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We present a device for controlled injection of a variety of materials in powder form. The system implements 

four independent feeder units, arranged to share a single vertical drop tube. Each unit consists of a 80 ml 

reservoir, coupled to a horizontal linear trough, where a layer of powder is advanced by piezo-electric 

agitation at a speed proportional to the applied voltage, until it falls into a drop tube. The dropper has been 

tested with a number of impurities of low (B, BN, C), intermediate (Si, SiC) and high Z (Sn), and a variety of 

microscopic structures (flakes, spheres, rocks) and sizes (5-200 m). For low Z materials, drop rates 

~2-200 mg/s have been obtained showing good repeatability and uniformity. A calibrated LED-based flow-

meter allows measuring and monitoring the drop rate during operation. The fast time-response of the four 

feeders allows combination of steady and pulsed injections, providing a flexible tool for controlled-dose, real-

time impurity injection in fusion plasmas. 

I. INTRODUCTION

Injection of powders into fusion research plasmas has 

been used for various applications, such as study of dust 

dynamics
1
, wall conditioning

2
 and impurity seeding

3
. Due 

to the wide range of scientific goals and the variability in 

physical properties of the materials of interest, a powder 

injector is typically designed and optimized to handle a 

specific material
4
 and deliver a specific range of injection 

rates and speeds. For instance, studies of dust dynamics are 

typically targeting non-perturbative quantities of intrinsic 

impurities, such as carbon or diamond powders
5,6

. 

Conversely, macroscopic quantities of non-intrinsic 

impurities are required to attain wall conditioning and/or 

affect plasma performance. In this regard, the most 

relevant example is the use of lithium powder in TFTR
3,4

, 

and later in DIII-D
7
 and EAST

8
 improve wall conditioning 

and pedestal performance. In the latter cases, stabilized 

lithium (Li) microspheres were introduced by a 

specifically designed Li powder dropper
9
. In order to 

explore the effect of impurity injection to materials other 

than Li, a device able to handle a broad variety of 

substances and rates is highly desirable. Here, we present a 

device for controlled injection of a variety of materials in 

powder form. The system implements four independent 

feeder units, arranged to share a single vertical drop tube. 

Each unit consists of a 80 ml reservoir, coupled to a 

horizontal linear trough, where a layer of powder is 

advanced by piezo-electric agitation at a speed 

proportional to the applied voltage, until it falls into the 

drop tube. The dropper has been tested with a number of 

impurities of low (boron, boron nitride, and graphite), 

intermediate (silicon, silicon carbide) and high Z (tin), and 

a variety of microscopic structures (flakes, spheres, rocks) 

and sizes (5-200 m). For low-Z materials, drop rates 

~2-200 mg/s have been obtained with good repeatability 

and uniformity. An impurity powder dropper has been 

initially on ASDEX-Upgrade tokamak, meeting design 

specification during commissioning and initial operation, 

with injection of B and BN powder into tokamak 

plasmas
15

. Subsequent installations and experiments on 

DIII-D and EAST, including Li injection, have confirmed

compatibility with operation in tokamak environment. This

article focuses on the working principle, technical

implementation and calibration of the impurity powder

dropper. Details of the implementation on specific

tokamaks, as well as, results of impurity powder injection

in plasmas will be addressed in future separate

publications. The reminder of the paper is organized as

follows: the concept and implementation of the linear

powder feeder are introduced in Section II; Section III

describes the main aspects of the full impurity powder

dropper system; the diagnostics tools used to monitor the

operation are described in Section IV; section V reports on

the performance and calibration procedures; Section VI

discusses performance and remaining operational issues.

