1Low Velocity Boron Micro-Pellet InjectorFor Edge And Core Impurity Transport MeasurementsH. W. Kugel, J. Gorman, R. Kaita, and T. MunsatPrinceton Plasma Physics Laboratory, Princeton University,Princeton, New Jersey 08543andD. StutmanDepartment of Physics & Astronomy, Johns Hopkins University,Baltimore, Maryland 21218AbstractA simple Low Velocity Boron Micro-Pellet Injector has been underdevelopment for CDX-U Spherical Torus edge and core impurity transportmeasurements, and wall conditioning. The injector consists of 16 barrels on arotatable turret. Each barrel can be loaded with boron powder particles ofdiameters ranging from 1 to 40 micron diameter in amounts ranging from less than0.25 mg to more than 2 mg. A selected barrel is manually rotated into firing positionusing a vacuum precision rotary /linear motion feedthrough. A piezoelectric valvegas feed system triggered by CDX-U discharge timing is used to control H2 or D2propellant gas at a cylinder pressure of 5.8 x10-3 Pa (40 psi) or less. The injectorbarrel-to-CDX-U plasma edge distance is 0.47 m. Initial low mass injections ofneutral boron beams were performed into CDX-U plasmas at a velocity of 23 m/s.Measurements were obtained with a filtered gated CCD TV camera, bolometry,visible spectroscopy, and ultra soft x-ray diagnostics. This work is in support of thepresent CDX-U research program and possible applications on NSTX.

2I. INTRODUCTIONHigh velocity, pneumatic, pellet injection systems areapplied routinely for injecting frozen pellets of hydrogen,deuterium, and tritium into the cores of magnetically confinedplasmas for fueling, transport, and pellet ablation studies.[1]In addition, similar pellet injection systems have been used toinject low-Z impurity pellets for diagnostic [2] and wallconditioning [3,4] applications. The pellet injection systemsused in these applications are typically based on designsrequiring sufficiently high pellet injection velocities to insurepenetration into the cores of high density, high temperaturereactor grade plasmas. Typical pneumatic pellet injectionvelocities range from about 300 m/s to 1600 m/s. The uppervelocity limit is determined by the propellant gas dynamicsand the particular injector design; the lower velocity limit isdetermined by the need for sufficient propellant pressure todislodge the frozen pellet from the apparatus and initiate itsacceleration.The fueling requirements of large, reactor grade,plasmas continue to motivate the search for higher velocitypellet injection methods including pneumatic,electromagnetic, and centrifuge designs. However, otherpellet injector applications could benefit from designsallowing very low injection velocities. Applications involvingsmall, low density, or low temperature plasmas, for example,can make use of lower pellet injection velocities. In addition,plasma edge studies and wall conditioning applications canmake use of injection velocities low enough to place pelletsat controlled penetration depths in the edge plasma.Applications involving short penetration distances and/or lowplasma temperatures require pellet masses small enough toablate within the desired range. The typical frozen deuteriumpellet sizes of about 2 mm diameter, for example, are toolarge for low velocity applications. Pellets composed ofclusters of micron-size particles can be used to facilitate the

3required ablation rate. This paper describes a simple LowVelocity Boron Micro-Pellet Injector that has been developedfor the Current Drive Experiment Upgrade (CDX-U) researchprogram [5], and used to obtain preliminary results for edgeand core impurity transport measurements and wallconditioning applications.II. EXPERIMENTAL APPARATUSFig. 1 shows a partial schematic elevation view of theCDX-U Low Velocity Boron Micro-Pellet Injector. The injectorconsists of 16 barrels on a rotatable turret. Each barrel can beloaded with micron-size boron powder in amounts rangingfrom less than 0.25 mg to more than 2 mg. A selected barrelis manually rotated into firing position using a precisionvacuum rotary feedthrough. A piezoelectric valve gas feedsystem triggered by CDX-U discharge timing is used tocontrol H2 or D2 propellant gas.The injector is housed in standard commercial vacuumhardware, a "6-Inch Tee" with 11.4 cm I.D. copper conflatflanges. The Tee is oriented with its long-axis horizontalalong a CDX-U major radius and its short axis vertical toprovide a top view-port. A precision rotary motionfeedthrough device with a linear motion feature is mountedoff the chamber centerline and connected to the turret, so thatas the turret is rotated, successive barrels are brought intoalignment with the fixed propellant tube and the CDX-U majorradius. The injector could be isolated from the torus by aTorus Interface Valve (TIV). In the initial experiments thedistance from the barrel output to the CDX-U edge plasmawas 0.47 m.Fig. 2 shows an expanded view of the 16 barrelrotatable turret and propellant tube in (a) the rotatableposition, and (b) in the engaged position. The barrels werefabricated from standard hypodermic needle stock. In thepresent embodiment, all 16 barrels are 1.91 cm long, 304-SS

