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Abstract. Experiments with low-Z powder injection in DIII-D high confinement
discharges demonstrated increased divertor dissipation and detachment while
maintaining good core energy confinement. Lithium (Li), boron (B), and boron
nitride (BN) powders were injected in H-mode plasmas (Ip =1 MA, Bt =2 T,
PNB =6 MW, ⟨ne⟩ = 3.6− 5.0 · 1019 m−3) into the upper small-angle slot (SAS)
divertor for 2-s intervals at constant rates of 3-204 mg/s.

The multi-species BN powders at a rate of 54 mg/s showed the most
substantial increase in divertor neutral compression by more than an order of
magnitude and lasting detachment with minor degradation of the stored magnetic
energy Wmhd by 5%. Rates of 204 mg/s of boron nitride powder further reduce
ELM-fluxes on the divertor but also cause a drop in confinement performance by
24% due to the onset of an n = 2 tearing mode.

The application of powders also showed a substantial improvement of wall
conditions manifesting in reduced wall fueling source and intrinsic carbon and
oxygen content in response to the cumulative injection of non-recycling materials.

The results suggest that low-Z powder injection, including mixed
element compounds, is a promising new core-edge compatible technique that
simultaneously enables divertor detachment and improves wall conditions during
high confinement operation.

Keywords: divertor power exhaust, dust injection, wall conditioning, detachment,
powder injection, impurity seeding, core-edge integration
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1. Introduction

Present plasma-facing component (PFCs) materials
cannot withstand continous heat fluxes above 10
MW/m2 predicted for the next step large-scale fusion
reactors such as ITER [1] or a projected future US
fusion pilot plant [2]. Currently, tungsten is the high Z
material choice for the ITER divertor, and recent and
future world-leading reactor experiments [3, 4].

Dissipation and spreading of heat fluxes by
isotropic low-Z impurity line emission are promising
techniques to prevent melting and damage and extend
the lifetime of the exposed wall materials. But
overheating of PFCs cannot be avoided in high-Z,
all-metal devices due to the lack of intrinsic low-
Z impurity radiation. Therefore, low-Z impurities
are injected in gaseous form to enhance divertor
radiation or create a radiative mantle surrounding
the hot core plasma [5]. Impurity gas seeding has
been developed and extensively investigated, e.g. at
the tokamaks TEXTOR[6], JET[5], Alcator C-Mod[7],
ASDEX Upgrade [8], DIII-D [9], EAST [10], the
heliotron LHD [11], and more recently at the stellarator
W7-X [12].

The radiative power losses by low-Z impurities
reduce the temperature and sputtering in the divertor.
Plasma recombination sets on at temperatures below 1
eV and creates a protective neutral gas cushion in front
of the targets, protecting against incoming heat and
particle fluxes. In such a regime, the plasma boundary
is removed from the divertor targets, and erosion and
sputtering processes are substantially suppressed. This
state is called plasma detachment [13, 14].

The radiative mantle and divertor dissipation
approach aim to prevent damage and wear of main
plasma-facing components to enable safe long-pulse
operation. The ideal solution must be core-edge
compatible, i.e., power losses in the boundary and
divertor plasma must not have a detrimental impact
on the high-performance core plasma.

Nitrogen gas is widely used for divertor dissipation
since it effectively cools the plasma boundary. How-
ever, nitrogen is of concern in a reactor environment
due to the production of tritiated ammonia (NT3),
which contaminate the uranium beds of the ITER tri-
tium plant [15, 16]. Neon is of interest because it is
a non-reactive high-recycling noble gas well suited for
radiative mantle power exhaust. The choice of gases
is eventually determined by their radiation character-
istics and may be limited by chemistry [17, 18].

Numerical studies have suggested that alternative
impurities such as boron (B) deserve consideration
for radiative dissipation as well [19, 20]. However,
boron delivery in gaseous form requires toxic or
explosive gases like diborane (B2D6) or strongly diluted
compounds such as trimethyl borane (C3D9B).