II. LINEAR POWDER FEEDER

The core element of the impurity powder dropper 

(IPD) is a powder feeder, whose design builds on 

experience matured during the development a 

quasi-periodic impurity granule injector
10

, utilized on 

DIII-D for pedestal control applications. In the powder

feeder, two piezo-electric actuators
11

 are used to vibrate a

trough, to advance horizontally a layer of powder off the

end, to eventually fall into a drop tube directly into the

plasma [Figure 1(a)]. A stainless-steel funnel is mounted toa)Published as part of the Proceedings of the 22nd Topical Conference on 
High-Temperature Plasma Diagnostics (HTPD 2018) in San Diego, 

California, USA. 
b)abortolon@pppl.gov. 
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the top of the feeder trough, in front of a back stop in the 

13 mm wide trough cross section. This funnel serves as an 

intermediate (secondary) reservoir and is vibrated during 

operation, part of the trough assembly, ensuring a flow of 

powder is delivered to the trough without bridge 

instabilities, which typically happen if the reservoir is not 

shaken. The secondary reservoir is fed by a primary 

reservoir, mechanically decoupled from the rest of the unit. 

The primary reservoir consists in a cylindrical tube of 2 cm 

diameter and 8 cm height, which increases the combined 

capacity to ~80 ml. The primary reservoir is not vibrated, 

since the walls of the reservoir are vertical and bridge 

instabilities are precluded. The bottom of the secondary 

reservoir (funnel) is vertically adjusted to ~2 mm above 

the trough floor, allowing powder flow into the trough 

while the feeder is vibrating. The height of this gap also 

sets the thickness of the layer of powder hp.  

 
Figure 1. (a) Schematic longitudinal cross-section of a powder feeder 

illustrating the flow of powder from the primary reservoir to the 
secondary and trough. (b) Impurity powder dropper assembly on the test-

bench, for vacuum testing before installation. 

During operation, the two piezo-electric actuators are 

energized with a sinusoidal potential Vd at a frequency f 

close to the lowest mechanical harmonic resonance 

(typically in the range f~150-250 Hz), the trough and 

funnel are made to oscillate, with amplitudes up to 1 mm. 

Since the piezo-electric blades are mounted with a vertical 

tilt of 8°, the unit oscillates slightly upward and forward, 

causing the layer of powder to move “in little steps” 

towards the trough end. Assuming that the thickness of the 

powder layer remains constant hp~2 mm, the rate at which 

the powder is delivered is proportional to the velocity of 

the layer. 

Rdrop =  Pf wp hp vp (1) 

where  is the mass density of the material, Pf is the 

powder packing factor and wp, hp and vp are the width, 

height and velocity of the powder layer. The powder layer 

velocity vp can be expressed as vp=f s, where f is the 

feeder oscillation frequency and s is the step size, i.e. the 

average advancement of the powder layer over one 

oscillation. In general, the step size s increases with the 

oscillation amplitude x, which can be varied by adjusting 

the potential applied to the piezo-blades, providing control 

of the powder flow rate. Notice that generally s is not 

proportional to x, so that an empirical calibration is 

required to determine the Rdrop(Vd) dependence, which will 

be described in Section V. 

Powder flow is typically obtained when a driving potential 

Vd~100-600 Vpp is applied to the piezoelectric crystals. 

The appropriate voltage waveform is provided by a 

function generator (Vsig<20 Vpp), which is amplified 

combining in series a 4-channel audio amplifier
12

 

(Vamp<150 Vpp) and a passive transformer, with 5X 

multiplication. The overall amplification factor is typically 

set to ~50X. 

III. IMPURITY POWDER DROPPER SYSTEM 

This section describes the main components of the 

impurity powder dropper (IPD) indicated in Figure 1(b), 

which shows an IPD assembly during vacuum testing. The 

top chamber houses four powder feeders, visible in Figure 

2 together with funnel which represents the upper end of 

the drop tube.  

 
Figure 2. The four feeders mounted on the housing base during assembly, 

before installation of the housing wall and top flange. 

The feeder bases are mounted to a 250 mm ConFlat® 

flange to provide a stable platform for accessibility to the 

feeders; all wiring and ports pass through the base flange. 

