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A B S T R A C T

Reactor relevant fusion devices will use tungsten (W) for their plasma facing components (PFCs) due to its 
thermomechanical properties and low tritium retention. However, W introduces high-Z impurities into the 
plasma, degrading its performance. Different wall conditioning methods have been developed to address this 
issue, including coating of W PFCs with layers of low-Z material. Wall conditioning by boron (B) powder in-
jection using an impurity powder dropper (IPD) is being studied in WEST. Two series of experiments were 
conducted since the installation of the new ITER grade full W divertor. During the first series in 2023 ~ 1 g of B 
powder was injected in total at a maximum rate of ~ 58 mg/s, both of which are three times greater than 
respective values in the initial WEST powder injection experiments. The second series of experiments included 
injection of B and BN powders for comparison of their effects on plasma performance. The presence of an 
instantaneous conditioning effect is suggested by visible spectroscopy measurements of low-Z impurity lines and 
a rollover of total radiated power past an injection rate of ~ 20 mg/s was observed. Presence of B coating layer 
formation is supported by the evolution of the average radiance of visible lines of B, W and oxygen (O). To 
understand B transport, an interpretative modeling workflow is employed, utilizing the SOLEDGE-EIRENE fluid 
boundary plasma code and the Dust Injection Simulator (DIS) code. Parameters like B perpendicular diffusivity 
and recycling coefficients are varied to match experimental results to see if the initial assumption of B sticking to 
the PFCs immediately after the contact with the wall is adequate for correctly modelling its distribution on the 
PFCs.

Introduction

Different wall conditioning methods in tokamaks with tungsten (W) 
first wall have been developed to prevent W contamination of the 
plasma, including coating of W PFCs with layers of low-Z material, such 
as in Glow Discharge Boronization (GDB). Wall conditioning with GDB is 
constrained by the necessity to turn off magnetic field coils to ensure 
uniform distribution of boron (B) coating, as well as the down time of 

5–10 h for the duration of the procedure. Finally, GDB uses toxic 
diborane (B2D6) gas, which adds additional complexity and costs.

An alternative method of wall conditioning is the injection of low-Z 
powder, such as B and boron nitride (BN), during the pulse with an 
Impurity Powder Dropper (IPD) [1], providing wall conditioning in real 
time. B powder injection with an IPD as a conditioning method is being 
studied on multiple devices including DIII-D [2], EAST [3], AUG [14], 
KSTAR [15], LHD [16] and WEST [4,5], which is of particular interest 
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due to its long pulse capability and ITER grade lower divertor installed 
prior to the 2022–2023 campaign.

In WEST, pulses with B powder injection have been conducted pre-
viously, during the 2020–2021 experimental campaign, where ~ 310 
mg of B powder were injected over 10 L-mode pulses [4]. Both transient 
and cumulative effects on the plasma parameters, such as main ion and 
impurity particle fluxes, line emission of light impurities and total 
radiated power have been reported, suggesting a cumulative condi-
tioning effect and improved confinement during the injection [17].

For the experiments in 2023–2024 the following goals were set:

1. Evaluate the conditioning of the new fully actively cooled ITER grade 
tungsten divertor with powder injection;

2. Inject a similar amount of B to that typically used in GDB on WEST 
(~10 g);

3. Inject BN powder, which has not been done yet on WEST, to compare 
its performance to B powder considering the higher emissivity of N;

4. Find the smallest B/BN drop rate which positively and measurably 
affects the pulse, which can be relevant to avoid disruptions during 
continuous injection during long pulse discharges.

Experiment description

B powder experiments

The 2023 IPD experiments had approximately 1 g of B injected over 4 
pulses. Three pulses without powder injection were used for reference. 
There were five additional pulses that didn’t have powder injection due 
to early disruptions or their designation as an Ohmic cleaning pulse, 
which is necessary to restore machine conditions after a disruption. 
Injections were performed in lower single null (LSN) configuration, with 
4.4 MW of lower hybrid heating power, with injections starting after 10 s 
of current plateau. Drop rates and injection durations are given in 
Table 1, and time traces of main plasma parameters are shown in Fig. 1.

The intrinsic impurity content appears to be lower in this experiment 
when compared to the previous WEST experiment, according to effec-
tive charge Zeff measurements from the visible bremsstrahlung diag-
nostic (~2.5) in the reference pulses from 2022 and 2023 (Fig. 2). This 

Table 1 
IPD drop rates in 2023 experiment.

Pulse # Drop rates, mg/s Duration of each 
injection, s

58047, 58048, 
58,049

Reference pulses (no B 
powder)

0

58,050 0.0, 1.0, 3.4, 8.4 2.5
58,051 8.4, 12.4, 17.8, 24.7, 33.5, 

44.5
2.5

58,053 17.8, 12.4 5
58054–58058 Disruption/cleaning pulse 0
58,059 17.8, 33.5, 58.0, 17.8 2.5

Fig. 1. Time traces of the programmed drop rate (a), central electron density and temperature (b,c), plasma current and total stored energy (d,e) in pulse #58051 in 
2023 experiment. Color encodes pulse composition described in Table 1: current ramp-up in red, pre-drop phase in green, drop phase in yellow and ramp-down in 
purple. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Zeff from line of sight in central plasma of visible bremsstrahlung 
diagnostic, pulses 56,915 & 58,048 (before powder injection).
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difference can be attributed to the new full-W divertor installed before 
the experiment in 2023, and it can explain the capability of the plasma 
to assimilate greater amount of B powder due to e.g. smaller sputtering 
rate of cleaner and smoother PFCs.