Lithium is under strong consideration as a liquid
metal wall candidate potentially allowing to spread and
conduct heat efficiently and safely away [21, 22, 23]. It
is also promising for effective power dissipation using
a particular lithium vapor box divertor design [24, 25].

More recently, the injection of low-Z solid
materials in powder, dust or small granule form was
introduced as a novel technique for various real-time
applications. First applications focused on disruption
mitigation [26], real-time wall conditioning [27, 28,
29, 30], mitigation of edge localized modes (ELMs)
[31, 32], and enhancement of confinement properties
[33, 34] which have been demonstrated with boron,
boron nitride (BN), and lithium powders at T-10, DIII-
D, EAST, ASDEX Upgrade, KSTAR, LHD, and W7-
X.

Real-time powder injection provides easier access
to a more extensive range of impurity species used
for dissipative power exhaust. It facilitates the use
of boron and lithium and multi-species mixtures such
as boron nitride. In addition, it generally delivers
impurities in higher purity without the bonding to fuel
and other unwanted contaminants, as in the case of
molecular gases.

In the present paper, first-time experiments at
the DIII-D tokamak are presented where enhancement
of divertor radiation was achieved during H-mode by
injecting lithium, boron, and boron nitride powders
into the upper closed small angle slot divertor.
The closed divertor geometry generally facilitates the
dissipation of heat and particle fluxes due to inherently
better neutral compression [35, 36, 37, 38, 39].

2. Setup of low-Z powder injection in DIII-D
high confinement plasmas

2.1. The upper single null H-mode target plasma

The experiments discussed in the following were
conducted in upper-single null ELMy H-mode in
standard and reversed toroidal field field (Bt) direction
(Ip = 1.0 MA, Bt = 2 T, PNB = 6 MW, βn = 2.0,
fELM = 80 Hz, ne = 3.6 − 5.0·1019 m−3). The
outer strike point (OSP) is positioned in the small-
angle slot divertor. In this configuration, the ion
grad-B (B × ∇B) drift direction points away from
(into) the SAS divertor in case of standard (reversed)
toroidal Bt direction. Figure 1(a) shows the magnetic
equilibrium, the location of the OSP at the SAS target,
the powder injection location (green arrow), and the
vertical camera view (DiMES TV [40]). The SAS
geometry, the array of Langmuir probes (LP), the
position of pressure gauges (PG), and the injection
location of the impurity powder dropper (IPD) are
shown in figure 1(b) in more detail. More properties
of the SAS divertor are reported in [36, 35, 41].
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Figure 1. (a) Magnetic equilibrium and of upper single null
H-mode scenarios. The arrow indicates the powder injection
location in the small-angle slot divertor (SAS). (b) Langmuir
probes and pressure gauges, impurity powder dropping location
in the SAS divertor. (c) Cooling potentials LZ for lithium,
boron, carbon, nitrogen, and neon.

2.2. Low-Z impurity powder injection

The species-dependent cooling behavior of different
elements used in radiative dissipation experiments is
usually expressed by their radiation potential LZ . It
describes the cooling efficiency as a function of electron
temperature. It is shown in figure 1(c) for boron,
carbon, nitrogen, neon, and lithium, which entail the
elements used in powder form in the present study
(B, Li, BN) or conventional radiative power exhaust
experiments (C, N, Ne). The total line emission has
been calculated with atomic data from ADAS [42].
Boron shows for LZ a maximum at 5 eV while lithium
reaches its maximum at about 50 eV corresponding
to far and near scrape-off layer (SOL) temperatures,
respectively. Nitrogen shows peak radiation in between
at 25 eV. The radiation potentials suggest that B, N,
C causes power losses mainly in the SOL, while Li
and Ne may radiate in the near SOL and around the
separatrix. Yet, Li also has a secondary peak at one eV
and causes additional radiative losses near the target
of detached plasmas.