The four feeders are mounted in a quadrant around a 

central funnel that connects to the drop tube which passes 

through to the flow meter below. The common platform 

effectively couples mechanically the four feeders, so that, 

when one unit is energized and made to vibrate, a small 

but measurable vibration is also applied to the other units. 

This effect is largest for opposing units. The cross talk 

between different units is avoided by mounting copper 

weighs, to ensure that the mechanical resonance 



   

frequencies of the four units are sufficiently separated. 

Typically, a mass of 30 g results in a decrease of resonance 

frequency ~20 Hz, i.e. 4-5 times larger than the full-width 

half maximum (FWHM) of the resonance peak 

fFWHM~5 Hz. The four-feeder housing has a top window 

which allows inspection of the system, to evaluate the 

powder usage and estimate the quantity of powder 

remaining in the reservoirs. 

For calibrations and testing, a diverter shutter was 

installed preventing powder flow onto a closed torus 

interface valve (TIV). The diverter assembly is mounted at 

a 45° angle from horizontal mounted below the flow meter 

(Figure 3). An internal tube, cut to receive powder from 

the drop tube above, is extended via air actuator to cover 

the drop tube opening. Dropped powder lands on the front 

of the internal tube and slides down to pass into the 

“dump” volume through a hole in the tube bottom near the 

actuating end. The dump volume is made from a 20 cm 

long 32 mm diameter vacuum tube, corresponding to 

approximately 255 cm
3
. Assuming most of the power is 

used during plasma experiments, the dump volume will 

need emptying once every two vacuum cycles of refill 

operations. 

 
Figure 3. Schematic of powder dropper illustrating the optical flow-meter 
and the flow diverter system. 

Below the divertor, a bellows is mounted, connected 

to a ceramic break for electrical isolation. The lowest 

section of the inner drop tube is mounted below the 

bellows with a double sided ConFlat® so that it can move 

vertically if the vessel expands during bake operations. 

This configuration also allows to decoupling the IPD from 

the machine vessel, to minimize the propagation of its 

vibrations to the powder feeders. The drop tube extends to 

the inside edge of the torus interface valve top ConFlat 

flange, ~10 mm above the valve internal components. 

A vacuum system consisting of a rough pump and a 

turbo pump provides high vacuum to 10
-6

 mbar levels 

which is sufficient for the IPD system to be opened to most 

fusion vessel environments. The vacuum materials used 

are: aluminum 6061 T6, 316 SS, silver-coated vented 

screws, Kapton® coated wire, carbon steel piezo 

substrates, piezoelectric crystal (made from lead titanate 

and lead zirconate), tin solder, PEEK terminal block, and 

Teflon shrink tubing. The piezoelectric crystals were 

baked up to 150° C in an out-gassing station at DIII-D with 

minimal out-gassing in the 10
-7

 mbar range. To ensure 

removal of moisture, the IPD system is baked the bench 

for several days, at temperatures up to 125°C determined 

by the maximal temperature sustainable by the 

accelerometers. 

IV. DIAGNOSTICS 

The IPD powder feeders are equipped with a commercial 

accelerometer
13

, mounted to the back of the trough and 

used to measure the on-axis trough displacement. The 

accelerometer provides a voltage signal Vacc which is 

proportional to the acceleration experienced by the device. 

In particular Vacc=k a/g, where a in the acceleration 

experienced by the sensor, g=9.8 m/s
2
 is the gravity 

acceleration and k is a proportionality coefficient, typically 

of the order of k~9 mV/g. In standard range of operation 

(driving voltages Vd<500Vpp) the signal measured by the 

accelerometer appears to be sinusoidal which infers an 

amplitude of  oscillation as  

x = Vacc g/(4
2
 k f

2
). (2) 

In normal operation, the oscillation amplitude varies in the 

range x=0.05-0.5 mm (see Figure 7c), resulting in 

Vacc<500 mV. The accelerometers are used not only for 

monitoring the operation of each feeder unit, but also to 

fine-tune the drive signal Vd to the resonant frequency with 

0.1 Hz accuracy. This operation is performed at very low 

driving voltages (Vd<0.5 Vpp), that generate oscillation 

amplitudes detected by the accelerometer, but insufficient 

to initiate a powder drop. 

