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A IUEI, PEI_,I, ET INJECT()R F()R TIIE MICIIOWAVIg T()KAMAK

EXPERIMENT (MTX), S. M. llibbs, S. L,. Allen, D. F. Petersen, N. R. Scwall,

Lawrence Livermore National Laboratory (LLNL), Livermore, CA 94551

Unlike other fueling systems for magnetically confined fusion plasnlas, a

pellet injector can deliver many fuel gas particles to the core of the plasma,

enhancing plasma confinement. We installed a new pellet injector on the M'I'X

(formerly Alcator-C) to provide a plasma with a high core density for
,i

experiments botti with and without ultrahigh-power microwave heating, Its

' four-barrel pellet generator is the first to be designed and built at I_,LNL. Based

on "pipe-gun" technology originated at Oak Ridge National Laboratory (ORNL), it

incorporates our structural and thermal engineering innovations and a unique

control system. The pellet transport, differential vacuum-pumping stages, and

fast-opening propellant valves are reused parts of the Impurity Study

EXperiment (ISX) pellet injector built by ORNL. We tailored designs of ali other

systems and components to the MTX.

Our injector launches pellets of frozen hydrogen or deuterium into the MTX,

either singly or in timed bursts of up to four pellets at velocities ot' up to 10()()

m/s. Pellet diameters range from 1.02 to 2.08 mm. A diagnostic stage measures

pellet velocities and allows us to photograph the pellels in flight. We are slriving

. to improve the injector's performance, but its operation is already very consistent

and reliable.

iNTR()I)UCTI()N

In building the pellet injector for the MTX, wc wanted Io achieve the

performance characteristics and provide the features :;hown in 'l'ablc 1. An

existing tcllct_" injector, buill by. lhc ORNl, Plasma Fueling Program. and lasl tlse(t

al lhc 'l'cxas EXperimclllal 'l'okanlak ('I'I{X'I'.), bCCalllC available and was
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(i)il the advice of Milora, Gouge, et al. 1 of ORNl.,, we adopled the "pipe gun"

design concept (Fig. 1). We also installed a new control system and pellet

diagnostic station. We left the pellet guide section between the pellet generator

and tile tokamak essentially intact and refurbished the main structural platforna.

We elevated the entire injector assembly on columns and positioned it to launch

pellets into a side port and along a major radius of the MTX, with the electronics

racks underneath. Figure 2 shows the finished injector installed on the MTX.
t

Design and construction were done in 12 months and cost approximalely $500K,

' divided about equally between new hardware and labor.

TIlE PELLET GENERATOR

A pellet generator makes fuel pellets and launches (fires) them at speeds

from 0.5 to about 1.5 km/s. In any gun-:ype pellet generator for magnetic-

confinement plasma fueling, fuel gas (either hydrogen or deuterium for MTX) is

frozen to make an individual pellet. The pellet is then accelerated through a tube

(tile barrel) by a sudden burst of high-pressure gas. Several gun types have been

used,2,3,4,5,6 but we selected the pipe gun because of its established reliability

and because it is easy and inexpensive to build, maintain, and change.

Figure 2 shows a schematic of the MTX pipe gun, which is virtually generic.

In any pipe gun, fuel gas is cryocondensed and frozen in a short cold zone in the

' tube from which the resulting pellet will be launched. The cold zone is

eslablished by intimate thermal contact with a liquid-heliuna-cooled copper cold

block. The COlltaCt length determines the pellet's nominal length. The c()ld z()nc

divides the tube inlo a "chamber" upstream and a "barrel" downslream. Slcevcs

arc brazed 1o lhc tube upstream and downstream of lhc cold zoile. 'l'hey arc

lhcrmally connected t¢) the cold block. Electrically heating lhc slcevcs establishes

thcrnlal e.ra¢licnls on both sides of lhc pellet, stlaping lhc I)()un(tarics ()t" the cold

zone and lhus a¢t.justing the pellet length. "l'hc thcrnlal _¢ratticIJt sleeves als() hell)

'l/l.lyl( ?:(/? I'M I':_t , i,,,
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ensure that the pellet does not stick to the ittside surface of the barrel wllen the

gun is fired.

