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Low velocity boron micro-pellet injector for edge and core impurity
transport measurements

H. W. Kugel,a) J. Gorman, R. Kaita, and T. Munsat
Princeton Plasma Physics Laboratory, Princeton University, Princeton, New Jersey 08543

D. Stutman
Department of Physics and Astronomy, Johns Hopkins University, Baltimore, Maryland 21218

~Presented on 8 June 1998!

A simple low velocity boron micro-pellet injector has been under development for Current Drive
Experiment Upgrade~CDX-U! spherical torus edge and core impurity transport measurements, and
wall conditioning. The injector consists of 16 barrels on a rotatable turret. Each barrel can be loaded
with boron powder particles of diameters ranging from 1 to 40mm diameter in amounts ranging
from less than 0.25 mg to more than 2 mg. A selected barrel is manually rotated into firing position
using a vacuum precision rotary/linear motion feedthrough. A piezoelectric valve gas feed system
triggered by CDX-U discharge timing is used to control H2 or D2 propellant gas at a cylinder
pressure of 5.831023 Pa~40 psi! or less. The injector barrel-to-CDX-U plasma edge distance is 0.47
m. Initial low mass injections of neutral boron beams were performed into CDX-U plasmas at a
velocity of 23 m/s. Measurements were obtained with a filtered gated charge coupled device TV
camera, bolometry, visible spectroscopy, and ultrasoft x-ray diagnostics. This work is in support of
the present CDX-U research program and possible applications on National Spherical Torus
Experiment. ©1999 American Institute of Physics.@S0034-6748~99!52501-X#
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I. INTRODUCTION

High velocity, pneumatic, pellet injection systems a
applied routinely for injecting frozen pellets of hydroge
deuterium, and tritium into the cores of magnetically co
fined plasmas for fueling, transport, and pellet ablat
studies.1 In addition, similar pellet injection systems hav
been used to inject low-Z impurity pellets for diagnostic2 and
wall conditioning3,4 applications. The pellet injection sys
tems used in these applications are typically based on
signs requiring sufficiently high pellet injection velocities
ensure penetration into the cores of high density, high te
perature reactor grade plasmas. Typical pneumatic pelle
jection velocities range from about 300 to 1600 m/s. T
upper velocity limit is determined by the propellant gas d
namics and the particular injector design; the lower veloc
limit is determined by the need for sufficient propellant pre
sure to dislodge the frozen pellet from the apparatus
initiate its acceleration.

The fueling requirements of large, reactor grade, pl
mas continue to motivate the search for higher velocity pe
injection methods including pneumatic, electromagnetic,
centrifuge designs. However, other pellet injector appli
tions could benefit from designs allowing very low injectio
velocities. Applications involving small, low density, or low
temperature plasmas, for example, can make use of lo
pellet injection velocities. In addition, plasma edge stud
and wall conditioning applications can make use of inject
velocities low enough to place pellets at controlled pene
tion depths in the edge plasma. Applications involving sh

a!Electronic mail: hkugel@pppl.gov
4930034-6748/99/70(1)/493/5/$15.00
-
n

e-

-
n-
e
-
y
-
d

-
t
d
-

er
s
n
-

rt

penetration distances and/or low plasma temperatures req
pellet masses small enough to ablate within the des
range. The typical frozen deuterium pellet sizes of abou
mm diameter, for example, are too large for low veloc
applications. Pellets composed of clusters of micron-s
particles can be used to facilitate the required ablation r
This article describes a simple low velocity boron micr
pellet injector that has been developed for the Current Dr
Experiment Upgrade~CDX-U! research program,5 and used
to obtain preliminary results for edge and core impur
transport measurements and wall conditioning applicatio

II. EXPERIMENTAL APPARATUS

Figure 1 shows a partial schematic elevation view of
CDX-U low velocity boron micro-pellet injector. The injec

FIG. 1. Partial schematic elevation view of low velocity boron micro-pel
injector.
© 1999 American Institute of Physics
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tor consists of 16 barrels on a rotatable turret. Each ba
can be loaded with micron-size boron powder in amou
ranging from less than 0.25 mg to more than 2 mg. A
lected barrel is manually rotated into firing position using
precision vacuum rotary feedthrough. A piezoelectric va
gas feed system triggered by CDX-U discharge timing
used to control H2 or D2 propellant gas.