The impurity powder dropper (IPD) [43] is
mounted at the top of the DIII-D tokamak device at
a toroidal angle of 195o. The radial drop location
is R = 1.484 m. It has four reservoirs filled with
different types of impurity powders. Impurity powders
were dropped directly into the OSP region through

Figure 2. Vertical bottom-up view into closed divertor by
visible camera (figure 1(a)) imaging (a) prior and (b) during
boron nitride powder injection. The toroidal field direction (Bt),
low field side (LFS), and high field side (HFS) are marked. The
dashed line marks the position of the small angle slot (SAS)
divertor. The bright emission belts and spots represent boundary
emission from plasma-wall interactions and hot spot spots.

a tube of 2 m length into the SAS. The powder
particles reach velocities of 5 − 6 m/s upon divertor
entrance due to acceleration by gravitational force.
The time delay between actuation and impact on
the divertor plasma with the current DIII-D setup
is typically 900 ms, whereas impurity gas feedback
allows response within 100 ms. The divertor Langmuir
probes and pressure gauge are used to characterize the
divertor plasma. Additionally, vertical and tangential
camera diagnostics measure visible and filtered line
integrated brightness of different charge states of
injected impurities [44, 40].

Impurities introduced in powder form do not
immediately contribute to radiative losses. First,
the macroscopic dust particles must undergo ablation,
depending on the powder particle size and the
sublimation energies. For example, lithium and boron
nitride powders were of relatively fine size (40 and 65
µm), while the boron powder used consists of relatively
large sizes (150 µm). Therefore, faster ablation is
expected for lithium with sublimation energy of 19.59
J/mg while it is higher for boron with 46.98 J/mg.

3. Control of plasma-wall interactions with
low-Z powder injection

3.1. Cooling of the plasma boundary with lithium and
boron powders

In a sequence of experiments, boron, boron nitride,
and lithium were injected in powder form in H-mode.
The low-Z powders were released into the divertor
plasma at 2.9 s. Mass flow rates of 3-204 mg/s were
determined with a flow meter [43] corresponding to
atomic rates of 0.2− 5.4 · 1021 atoms

s .
A bottom-up camera view (figure 1(a)) was used

to capture the visible emission from plasma-wall
interactions on the high field side (HFS) and low field
side (LFS) plasma-facing components. The emission is
shown in figure 2(a) before and (b) during BN powder
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injection of experiments conducted in the standard
configuration with the ion grad-B drift pointing out
of the upper SAS divertor. Before powder injection,
bright emission was present at and near the outer and
inner strike lines and the recycling regions (figure 2(a)).
Also, a hot spot was detected on the low field side at
a leading tile edge. The strong boundary emission at
the low and high field sides results from neutral Dα

and intrinsic impurities sputtered from the plasma-
facing components. During injection of BN powder
(≥ 200 mg/s), boundary emission and hot spot were
suppressed (figure 2(b)).

During experiments with lithium and boron
powder injections (3-35 mg/s), components of the
spatial emission distributions are captured with the
tangential camera. The camera filters extract Li II
at 546 nm and B II at 410 nm, which are the only
proxies for the spatial distribution of B and Li radiative
power losses at this point. Since Dδ and C III emit
within the band-pass of the filter used to image boron
emission, background emission before boron injection
was subtracted from the camera images. However,
some residual contamination might remain due to
a change of emissivity resulting from local cooling
from the injected powder. The spatial brightness
distributions are shown in figure 3 for single ionized
lithium (a) and boron (b) at times during the injection,
i.e., 5444 ms and 4258 ms, respectively. Vertical blue
and green dashed lines in figure 3(a) and (b) indicate
the innermost radial extend of the B II and Li II
radiation zones. The Li II radiation is concentrated
along the outer divertor leg, extending from the SAS
volume to the X-point. The B II emission shows a
different distribution. It shows stronger brightness in
a layer close to the PFCs and extends in the radial
direction outwards near the targets. There is almost
no overlap in the spatial distributions between the Li II
and B II radiation in the radial direction. The distinct
features of the emission distribution of Li and B are
consistent with the temperature dependency of the
cooling potentials shown in figure 1(c). Boron cools the
SOL while lithium causes temperature reduction in the
vicinity of the separatrix. Unfortunately, during these
first-time experiments, matching the powder flow rates
between different species was not possible due to a lack
of fine control. However, the results show substantial
cooling of the divertor plasma with 3.3 mg/s lithium
and 35 mg/s boron powder injection.