In tile MT'X pipe gun (Fig. 3), the cold zone ix established by a copper ferrule

brazed onto each of gun's four barrels. Ali of the ferrules have the same outside

diameter and length, but they are individually undercut to provide the selected

nominal pellet length for each barrel. The ferrules are wrapped with indium foil

to ensure thermal continuity and are clamped into a common cold block. Our
i

pellet generator can thus simultaneously provide pellets of different sizes, and we

• can change the sizes by installing new barrels, made of commercially available

stainless-steel tubing. Temperatures of the cold block and of the thermal

gradient sleeves for each barrel are controlled by Lakeshore Cryotronics Model

805 and Model DRC-80C controllers that supply current to heating resistors

mounted on each c ,mponent. l,,akeshore Model DT-470 silicon diode sensors

provide temperatur_ feedback to the controllers.

The pellet generator components are mounted on a bulkhead plate that is

fixed to the injector's main frame, (Fig. 4). The location and angle of the plate can

be adjusted and then locked. Fuel gas, propellant gas, electrical firing pulses to

the propellant valves, heating current, and thermocouple signals ali pass through

this plate in appropriate feedthroughs. Ferrules braTed to the muzzles of the gun

, barrels fit finely machined holes in this plate, aiming the barrels simultaneouslv

when the bulkhead plate is aligned.

The pellet generator is enclosed in a vacuun_ chamber thai provides

additional thermal isolation for the cold block. The chambcr, with ils high-.

vacuum primp atlached, is rolled tip over the pellet genoral()r and b()llcd t() lhc

btJlkhead plate with an ()-ring vacuum seal. R{)lling ii back cxp()scs ali paris (_1

the pellet generator foi" lliitilltcnliilcc ()r in('Jdil'ic:ati(_i_.

u/I,1/<_( p:()2 I'M I';_!','
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Additional thermal isolation is provided by a heat shield lhal surrounds tile
i

pellet generator. Helium boil-off gas from the cold block passes through

approximately 10 ft of 0.25-in.-dianleter copper tubing that is brazed to lhc

electropolished stainless-steel heat shield, The shield sel_arates into halves for

access to the cold block. Finally, the copper cold block is gold plated to preserve

its low surface emissivity. Liquid helium coolant supplied from a porlable 500-1

dewar is used at a rate of about 20 l/ht, whether cooling the cold block, holding it

at temperature, or making and firin_ pellets.

' Previously, the cold block was supported on a stainless-steel stem attached to

the warm wall of the vacu_m chamber, with an intermediate liquid-helitlm-

cooled block intercepting the resulting heat load. We replaced the metal support

with a trusslike framework made of fiberglass-epoxy laminate manufactured to

National Electrical Manufacturers' Association (NEMA) standard G-10. No

intermediate cold block is usedl The laminate is about as strong and as stiff as

aluminum, but at 0.08 W/re-°C, its thermal conductivity is only about 25% thai of

the metal it replaces. Therefore, it provides firm support and adequate thermal

isolation for the cold block while simplifying the ancillary mechanical systems.

The same framework extends beyond the cold block to support the four fast

propellant gas valves, which open directly into each gun chamber. We reused tile

original Skinner Valve Company Type B-2 miniature solenoid valves, which were

extensively modified by ORNL for this application. Each valve is supplied from a

separate gas-pressure regulator and is opened by a 45()-V pulse from a st_lcnoid-

driver power supply. The mcct_,anical design leaves Sl)aCC lo re.lrofit lhc faslcr-

opening, but larger, propellant valves lhaI ]l,tve sillcc [)Cell dcvclt)ped al (.)I_,NI.,.7

ttccausc we use a common cold bl()ck, stipporI franlc, alld bulkhead plait, ali

• , __,_ barrel diamclcrsgun barrels ill'ld chaillbers lllUSt bc the same leIllitltl althou ,L

and pcllcl inasscs can bc chail!_,,cd. I,Ising lhc cxislin!.,, vactluln challlbcr lilllil¢'¢t

')/I,l/U(I ,2:()2 I'_1 I';_'..,



tile overall length of the gun tubes. We limited input pressure to the fast

propellant gas valves to 120() psig to avoid administrative c()mplications, and

because tile valves will not open at pressures above about 900 psig. On the MTX,

we have used only helium propellant gas, but we could use hydrogen if we

prepare additional pressure and fire safety documentation.