The injector is housed in standard commercial vacu
hardware, a ‘‘6-in. tee’’ with 11.4 cm inner diameter~i.d.!
copper conflat flanges. The tee is oriented with its long a
horizontal along a CDX-U major radius and its short a
vertical to provide a top view port. A precision rotary motio
feedthrough device with a linear motion feature is moun
off the chamber centerline and connected to the turret, so
as the turret is rotated, successive barrels are brought
alignment with the fixed propellant tube and the CDX
major radius. The injector could be isolated from the torus
a torus interface valve~TIV !. In the initial experiments the
distance from the barrel output to the CDX-U edge plas
was 0.47 m.

Figure 2 shows an expanded view of the 16 barrel ro
able turret and propellant tube in~a! the rotatable position
and ~b! in the engaged position. The barrels were fabrica
from standard hypodermic needle stock. In the present
bodiment, all 16 barrels are 1.91 cm long, 304-SS tub
with an inside diameter of 0.113 cm. The barrels are pres
0.32 cm deep into equally spaced holes in the 0.95 cm th
8.89 cm diam, aluminum turret and then swaged at the co
terbore end. The turret perimeter opposite each barre
stamped with an identification number to allow barrel ide
tification through the view port. The input to each barrel h
a counterbore of 0.64 cm i.d. and 0.32 cm deep to receive
propellant tube. The propellant tube can be inserted or

FIG. 2. Expanded schematic view of the barrel, turret, and propellant tub
~a! the rotatable position and~b! in the engaged position.
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moved from the turret counterbore using the linear mot
feedthrough. An O-ring is mounted near the end of the p
pellant tube to reduce gas leakage between the prope
tube and the turret counterbore. Other barrel diameters
combinations of various barrel sizes can be easily insta
on similar turrets for various experiments.

The barrel positioning was accomplished by first usi
the linear motion feedthrough to establish a small gap
tween the turret and the propellant tube@Fig. 2~a!#. The se-
lected barrel was rotated into alignment with the propell
tube axis. The linear motion feedthrough was used to pull
turret gently toward the propellant tube until it was insert
into the counterbore of the barrel input, and the O-ring w
pressed against the turret@Fig. 2~b!#.

The propellant tube receives gas from a standard c
mercial piezoelectric pulsed valve6 adapted from the gas fee
system of the PBX-M neutral beam injection system. T
valve is mounted on one end of a 5.1 cm diam by 15.2
long, 304-SS cylinder. The cylinder provides a reservoir
gas beyond the piezoelectric valve for smooth flow into
propellant tube. During the initial experiments, the input
the piezoelectric valve was connected to a standard de
rium gas bottle throttled to a pressure of 5.831023 Pa ~40
psi!. The normal piezoelectric valve opening voltage is ab
30 V. However, to ensure the prompt, reproducible open
of the valve, a special circuit7 was used to apply a 10ms
wide, 200 V voltage spike on the leading edge of the volta
wave form applied to the piezoelectric valve, followed im
mediately by a reduction of the applied voltage to the op
ating level. This method overcomes any too strong open
inertia or sticking of the valve seal, and has been found
give reliable and reproducible operation for many years
the gas inputs of the PBX-M neutral beam ion sources. T
piezoelectric valve circuit was triggered by the CDX-U di
charge timing system.