B powder injection experiments in 2024 had three pulse configura-
tions: ohmic pulses, long pulses with 3 MW of LH heating, and pulses 
with 4 MW of input power similar to those from 2023. The injection rate 
of B and BN powder ranged from 0 to 4.8 mg/s.

Transient effects of B injection
Similar to the experiments in 2021, we observed real-time effects of B 

injection on wall conditioning via visible spectroscopy at the PFCs 
(lower and upper divertors, LFS inner bumper and HFS LH antenna). 
Time traces of spectral lines from an exemplary pulse at the lower 
divertor are shown in Fig. 3. The traces were normalized by line- 
integrated density at the lower divertor to account for the changes in 
electron density due to the changes in fueling and/or in ion recycling 
rates caused by B injection. The time trace of the B-II line indicates the 
increased amount of B at the lower divertor. D and light impurity signals 

Fig. 3. Visible spectroscopy signals from the lower divertor in pulse #58051, normalized by line-integrated density at the lower divertor and scaled for readability 
(1.0 corresponds to time trace maximum in the presented time window). Background color is same as in Fig. 1.

Fig. 4. Peak target electron temperature in pulse #58051 from 2023 measured 
by embedded Langmuir probes, background color is same as in Fig. 1.

Fig. 5. Total radiated power from pulses with high drop rate as time traces (a) 
and as functions of drop rate (b). Dashed lines show the end of pow-
der injection.
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indicate lower recycling rates of the main ion and light impurity species. 
The W signal indicates increased sputtering of W by the injected B. The 
target electron temperature was mostly unaffected by the B powder 
injection, except for a sudden drop near the end of the injection at t =
22.5 s in #58051 (Fig. 4), suggesting a partial detachment of the inner 
leg. While GDB is usually performed as a method to bind O via the 
gettering effect [6], the spectroscopic data suggest that during the B 
powder injection carbon (C) and nitrogen (N) may also be trapped in the 
deposited B layers, which can be important considering that on WEST 
carbon (C) could still be an important contributor to W sputtering [7]. 
Similar to 2020–2021 experiments, improved confinement was also 
observed, e.g. increased stored energy EMHD (Fig. 1e).

In addition, we observed a roll-over in total radiated power during B 
injection in 2023 past a drop rate μ ≈ 20mg/s, which was not previously 
observed in WEST IPD experiments (Fig. 5). The Ptotal

rad (μ) rollover follows 
the same distribution in both the first and the last pulses of the experi-
ment (#58051 and #58059), indicating that the rollover is an effect of B 
injection on intrinsic impurity transport during the B drop and not a 
cumulative effect due to e.g. growth of B deposits.

Tungsten concentration nW estimated from VUV spectroscopy and 

bolometry measurements [18] follows a very similar pattern (Fig. 6). 
The fact that nW decreases past a certain B powder injection threshold 
similar to Ptotal

rad while W sputtering rate is consistently increasing with B 
drop rate indicates that W core density is lowered by affecting the 
transport in the boundary plasma via impurity injection. Speculatively, 
this effect may be attributed to the same mechanism as in N seeding 
experiments on WEST: stabilizing ion thermal gradient modes, leading 
to suppression of W transport into the confined plasma [8].

The behavior of the W visible spectroscopy line differs between the 
lines of sight at the inner and the outer targets. While the W-I radiance 
increases steadily at the outer target, it experiences a rollover at the 
inner target, albeit at a higher drop rate than in case of Ptotal

rad and core nW 

density rollover (Fig. 7). This might be caused by the partial detachment 
of the inner leg of the plasma, also suggested by LP measurements of Te 
(Fig. 3).

Cumulative effects of B injection
The cumulative conditioning effect of B powder injection was eval-

uated by averaging the visible spectroscopy signals in the pre-drop phase 
as the cumulative injected mass of B was increased. The change in 
radiance with cumulative mass of B (Fig. 8) suggests the formation of B 
layers on the inner bumper from pulse to pulse and degradation from 
disruptions (e.g. in #58054). When a disruption occurs, the B radiance is 
reduced and the W and O radiance is increased in the following pulse. 
This effect was observed on all PFCs, while being the most pronounced 
on midplane PFCs, observed by visible spectroscopy. Cumulative 
reduction of O-II line brightness can be speculatively ascribed to the fact 
that thicker B deposits increase the surface area of the PFCs, allowing for 
a more effective capturing of O via oxide formation.