4tubing with an inside diameter of 0.113 cm. The barrels arepressed 0.32 cm deep into equally spaced holes in the 0.95cm thick, 8.89 cm diameter, aluminum turret and then swagedat the counterbore end. The turret perimeter opposite eachbarrel is stamped with an identification number to allow barrelidentification through the view-port. The input to each barrelhas a counterbore of 0.64 cm I.D. and 0.32 cm deep toreceive the propellant tube. The propellant tube can beinserted or removed from the turret counterbore using thelinear motion feedthrough. An O-ring is mounted near theend of the propellant tube to reduce gas leakage between thepropellant tube and the turret counterbore. Other barreldiameters or combinations of various barrel sizes can beeasily installed on similar turrets for various experiments.The barrel positioning was accomplished by first usingthe linear motion feedthrough to establish a small gapbetween the turret and the propellant tube (Fig. 2a). Theselected barrel was rotated into alignment with the propellanttube axis. The linear motion feedthrough was used to pull theturret gently toward the propellant tube until it was insertedinto the counterbore of the barrel input, and the O-ring waspressed against the turret (Fig. 2b).The propellant tube receives gas from a standardcommercial piezoelectric pulsed valve [6] adapted from thegas feed system of the PBX-M Neutral Beam InjectionSystem. The valve is mounted on one end of a 5.1 cmdiameter by 15.2 cm long, 304-SS cylinder. The cylinderprovides a reservoir of gas beyond the piezoelectric valve forsmooth flow into the propellant tube. During the initialexperiments, the input to the piezoelectric valve wasconnected to a standard deuterium gas bottle throttled to apressure of 5.8 x10-3 Pa (40 psi). The normal piezoelectricvalve opening voltage is about 30 V. However, to insure theprompt, reproducible opening of the valve, a special circuit [7]was used to apply a 10 msec wide, 200 V voltage spike on theleading edge of the voltage waveform applied to the

5piezoelectric valve, followed immediately by a reduction ofthe applied voltage to the operating level. This methodovercomes any too strong opening inertia or sticking of thevalve seal, and has been found to give reliable andreproducible operation for many years on the gas inputs ofthe PBX-M Neutral Beam ion sources. The piezoelectricvalve circuit was triggered by the CDX-U discharge timingsystem.III. EXPERIMENTAL METHODIn the initial CDX-U boron injection experiments, themicro pellets consisted of 40 micron diameter boron particlesassembled into a macro-pellet with various total masses inthe range from 0.5 mg to 2 mg. Since such small masses aredifficult to measure and prepare, a special preparationtechnique was developed for the initial experiments. Thebarrel loading procedure made use of a hypodermic needle-loader device. The needle-loader had an internal diameter of0.81 mm. A tight-fitting internal plunger was placed in theneedle and adjusted so that it was retracted from the end ofthe needle by an amount equal to the desired pellet length.The needle-loader assembly was inserted into loose boronpowder with the plunger set so as to make compacted boronmacro-pellets of length 1.5 mm long and 0.81 mm diameter.The needle-loader assembly with its boron load was theninserted into a selected injector barrel. The plunger within theneedle was then used to move the compacted cylinder ofboron particles from the needle-loader into the barrel. Fifteenbarrels were loaded in this manner and one was kept emptyfor gas throughput tests. Assuming that the powder-density(packing fraction) of the compacted boron was about 0.5 ofthat of solid boron, this technique produced an estimated totalmass of about 0.92 mg. In later work, this packing fraction willbe calibrated with an electronic scale.