III. EXPERIMENTAL METHOD

In the initial CDX-U boron injection experiments, th
micro pellets consisted of 40mm diam boron particles as
sembled into a macro pellet with various total masses in
range from 0.5 to 2 mg. Since such small masses are diffi
to measure and prepare, a special preparation technique
developed for the initial experiments. The barrel loading p
cedure made use of a hypodermic needle-loader device.
needle loader had an internal diameter of 0.81 mm. A tig
fitting internal plunger was placed in the needle and adjus
so that it was retracted from the end of the needle by
amount equal to the desired pellet length. The needle-loa
assembly was inserted into loose boron powder with
plunger set so as to make compacted boron macro pellets
mm long and 0.81 mm in diameter. The needle-loader
sembly with its boron load was then inserted into a selec
injector barrel. The plunger within the needle was then u
to move the compacted cylinder of boron particles from
needle loader into the barrel. Fifteen barrels were loade
this manner and one was kept empty for gas throughput te
Assuming that the powder density~packing fraction! of the

in
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compacted boron was about 0.5 of that of solid boron,
technique produced an estimated total mass of about
mg. In later work, this packing fraction will be calibrate
with an electronic scale.

The appropriate injection trigger time for the initial e
periments was determined by varying the gas valve trig
time prior to the CDX-U start of discharge and observing
initial effects on the plasma. Using this procedure, it w
found that the optimum delay was about 21 ms earlier t
the desired time for boron appearance in the discharge.
suming negligible time delay due to the injector gas va
opening with the trigger circuit discussed previously, and
micro-particle acceleration time, an approximate transit ti
of 21 ms for the 0.474 m barrel to the plasma edge yields
injection velocity of 22.6 m/s.

Figure 3 is a partial schematic plan view showing t
relative locations of the low velocity boron micro-pellet in
jector and the diagnostics on CDX-U used for the init
experiments. In future experiments, the injection veloc
will be measured directly within the injector using an optic
technique, as well as a fast charge coupled device~CCD!
camera viewing the injection trajectory in the CDX-
plasma. This will allow for monitoring of possible shot-to
shot variations of injection velocity and plasma condition

IV. INITIAL RESULTS

Figure 4~a! shows the CDX-U discharge wave form
without boron injection for the plasma current (I p), density
(Ne), bolometry signal, the central cord of the ultra-soft
ray vertical array~USXR! detecting the CV and BIV emis-
sions, and the OVI and BIII intensities. Figure 4~b! shows
the same wave-forms for boron injection. Thomson scat
ing profiles were not available for the experiments repor

FIG. 3. Partial schematic plan view showing the relative location of the
velocity boron micro-pellet injector and diagnostics on CDX-U spheri
torus.
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in this article. Without boron injection, the BIII signal was
below the noise level. With boron injection, at about 30
ms into the discharge, the BIII signal began to increase, an
as the BIII intensity grew, theI p and the other wave forms
exhibited the occurrence of a magnetohydrodynamic~MHD!
event at 5000ms ~possibly triggered by the boron impurit
influx! followed by a cooling of the plasma and subsequ
reheating. Without boron injection, the OVI signal began
increasing asI p started increasing after 3200ms. Similarly,
with boron injection, the OVI signal started increasing afte
3200ms and at about the same intensity but after the MH
event at 5000ms, the OVI intensity dropped by about a
factor of 2 relative to the emission the discharge witho
boron, remained lower as the plasma reheated, and then

l

FIG. 4. CDX-U discharge wave forms in relative units~a! without B injec-
tion; plasma current (I p), density Ne , bolometry signal, central cord o
USXR vertical array showing CV and BIV emission, and the BIII and OVI

intensities, and~b! with boron injection. On thex axis, each time division
corresponds to 4ms.
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came comparable again at the end of the discharge. This
be indicative of boron wall conditioning due to movement
ionized boron and oxygen from the plasma to the walls d
ing the MHD event and a brief oxygen gettering action
the deposited boron. However, as a result of the MHD ev
at 5000ms, the plasma may not have generated oxygen a
same rate, and this needs to be investigated. There was
evidence during subsequent discharges of a gettering e
from accumulated boron. This may be due to the small qu
tity of boron injected per discharge and the small total nu
ber of discharges~five! with suitable conditions in this initia
experiment.