 
Figure 4. Examples of flow meter responses for boron nitride (BN) drops 

for different values of driving potential Vsig. 

An optical flow meter provides an estimate of the 

powder flow rate through the drop tube through a gap in 

the drop tube. In the flow meter, a collimated beam of light 

intersects the powder drop trajectory through the gap and 

the relative attenuation of the transmitted light by the 

falling powder is taken as a measurement of the powder 

density. In order to avoid electro-magnetic disturbances, 



   

the light source and detector (high intensity LED
14

 and 

adjustable gain InGaAs sensor
14

) are located far from the 

IPD, and coupled to the two large beam collimators trough 

fiber optics cables 200 microns minimum diameter. The 

collimators are mounted on the outside of the IPD 

~130 mm below the base plate in order to provide 

diffusion of the powder column. Two right-angle 

adjustable mirrors are used to align the optical coupling of 

the collimators. Once the mirrors are aligned, a 6-12 V 

non-saturated signal is present at the sensor amplifier 

output. The diameter of the collimated beam is ~25 mm, 

i.e. larger than the drop tube diameter. In the IPD, due to 

the inevitable spatial structure of the falling powder 

column, the flow-meter measurement can vary depending 

on the orientation between the powder feeder and the flow-

meter beam. To alleviate this effect, the flow meter is 

installed ‘diagonally’, so that the light beam is at 45° angle 

with all the four feeders. Figure 4 shows examples of flow 

meter measurements during a series of test drops with 

boron nitride (BN) at different amplitudes of driving 

voltage Vsig (before amplification). Note the fast initiation 

(~50 ms) and the slow tail at the end (~200 ms), which is 

associated with powder particles hitting the tube walls 

during their fall. 

 
Figure 5. Resonance curves obtained by scanning the frequency of 
applied drive for different fill levels. Here only the secondary reservoir is 

used. These tests were conducted using boron nitride (BN) powder. 

To monitor in-plasma delivery, the dropper employs a 

photodiode mounted above the IPD top window, aligned 

with the drop tube. This sensor collects light emitted by the 

dropped powder as it is ablated by plasma contact, and 

provides positive feedback that powder entered the plasma, 

confirming operation of the IPD, such as the timing of in-

plasma injection and a qualitative estimate of the injected 

amounts. Since the ablation monitor is sensitive to plasma 

light it also provides positive confirmation that the diverter 

and gate valve are open. 

V. REPEATABILITY AND CALIBRATION 

For the operation of the IPD it is important that the 

flow-rates are repeatable and consistent. In principle, 

during operation, as the powder load is depleted the 

vibrating mass decreases, resulting in drifts of the 

resonance frequency and oscillation amplitudes. Figure 5 

shows the result of powder feeder operation test, where the 

readout of the accelerometer, which is proportional to the 

oscillation amplitude, was tracked while varying the 

frequency of the driving waveform for different reservoir 

fill levels. For this test, boron nitride was used and a low 

voltage of Vsig=1 V was applied to avoid powder drops. 

For smaller powder inventories a higher resonance 

frequency is found, with a narrower resonance curve and 

larger peak amplitude. This leads to inconsistent drop rates 

for the same applied waveform. This issue was addressed 

by using a main reservoir decoupled from the unit 

(primary) and an intermediate reservoir (secondary) 

mounted on and vibrating with the trough. As the primary 

reservoir depletes, the level in the secondary remains 

approximately constant, allowing stable operation with 

reproducible flow rates.  

 
Figure 6. Addition of a primary reservoir linearized the drop rate for a 

given voltage and showed high repeatability. These tests were conducted 

using boron nitride powder. 

