertor materials. For ELM pacing and disruption
mitigation, additional low-Z (Li and LiD for example) and high-Z materials should
be examined. Material selection is also constrained by availability, safety (fire hazard
and health hazard) and the method of injection.

Recent induced ELM pacing experiments with conventional cryogenic pellets in
DIII-D as well as room-temperature lithium granule injection in EAST (Wu 2007)
have motivated further ELM pacing studies (Baylor et al. 2013; Mansfield et al.
2013). In NSTX-U (U for ‘upgrade’ that just finished recently), for example, both
boron carbide splinter powder and vitreous carbon microspheres have undergone

https://doi.org/10.1017/S0022377816000404 Published online by Cambridge University Press

https://doi.org/10.1017/S0022377816000404


Micropellet injection for fusion 13

FIGURE 10. A comparison of different mass-injection technologies. Along the lowest
slanted line from the top to the bottom are an electrostatic dust accelerator (Shu et al.
2012), a plasma-drag accelerator (Ticos et al. 2006b) and a mechanical lithium propeller
(Mansfield et al. 2013). Along the slanted line above is a two-stage gas gun (Physics
Applications Inc. 0000). No technology exists today along the top slanted line.

laboratory testing in preparation for the upcoming run campaign. Both granule types
were impurity assayed by Evans Analytical Group (EAG) utilizing glow-discharge
mass spectroscopy. While the carbon microspheres were found to be of high purity
(99.9 %+) the boron carbide splinter powders were found to contain fractional
percentages of the impurities Si and Fe at the 0.57 % and 0.15 % levels, respectively.
The carbon and boron carbide granules have been grouped into three average
sizes of 300, 600 and 900 µm. It is anticipated that 50–100 Hz injection of these
microgranules into the edge of NSTX-U plasmas will accelerate the frequency of
ELMs and thereby reduce the peak heat load to the divertor.

5.4. Possible new experiments
Extensive laboratory experiments will be needed to develop MPI technologies for
various applications. Major fusion experiments such as NSTX-U, DIII-D, JET, W7-X
(Beidler et al. 1990), EAST and others can be complemented by smaller scale
laboratory experiments, which allow better access for systematic examination of MPI
physics and technology. Several facilities in the USA, shown in table 3, are used as
illustrations here. The Hybrid Illinois Device for Research and Applications (HIDRA)
facility (Andruczyk et al. 2015) allows dust transport and ablation research. The
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Facility Geometry Density Magnetic field Hot ions
(m−3) (T) (eV)

HIDRA Toroidal 1017–1018 0.5 6200
MDPX Cylindrical 1015–1016 >3 <1
MPEX Linear 1019–1021 1 620
NSTX-U Toroidal 1019–1020 1 >103

TABLE 3. Possible facilities for new micropellet injection experiments and development.

Magnetized Dusty Plasma eXperiment (MDPX) (Thomas et al. 2015) permits dust
charging at elevated temperatures and dust generation. The Material Plasma Exposure
eXperiment (MPEX) (Rapp et al. 2013) allows examination of dust dynamics and
erosions in divertor-like conditions.

6. Conclusion

Plasma–material interactions in the ITER era give rise to new challenges and
opportunities for micropellet injection (MPI) technology, extending its existing usages
as a tool to understand dust dynamics and plasma diagnostics in magnetic fusion.
A variety of MPI technologies that differ in the amount of mass delivery, material
type (Z), injection velocity and injection frequency can find applications in heat
mitigation (ELM pacing and disruption mitigation, for example), energetic particle
mitigation, plasma diagnostics, dust studies and fuelling. New experimental facilities
such as MDPX, HIDRA and MPEX complement the major fusion experiments for
MPI development.
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