Figure 5 shows the USXR array vertical emission pro
without and with boron injection. The emission profile du
ing boron injection is vertically asymmetric above the m
plane. This plasma vertical displacement effect is attribu
tentatively to a brief vertical displacement of the CDX-
plasma equilibrium which has been previously noted to
cur during high recycling and high impurity influx cond
tions. This topic is beyond the scope of this article and w
be discussed elsewhere.

Figure 6 shows CCD TV camera tangential views of t
CDX-U plasma through a BIII filter ~a! without and~b! with
boron injection integrated over the duration of the discha
~20 ms camera scan time!. In Fig. 6~b!, the injection pro-
ceeds from left to right. A large deposition is seen at
outer major radius with a decreasing penetration to the in
major radius. In addition, the vertical asymmetry evident
Fig. 5 during boron injection is also seen in Fig. 6~b!. The
use of a fast frame rate TV camera in future experiments
allow resolution of the injection trajectory and the evoluti
of micro-pellet ablation.

FIG. 5. USXR array vertical emission profile without boron injection a
with boron injection.
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V. DISCUSSION

Low velocity, micro-pellet injection into spherical tor
suggests interesting and novel experiments. Conventio
pellet injection involves relatively large fueling pellets in
jected into large high temperature, high density, reac
grade plasmas with high toroidal fields at high velocities
core penetration. The relevant pellet physics involves fl
incident on the pellet from relatively small Larmor radiu
orbits along incident field lines, magnetized plasma effe
and self shielding by the ablating cloud of neutrals surrou
ing the pellet.1 Low velocity, micro-pellet injection into
spherical tori with relatively low toroidal fields~0.1–0.6 T!
may involve different pellet ablation physics. The helic
Larmor orbits of incident plasma flux may be sufficient
large, for example, that pellet ablation may occur under
magnetized plasma conditions. In addition, in spherical t
given the large orbits at the outer major radius compa
with the much smaller more compact orbits near the cen
column, suggests the possibility of observing interesting
fects as the micro-pellet penetration depth is varied.

In order to study the effect of injected particle size,
simple dependence of particle diameter at a given plas
location was simulated using typical CDX-U plasma profil
[Ti~0!584 eV, Ni(0)57.231018 m23] and known boron
evaporation rates as a function of temperature.8 Under these
conditions, the characteristic times for complete ablation
boron particles of 1 and 40mm diameters were found to var
almost linearly with particle diameter from 2 to 84 ms, r
spectively, being almost a factor of 40 smaller for the 1mm
diam particles. In the initial experiments, a maximum bor
particle size of 40mm diameter was used. In future exper
ments, boron particle diameters down to 1mm will be used
to study micro-pellet ablation rates, plasma transport con
tions, and wall conditioning effects.

In the initial experiments, injected micro-pellet mass
of 0.92 mg were used. The amount of injected mass can
increased by a factor of 10 relatively easily, or decreased
very low values. Below a certain mass~e.g., about 0.25 mg!,

FIG. 6. CCD TV camera tangential views of CDX-U plasmas through a BIII

filter and integrated over the duration of the pulse~a! without boron injec-
tion, ~b! with boron injection.
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rather than weighing, it may be more practical to measure
injected mass using calibrated plasma emission intensiti

The results shown in Fig. 4~b! and discussed above su
gest a possible wall-conditioning effect during boron inje
tion. The internal wall area of CDX-U is about 6 m2. The
deposition of 1 monolayer of boron over this surface wo
require about 2 mg of material. The 0.92 mg boron mic
pellet injections discussed above corresponded to the d
sition of less than half of a monolayer per discharge. T
material was probably transported to limiter surfaces and
cycled into the plasma until charge exchange interacti
caused its loss to the far walls, where gettering procee
until saturation.8 Future investigation of this process will b
performed to optimize the preconditions and requireme
for CDX-U boronization via micro-pellet injection.

The low velocity micro-pellet injector used for initia
CDX-U injection experiments allows for convenient vari
tion of three injection control variables, i.e., particle siz
total mass, and velocity, over a wide range for edge and c
impurity transport measurements. Wall-conditioning effe
can also be studied with this technique.
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