The time traces shown in figure 3(c-i) show a
comparison of two representative H-mode plasmas with
lithium and boron powder injections. The Li II and B
II line emissivities begin to increase when the powder
reaches the plasma after 3 seconds. The line averaged
density remains almost stable, slightly increasing by
5% during lithium injection and dropping by 8% during

Figure 3. Line emissivities for (a) Li II (546 nm) and (b)
B II (410 nm) were observed with tangential cameras. Vertical
dashed lines indicate the innermost radial extend of the B II and
Li II radiation zones. Time traces of (c) spectral line emissivities
of Li II (546 nm) and B II (608 nm), (d) line averaged electron
density, (e) stored magnetic energy WMHD, (f) effective charge
(Zeff), (g) neutral compression (ratio of divertor-to-midplane
pressure), (h) peak divertor parallel heat flux q∥,div , and (i) peak
divertor electron temperature Te,div . Lithium and boron powder
injections start at ≈ 2.9 seconds.

boron injection. Zeff remains constant in the case of
Li but increases from 1.8 to 2.4 during B injection.
The stored magnetic energy reduces by 5% in the
case of Li. In the case of boron injection, a rate of
35 mg/s eventually triggers a n = 2 tearing mode
which reduces stored magnetic energy by 14% after
3.5 s. Dilution effects are also estimated by measuring
the rate of neutrons produced by deuterium-deuterium
collisions during neutral beam injection. The measured
neutron rates are related to the expected neutron
emission based on a zero-dimensional calculation that
includes the carbon density as the only impurity source
[45] which allows estimating the dilution effects of
injected impurities. The neutron rates prior to powder
injection are 0.8− 1.1× 1015 n/s, while it is estimated
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that dilution of the plasma with lithium and boron
impurities causes a reduction of maximum 10% and
25%. The neutral compression shown in figure 3(g)
is defined as the ratio of divertor neutral pressure
to main chamber pressure (measured at the outboard
midplane). The divertor neutral gas pressure increases
from 0.3 mtorr to 0.9 mtorr in the case of Li but
only to 0.5 mtorr in the case of B injection. The
divertor neutral compression increases by a factor of
3 and 1.5 following the lithium and boron powder
injections. The peak electron temperatures and peak
parallel heat fluxes measured with divertor Langmuir
probes are shown in figure 3(h,i) reduce substantially
after powder injection. In the case of low-rate Li
powder injection, the peak electron temperature and
heat flux are reduced by 12 eV and 10 MW/m2,
respectively. A medium rate of B results in a reduction
by 20 eV and heat flux detachment. At these relatively
low rates, Li enhances the particle flux and density at
the peak location contributing to a partial recovery of
the parallel heat flux. On the other hand, the boron
powder also reduces divertor particle flux and densities.

The results for B and Li powder injection
show that core-edge compatibility may require some
optimization of the divertor scenario in the future.

3.2. Sustained divertor detachment and strong neutral
compression with boron nitride powder

More substantial injection with boron nitride at
rates of 54 mg/s and above in configurations with
ion B × ∇B drift directed into the upper SAS
divertor resulted in detachment and strong neutral
compression. Figure 4(a-h) shows the time traces of
line averaged density, stored magnetic energy, effective
charge state Zeff , divertor neutral compression,
neutral deuterium emission in the divertor Dα and
the divertor peak parallel heat fluxes and electron
temperatures in the divertor. Divertor heat fluxes and
temperature rapidly decrease and remain suppressed
during BN injection. The increase in divertor neutral
gas compression by more than one order of magnitude
means a substantial contribution to dissipation by ion-
neutral friction forces in the small-angle slot divertor.
TheDα emission shows that ELM-fluxes in the divertor
reduce in frequency for 54 mg/s and further reduce
in amplitude at a very high rate of 204 mg/s due to
dissipation. The effective charge Zeff increases from
base level by 0.8 to 2.3 while the stored magnetic
energy Wmhd drops from 0.7 MJ by 5% during 54
mg/s BN injection. At the high rate of 204 mg/s,
energy confinement drops by 24% due to an n = 2
tearing mode triggered after 3.8 s and Zeff increases
to 4.5. Using the approach mentioned above, the rate
of neutrons reduces by up to 28%-38% at higher BN
powder injection rates (54-204 mg/s) due to dilution