Our final design constraint was to retain the original spacing between barrels,

allowing us to use the pellet guide section without modification. Therefore, the

largest pellet for which this pellet generator can be retrofitted is 3.75 mm

. diameter. The largest pellet that can be accommodated without changing the

present cold block is 3.00 mm diameter.

CONTROI.,S

We created a new control system that allows us to initiate the firing sequence

either locally (at the pellet injector) or remotely (from the MTX control room), but

the pellet-making cycle is always controlled locally. We can also operate

individual system components at will and can locally select setup parameters,

such as which barrels to fire under automatic control, the time intervals between

individual barrel firings, and whether to admit fuel gas for making pellets from

the chambers, the barrels, or both. Only minimal injector status information is

transmitted to the MTX control room, and no parameter changes can presently be

made there.

A local l-tewlett-l_ackard 340C+ computer is interfaced through Conll)uter

Automated Measurement and Control (CAMAC) modules to the valves controlling

the partitioning of lhc pellet guide section and the fuel gas, propellant gas, and

VllCtltllli systems. The c(_rnputer runs a graphics-oriented s()J'lwilre system named

I'A(.'.I., ('l'haumalurgic AuloTnated Colltrol 1.,ogic)8 Using lA( .... s lx_gic l:_dilor, wc

cnlcred the pellet injector's c(_nlrol logic in schclnatic t(_rnl. 'l'hcn wc used ils

II)iSplav l{clitc_r to crcllte inllltic(_lorc(t L'()lllrol SOl'Cells II_al t_ict_riallizc lhc ClIIiFL!

....(1. I'M I'/I;,,'
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injector. On these screens, the operators then use a trackball nnct on-screen

Cursor to control the pullet injector. The control screens inform the operator of

hardware status and of the setup parameters for automatic operation. These can

ali be changed with the trackball and cursor. TACL, monitors and operates safety

interlocks in the backgrot_nd. Fuel gas is supplied at constant pressure that is

maintained by standard MKS Baratrons and an MKS Model 254A pressure/f!ow

controller. Ali other hardware controls are manual. Pressures in tile propellant

and vacuum systems are displayed on stand-alone mechanical or electronic

. gauges, and set-point signals are sent to the computer as interlock inputs. The

turbomolecular vacuum-pump controllers with fail-safe valve default positions

effect an orderly vacuum system shutdown if power fails.

Although TACL allows single-step loading and firing by actuating individual

components on-screen, these operational sequences are usually controlled

automatically and can be initiated either locally or remotely, The local computer

always runs the preset time sequences during pellet freezing and pumpout and

operates hardware components at intervals as short as 1 s. The high-resolution

timing needed to operate the pellet-firing sequence is provided by two CAMAC

modules: a Kinetic Systems KS3655 timing generator with l()-fts resolution and

an l_,LNL-built local sequence controller. The tirning generator produces trigger

. pulses that pass through the sequence controller, which triggers tile selectect

propellant valves at tilt set little intervals, t;or local automatic pellet firing, the

cornputcr triggers the sequence controller, For remote firi+lg svnchrc+nizcd with a

plasma discharge, the MTX pre-sequencer inititates the autonlatic pcllct--nlakitl!_,

sequences. Then the M'I'X fast scqtlenccr provides lhc firing tri!,gcr sigllal t(_ tile

injector's scqucr;cc controller. A hc)lding interval of tlp tc+ 11) vllin is all(+wcd

bctwecvl pullut-m',tkin_ _11_{1l'iriwl_,',.
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Pellet Velocity. Pellet velocity .is measured for each barrel by a pair of

optical timing traps spaced 150 mm apart along the direction of pellet flight. A

single timing trap consists of a miniature incandescent lamp on one side of the

pellet path and a photodiode array on the other. The four barrels thus have eight

timing traps. The continuously illuminated photodiodes respond to passage of a

pellet shadow with a momentary reduction in photocurrent. These traps are

packaged in a monolithic velocity station located downstream of the pellet guide

, section. Since the pellets tumble and touch the tubes in the guide section, their

true velocities are most accurately measured beyond it.

Lamp current and electrical signals pass through appropriate vacuum-tight

electrical feedthroughs. Photodiode signals pass through a set of conditioning

amplifiers and then through our discriminators. From these Nuclear Instrument

Module Systems (NIMS) modules they pass to BiRa time interval meters located

in a CAMAC crate. The resulting time intervals are available to the MTX VAX

data.-acquisition system via a serial highway at the CAMAC crate.