6The appropriate injection trigger time for the initialexperiments was determined by varying the gas valve triggertime prior to CDX-U start of discharge and observing theinitial effects on the plasma as discussed below. Using thisprocedure, it was found that the optimum delay was about 21ms earlier than the desired time for boron appearance in thedischarge. Assuming negligible time delay due to the injectorgas valve opening with the trigger circuit discussed above,and the micro-particle acceleration time, an approximatetransit time of 21 ms for the 0.474 m from the barrel to theplasma edge yields an injection velocity of 22.6 m/s.Fig. 3 is a partial schematic plan view showing therelative locations of the Low Velocity Boron Micro-PelletInjector and the diagnostics on CDX-U used for the initialexperiments. In future experiments, the injection velocity willbe measured directly within the injector using an opticaltechnique, as well as, a fast CCD camera viewing theinjection trajectory in the CDX-U plasma. This will allow formonitoring of possible shot-to-shot variations of injectionvelocity and plasma conditions.IV. Initial ResultsFig. 4a shows the CDX-U discharge wave-formswithout boron injection for the plasma current (Ip), density(Ne), bolometry signal, the central cord of the Ultra-Soft X-Rayvertical array (USXR) detecting the C v and B IV emissions,and the OVI and B III intensities. Fig. 4b shows the samewave-forms for boron injection. Thomson scattering profileswere not available for the experiments reported in this paper.Without boron injection, the B III signal was below the noiselevel. With boron injection, at about 3000 ms into thedischarge, the B III signal began to increase, and as the B IIIintensity grew, the Ip and the other wave-forms exhibited theoccurrence of an MHD event at 5000ms (possibly triggered bythe boron impurity influx) followed by a cooling of the plasma

7and subsequent reheating. Without boron injection, the OVIsignal began increasing as Ip started increasing after 3200ms.Similarly, with boron injection, the O VI signal startedincreasing after 3200ms and at about the same intensity butafter the MHD event at 5000ms, the O VI intensity dropped byabout a factor of 2 relative to the emission the dischargewithout boron, remained lower as the plasma reheated, andthen became comparable again at the end of the discharge.This may be indicative of boron wall conditioning due tomovement of ionized boron and oxygen from the plasma tothe walls during the MHD event and a brief oxygen getteringaction by the deposited boron. However, as a result of theMHD event at 5000ms, the plasma may not have generatedoxygen at the same rate, and this needs to be investigated.There was little evidence during subsequent discharges of agettering effect from accumulated boron. This may be due tothe small quantity of boron injected per discharge and thesmall total number of discharges (five) with suitableconditions in this initial experiment.Fig. 5 shows the USXR array vertical emission profilewithout and with boron injection. The emission profile duringboron injection is vertically asymmetric above the mid-plane.This plasma vertical displacement effect is attributedtentatively to a brief vertical displacement of the CDX-Uplasma equilibrium which has been previously noted to occurduring high recycling and high impurity influx conditions. Thistopic is beyond the scope of this paper and will be discussedelsewhere.Fig. 6 shows CCD TV camera tangential views of theCDX-U plasma through a B III filter (a) without and (b) withboron injection integrated over the duration of the discharge(20 ms camera scan time). In Fig. 6b, the injection proceedsfrom left to right. A large deposition is seen at the outer majorradius with a decreasing penetration to the inner majorradius. In addition, the vertical asymmetry evident in Fig. 5during boron injection is also seen in Fig. 6b. The use of a

8fast frame rate TV camera in future experiments will allowresolution of the injection trajectory and the evolution ofmicro-pellet ablation.V. DiscussionLow velocity, micro-pellet injection into spherical torisuggests interesting and novel experiments. Conventionalpellet injection involves relatively large fueling pelletsinjected into large high temperature, high density, reactorgrade plasmas with high toroidal fields at high velocities forcore penetration. The relevant pellet physics involves fluxincident on the pellet from relatively small Larmor radiusorbits along incident field lines, magnetized plasma effects,and self-shielding by the ablating cloud of neutralssurrounding the pellet. [1] Low velocity, micro-pellet injectioninto spherical tori with relatively low toroidal fields (0.1-0.6T)may involve different pellet ablation physics. The helicalLarmor orbits of incident plasma flux may be sufficiently large,for example, that pellet ablation may occur underunmagnetized plasma conditions. In addition, in sphericaltori, given the large orbits at the outer major radius comparedwith the much smaller more compact orbits near the centercolumn, suggests the possibility of observing interestingeffects as the micro-pellet penetration depth is varied.In order to study the effect of injected particle size, asimple dependence of particle diameter at a given plasmalocation was simulated using typical CDX-U plasma profiles(Ti (0) = 84 eV, Ni (0) = 7.2 x1018 m-3) and known boronevaporation rates as a function of temperature [8]. Underthese conditions, the characteristic times for completeablation of boron particles of 1 and 40 micron diameters werefound to vary almost linearly with particle diameter from 2 msto 84 ms, respectively, being almost a factor of 40 smaller forthe 1 micron diameter particles. In the initial experiments, amaximum boron particle size of 40 micron diameter was