Figure 4. Time traces for boron nitride (BN) at high injection
rates of 54 mg/s (black) and 204 mg/s (red). (a) line averaged
electron density (b) stored magnetic energy Wmhd, (c) effective
charge Zeff , (d) divertor neutral compression, (e, f) divertor
neutral emission Dα, (g) peak divertor parallel heat flux q∥,div ,
and (h) peak divertor electron temperature Te,div . The powder
injection starts at ≈ 2.9 seconds.

effects on the core plasma.
The rate of neutrons produced during deuterium-

deuterium collisions during neutral beam injection
has dropped to 62% of the initial level (8.8 · 1014
n/s) at 4.5 s due to dilution effects on the core
plasma during moderate and high BN injection (54-
204 mg/s). However, the neutron rates (up to 1 ·
1015 n/s) were maintained without or with only more
minor losses during other scenarios with low-Z powder
injection. Therefore, it is suggested that the core-
edge compatibility can be optimized by modifying the
injection rates and powder mix for a specific plasma
scenario.

3.3. Improving wall conditions

Successive powder injections into the upper divertor
during these experiments resulted in a significant
improvement of wall conditions similar to experiments
in lower single null with injection into the plasma
crown reported in [28]. The strongest effects of wall
conditioning were measured during the first sequence
of experiments with boron powder injection. In figure
5, the time traces of (a) Dα, (b) main chamber neutral
pressure pmid, (c) C IV and (d) O IV are shown
for the initial L-mode phase (< 1.6 s) for the first
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Figure 5. Change in wall conditioning before and after
boron powder injection represented by time traces of (a) Dα

line emission in the divertor, (b) main chamber neutral pressure
pmid measured at the midplane, (c) C IV (384 nm) emission,
and (d) O IV (555 nm) emission during initial L-mode phase.
The cumulative mass (mg) of boron powder deposited prior to
each experiment is indicated.

sequence of experiments. The cumulative amounts of
boron powder deposited during each of the previous
discharges are indicated.

Dα and main chamber neutral pressure reduce
after each discharge with boron powder injection. The
reduction in Dα emission and neutral pressure suggests
a decrease of the intrinsic neutral source, i.e., wall
recycling and out-gassing. Higher levels of neutral
gas are injected to achieve the same target density
following B injections. At the same time, CIV and
OIV brightness reduce, which suggests a reduction
in the intrinsic impurity source. A reduction in the
impurity line emission may in parts be due to an
increase in the boundary plasma temperature following
a reduction in density. Unfortunately, no upstream
SOL electron temperature measurements are available
in this case. The wall conditioning metric shown in
figure 6 is defined as the ratio between deuterium
gas input and line averaged electron density ∝ ΓD2

ne

evaluated during the L-mode phase. Improving wall
conditions based on this metric means reducing the
intrinsic neutral source, which allows for better plasma
density control through external gas input. A better
density control through improved wall conditions was
achieved, expressed in the ratio between gas input
and density sharply increasing during the first boron
injection experiments. Wall conditioning matures
following BN powder injection and does not improve
further following Li powder injection.

Figure 6. Shot-by-shot change of the ratio of deuterium
gas input ΓD2 to electron density ne (wall conditioning metric),
which have been calculated as an average value over a 1.2 s time
window (from t = 0.3 s to 1.5 s) during the initial L-mode phase.
The cumulative amounts of powder are indicated in mg for each
powder type.