Boron nitride (BN) injection effects

In 2024, for the first time BN powder was injected in WEST IPD 
experiments. Since the calibration of the BN feeder has not been yet 
performed, it is difficult to precisely estimate the injected quantities. In 
the absence of this, we assume that the drop rate mass-wise was similar 
for both B and BN, as the B signal during B powder injection was 
approximately twice that of the B signal during BN powder injection.

Assuming a similar drop rate, the transient effect of BN powder in-
jection on O-II line radiance was found to be similar to the effect of B 
injection (Fig. 9b) for the given range of powder drop rates, even though 
the amount of B injected is noticeably different, as evidenced by Fig. 9a. 
This discrepancy between B injection rate and effect on O-II radiance in 

Fig. 6. Average tungsten density in core plasma as a function of drop rate in 
plasma pulses with high drop rate of B powder.

Fig. 7. Radiance of W-I line at the inner target of the lower divertor as (a) a function of the drop rate and (b) as a time trace in pulse #58051, normalized by lower 
divertor line-average electron density. Dashed lines in (a) show trajectory of the pulse in radiance/drop rate space.
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B and BN injections remains unclear and should be investigated further 
at the higher drop rates.

Another motivation for using BN injection was to evaluate its impact 
on PFC heat loads compared to that of B powder (the strong emissivity of 
N has been shown to increase radiative losses [9]). Apparent tempera-
ture of inner target was measured with infrared cameras during the in-
jection of both B and BN powders, but no significant difference was 
found between them in the investigated drop rate range (Fig. 10).

Interpretive modelling of B effect on the recycling of D and light 
impurities

In the experiments, the effect of B injection on the retention of D and 
low-Z impurities is not directly observable, and can only be inferred 
from the measurements of spectral line radiances and estimations of 
impurity fluxes with S/XB calculations. Interpretive modelling can help 
to fill the gaps in measurements by recreating similar plasma conditions 
in the numerical model provided with SOLEDGE/DIS workflow 
[5,10,11].

The numerical model was constrained by the: outer midplane elec-
tron density profile obtained from interferometry and the ne,Te at the 
divertor targets obtained from embedded Langmuir probes. Other 
plasma parameters were matched qualitatively: appropriate heating 
power was estimated using bolometry measurements and then varied to 
achieve quantitative match of the parameters above, as well as to match 
bolometry signal data from the experiments with the synthetic bolom-
etry signals calculated with SYNDI synthetic diagnostic code [12], 
which, given Prad 2D map and position of lines of sight of the bolometry 

Fig. 8. Normalized radiance of B (a), W (b) and O (c) in pre-drop phase of pulses in 2023. Black arrows show dynamics of the measurements in response to a 
disruption that occurred in #58054.

Fig. 9. B-II (a) and O-II (b) radiances in IPD experiments pulses with BN (a) and 
B injections.
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detectors, computes synthetic bolometry signals. The effect of B injec-
tion on the O particle flux was estimated with the S/XB method in the 
experiments was additionally used to constrain the simulations (three-
fold reduction of O flux at the lower divertor) by matching the bolom-
etry measurements.

The resulting B ion distribution in one of the simulations is shown in 
Fig. 11(a). Recycling coefficient had to be varied depending on the 
boron source rate to match the experimental data. Interpretative 
modelling predicts a strong effect of B powder injection mass rate μ on 
the recycling coefficient RD,O (Fig. 11b), up to 15 mg/s. Simulations with 
powder injections above that limit had issues with particle balance 
convergence. The supposed decrease of RD,O in the experiments appears 
to be caused by the gettering of light impurities in B deposits, since 
similar experiments with N seeding [8,13] showed strong effects of 
impurity injection on divertor plasma configuration: increase of ne and 
decrease of Te at the targets, followed by a transition to X-point radiator 
regime. Similar effects of B injections on divertor plasma configuration 
took place in modelling if the reduction of recycling coefficients was not 
accounted for.

Conclusions

This paper summarizes the 2023 and 2024 IPD experiments on WEST 
and presents the effects of B powder injection on the plasma and PFCs. 
Cumulatively, B powder injection behaves similarly to GDB insofar that 
it facilitates capture of the light impurities, supposedly storing them in B 

deposits. In addition, B layers formed by powder injection seem to 
facilitate O capture after the injection, possibly due to higher surface 
area of the deposits relative to the bare W PFCs. During the drop, B 
powder injection increases W sputtering, but also appears to reduce the 
transport of W into the core, with the latter effect surpassing the former 
past a threshold of ~ 20 mg/s. The W transport effect is believed to be 
similar to the one occurring in N seeding experiments. In addition, B and 
BN powder injection reduces heat loads on the divertor targets and it 
may cause a partial detachment of the inner leg past a threshold of ~ 30 
mg/s. Similar to previous studies, improves confinement is also 
observed during the B powder injection in the form of increasing central 
Te.

An interpretive model was used in order to estimate the effect B 
powder injection has on the recycling of main ion and light impurities 
during the injection. Initial results describe major difference between 
the recycling coefficients in the pre-drop and drop phases, from 0.95 in 
pre-drop to 0.58 for the drop rate μ = 15 mg/s. Future analysis should 
include particle flux comparisons between the computational model and 
the experimental estimates from S/XB analysis.
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