9used. In future experiments, boron particle diameters down to1 micron will be used to study micro-pellet ablation rates,plasma transport conditions, and wall conditioning effects.In the initial experiments, injected micro-pellet massesof 0.92 mg were used. The amount of injected mass can beincreased by a factor of 10 relatively easily, or decreased tovery low values. Below a certain mass, (e.g., about 0.25 mg),rather than weighing, it may be more practical to measure theinjected mass using calibrated plasma emission intensities.The results shown in Fig. 4b and discussed above,suggest a possible wall-conditioning effect during boroninjection. The internal wall area of CDX-U is about 6 m2. Thedeposition of 1 monolayer of boron over this surface wouldrequire about 2 mg of material. The 0.92 mg boron micro-pellet injections discussed above corresponded to thedeposition of less than half of a monolayer per discharge.This material was probably transported to limiter surfaces andrecycled into the plasma until charge exchange interactionscaused its loss to the far walls, where gettering proceededuntil saturation.[8] Future investigation of this process will beperformed to optimize the preconditions and requirements forCDX-U boronization via micro-pellet injection. The low velocity micro-pellet injector used for initialCDX-U injection experiments allows for convenient variationof three injection control variables, i.e., particle size, totalmass, and velocity, over a wide range for edge and coreimpurity transport measurements. Wall conditioning effectscan also be studied with this technique.ACKNOWLEDGMENTSThe authors wish to acknowledge the technicalcontributions of J. Taylor. This work was supported by U S DOE Contract No. DE-AC02-76-CHO3073.

10REFERENCES[1] Refer for example to L. R.Baylor, et al., Nucl. Fus. 32(12),2177 (1992), and references therein.[2] S. S. Medley, et al., Rev. Sci. Instrum. 67(9), 3122 (1996).[3] J. L. Terry, et al., in Proc. of 13th Int. Conf. on PlasmaPhysics and Controlled Nuclear Fusion Research,Washington, DC, USA, 1990, paper A-V-5.[4] D. Mansfield, et al., Phys. Plasmas 3, 1 (1996).[5] M. Ono, et al., in Plasma Physics and Controlled NuclearFusion Research 1992, Vol 1 of Fourteenth Conf. Proc., p63,W�rzburg, Germany, IAEA, Vienna. Refer also to J. E. Menard,PhD. Thesis, Princeton University, June 1998.[6] Veeco Inc., Plainfield, New York, Model No. PV-10.[7] Neutral Beam Gas Valve Driver, PPPL Model No. E1885,S. Schweitzer, Princeton University, PPPL, unpublished.[8] H. W. Kugel, et al., Fus. Technol., 25, 377 (1994).

11FIGURE CAPTIONS1. Partial schematic elevation view of Low Velocity BoronMicro-Pellet Injector.2. Expanded schematic view of the barrel, turret, andpropellant tube in (a) the rotatable position, and (b) in theengaged position.3. Partial schematic plan view showing the relative location ofthe Low Velocity Boron Micro-Pellet Injector and diagnosticson CDX-U Spherical Torus.4. CDX-U discharge wave-forms in relative units (a) without Binjection; plasma current (Ip), density Ne, bolometry signal,central cord of USXR vertical array showing C V and B IVemission, and the B III and OVI intensities, and (b) with boroninjection. On the x-axis, each time division corresponds to 4msec. 5. USXR array vertical emission profile without boron injectionand with boron injection.6. CCD TV camera tangential views of CDX-U plasmasthrough a B III filter and integrated over the duration of thepulse (a) without boron injection, (b) with boron injection.