4. Discussion

Low-Z powder injection has been very suitable for
reducing heat fluxes, increasing neutral build-up
in the divertor, and improving wall conditions by
forming low recycling coatings on the main plasma-
facing components. The application of different
impurity powders revealed some essential effects.
Boron was suitable for cooling divertor heat fluxes
and temperatures and showed the most significant
improvement in wall conditions. However, it
showed less effectiveness regarding divertor neutral
compression. Figure 7(a) shows the change in divertor
neutral gas compression during single and multi-
species powder injection. Boron shows even at
increasing injection rate no further increase in neutral
compression. In contrast, it shows a steady increase
in change of Zeff as shown in figure 7(b), and also
a stronger dilution effect on the neutron source than
lithium.

The neutral compression is higher and increases
further with lithium and boron nitride injection.
Moreover, the latter affect Zeff much less than boron.

The data show that higher rates of powder
injection, i.e., several tens in case of large-grained
boron and several hundreds of mg/s in case of fine-
grained BN increase the risk of the onset of tearing
modes. These tearing modes are detrimental for
confinement and also occur during radiative mantle
and radiative divertor experiments with impurity gas
seeding [46].

The analysis of wall conditioning suggests that B is
more effective than BN and Li. This can be attributed
to differences in powder particles sizes and ablation,
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allowing the larger B particles to escape the divertor
and condition larger wall surface areas than Li and BN.

Lithium powders injected only at low rates showed
increased divertor density and particle fluxes. Future
modeling will be used to further disentangle the effects
of particle size, injection rates, radiation behavior,
and potentially drift effects on the divertor plasma
distribution.

The wall conditioning effects observed are gener-
ally consistent with results reported earlier for dedi-
cated real-time wall conditioning experiments in lower
single null configurations [27, 28]. An important dif-
ference in the present work is to have the injection
location downstream in the divertor (compared to an
injection location in the plasma crown in the previous
studies). The experiments presented in this work show
that wall conditions can also be improved by injecting
large-sized boron powder into the divertor. The line
emission distributions obtained with tangential cam-
eras are consistent with the temperature dependencies
of the cooling potentials shown in figure 1(c) for the
respective impurities. The data suggest that boron
radiates at lower scrape-off layer temperatures than
lithium, which may help optimize the SOL-to-core frac-
tion in radiative losses.

An advantage compared to gas injection is that
materials can be delivered in pure form (no dilution
through additional hydrogen bonding, as in the
case of methane or diborane) and are not toxic or
explosive. The injection technique of solid material is
presently relatively slow due to mechanical friction and
dependence on gravitational acceleration. However,
recent studies at EAST and KSTAR have shown
promising results regarding real-time wall conditioning
in long pulse [47, 29]. Electromagnetic acceleration
may also increase the real-time capabilities of solid
material injection for applications requiring a shorter
response time [48].

5. Conclusions

Divertor dissipation with single and multi-species low-
Z powder injection has been demonstrated at DIII-D in
a USN closed divertor (SAS) configuration during H-
mode. The increase in divertor dissipation is expressed
by a substantial reduction of divertor temperatures and
heat fluxes, increased divertor neutral compression,
and transition into detachment, which usually comes
at the price of a slight decrease in confinement
parameters by 5-10%. Lithium and boron nitride
enhance the neutral compression at lower rates due to
their smaller particle size. In contrast, larger boron
dust particles show less neutral compression and higher
core contamination than Li and BN. The onset of
tearing modes was observed at 35 mg/s for boron. The

Figure 7. (a) Change in divertor neutral gas compression and
(b) change in Zeff for B, BN, Li in forward and reversed Bt.

most substantial level of detachment with only small
confinement degradation was achieved with 54mg/s
BN injection in a reversed Bt configuration (ion grad
B drift pointing away from the X-point into the SAS).
Very high rates of BN (204 mg/s) substantially reduce
ELM fluxes but cause losses of 24% to Wmhd due
to the onset of tearing modes. The observed trends
suggest that optimizing the flow rates may allow a
good balance between sufficient divertor dissipation
and low confinement degradation. Wall conditions
also improved significantly after injecting powders into
the closed divertor showing a substantial reduction in
recycling, carbon, and oxygen levels. Low-Z powder
injection into the divertor is a promising new approach
to suppress high heat fluxes to the divertor targets and
improve core-edge compatibility.
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