The effectiveness of the combination of primary and 

secondary reservoirs is illustrated in Figure 6, which shows 

the result of a flow-rate repeatability test, in which the 

mass drop rate (Rdrop) measured in milligrams per second 

(mg/s) was tracked during a series of >50 drops of boron 

nitride powder with duration 1-10 s. Rdrop was determined 

by weighing the powder collected after each drop. The unit 

was first energized at 4 Vpp obtaining Rdrop~10 mg/s. 

Subsequently, the driving voltage was raised to 6 Vpp, 

obtaining a larger Rdrop~20 mg/s. The powder drop rate 

appears extremely stable, showing variations ~10%. 

However, when the primary reservoir empties, a 

substantial drift of the drop rate is observed. 

While the use of a primary reservoir proved to have a 

strong stabilizing effect, a residual dependence of Rdrop on 

powder level can still be present, since the vibration is still 

coupled with the powder loaded in the primary via gravity 

load. This effect becomes important for higher density 

materials (e.g. Sn or W) and in case of long-pulse fusion 

devices, where large inventories are foreseen. 



   

 
Figure 7. Drop rate for boron and lithium powder as a function of applied 
voltage (a), accelerometer output (b), oscillation amplitude (c) and flow-

meter relative attenuation (d). 

The operation of the IPD is based on the calibrations 

curves, which provide the Rd as a function of operational 

parameters, specifically (i) driving voltage Vsig, (ii) 

accelerometer reading Vacc and (iii) relative attenuation of 

flow meter signal VFM/VFM. These curves are specific to 

each material and grain size and are determined 

experimentally using a separate calibration unit. During a 

calibration session, a sequence of drops of 1-10 s is 

performed tracking the average values of the various 

parameters together with the weight of the dropped 

amount. Figure 7 shows examples of calibration curves 

determined for crystalline boron powder (150 m) and 

stabilized lithium microspheres (40 m). The dependence 

on Vsig, Vacc and x appears to be monotonic, showing 

clear non-linearity when moving from low rates regime 

(<50 mg/s) to high rates (>50 mg/s). A minimal oscillation 

amplitude of x~0.1 mm is required to initiate powder 

delivery, at which powder drop starts at rates Rd~0.5-

1 mg/s. Notice that the drop rate dependence on x (or 

Vacc) is more consistent than on Vsig. This is expected, 

since the first parameter appropriately characterizes the 

feeder operation, while, depending on the reservoir 

conditions, the same driving voltage can result in slightly 

different oscillation amplitudes.  

Finally we note that these calibrations are performed in air, 

with powder that was previously baked to remove 

moisture, which was found to cause clumping and 

variability in the powder flow rate. This represents a 

source of uncertainty for operation in-vacuum, where the 

friction among powder particles and between powder and 

trough can be different from the calibration conditions. 

VI. DISCUSSION 

The powder dropper is robust in that it is firmly 

attached and vibrated by piezo actuators which shake the 

secondary powder and primary powder at their interface. 

This shaking prevents clogging and promotes fluid-like 

powder flow. Thanks to this, the IPD can drop a broad 

range of materials and has also dropped large irregular 

grain sizes <1 mm in testing. In particular the IPD expands 

the range of low-medium Z impurities to non-recycling, 

fusion relevant materials such as pure boron, silicon or, in 

principle, beryllium. The fast time-response of the four 

feeders allows combination of steady and pulsed 

injections, providing a flexible tool for controlled-dose, 

real-time impurity injection in fusion plasmas. Drop 

duration is only limited by the amount of loaded powder. 

A typical load of 30 g of boron can be used for a 

continuous 1000 s injection at the relatively high rate of 

30 mg/s. At the same time, available run time can be 

optimized by pulsing more than one material or grain sizes 

into a single shot. As such, the IPD represents a unique and 

flexible tool for studies in a broad range of research areas, 

including of impurity transport, radiative power dissipation 

and real-time wall conditioning. 
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