Pellet Integrity. A camera photographs the pellets as they fly past the

15()-rnm-wide space between the timing traps. Pulsed backlighting is provided

by a fiber-optic-coupled flashlamp. The signal from the first trap triggers a

microchannel-plate image intensifier, which acts ;,ts ali ultras,,, (:.:arnera shullcr.

lt provides an l g-rana-diameter image either ()ta film or on an electronic imager

for storage and future image processing.

()t'f-Line Pellet Confirmalion, A shock lratlsdtlccr stalion is positioned

downstream froth the velocity station. 'l'he transducer is lll()lllllC(.t ill lilt.' Citl'l'iil_'C

()f a vacuum gate valve whose vacuum sealing capability has been dish,bled. 'l'hc

valve lhUS ftlnctions lls _.l I(}w-Cosl c,:lrricr lhat places lilt.' Iians(ltlccr cilhcr iii lhc

pcllcls' path for ()ff-lin¢ ol)cratioll or otJt of their palil I()_' dcli\'crv to lhc

(,)/1 ,4/q)() 2:()2 I'M I'ai!',,'
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tokamak. 'I'hc transducer is a much-used diagnostic that verifies pellet firing,

gives a good subjective impression of pellet mass and integrity, confirms the

velocities reported t'rom the velocity station, and allows us to measure the tinac

intervals between pellets.

Pellet Ablalion. Two photodiodes with t-Ic_ filters are mounted on the top

port of the MTX. As the pellets pass across the plasma, they measure the l-1_ light

that is emitted. The time histories of their signals, together with known pellet

speeds, reveal how far a pellet penetrates the plasma before _z is completely

. ablated. Other tokamak diagnostics confirm and corroborate' two fast x-ray

detectors show a drop in signal, the fast visible bremsstrahlung detector shows

signal increases, the fast electron-cyclotron emission diagnostic follows the rapid

electron temperature decrease resulting from fuel pellet injection, and the fast

far-infrared interferometer confirms the accompanying increase in electron

density. Figure 5 shows output for the same pellet from the pellet velocity

station and from the pellet camera. Shown in Figure 6 are the outputs from the

Pellet Ablation diagnostic and several plasma diagnostics during pellet operation

of the MTX.

REAL VS PREI)ICTED PERFORMANCE

More sophisticated analyses are available today, but the work by Seigel 9

. presents the many interrelated parameters that govern gas-gun performance in a

convenient graphic format. Using Seigel's work, we extracted rna_ly predictive

iterations and rapidly found the gun geometry to meet our needs and fit the

existing space constraints. The many geometric limitations allowed us to c_ptin/izc

gun gc()mctry for only one ()f the three pellet sizes; the ()lhers are c()mt)r()miscs.

We. expected to reach 1()()() m/see for pellets up to about 1.() trim dianletcr and I() -_'

provide lower bul still useful vel{_cilies for larger pellets. 'Fable 2 lists these

l_,,c{_llletrv selections, predicted pellet velocities, and actual vcl{witics. Vt_'l<_cilics

=
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for pellets of about 1,() mm diameter are 10% to 25% lower than predicted, while

pellets of about 2.0 mn1 diameter are almost exactly as fast as predicted.

Predictions based on Seigel's work account for a pressure drop and reflected

rarefaction waves as the pellet accelerates along the barrel, but they do not

account for sliding friction (probably a very small effect because a fuel pellet

rides on a film of gas) or for the pellet's occasional tendency to momentarily stick

to the barrel wall before accelerating. Indeed, we believe this sticking is the

primary source of uncertainty in launch timing, especially for small pellets since

. their ratio of circumferential surface area to end surface area is greater than for a

large one.

OPERATIONAL EXPERIENCE ON THE MTX

We have worked only with helium propellant and deuteritJm pellets, although

hydrogen is still an option for both. We found that this injector runs best with

the parameter settings in Table 3,

l)euterium fronl industrial gas suppliers is only 99.5 to 99.7% pure, the

remainder being mostly It20, I)20, _lnd l tI)O. Pellets made of this gas oi'ten stick in

the barrels, refusing to move even at maximum propellant pressure. We suppose

that when fuel gas is introduced ilato the cold zones, the cor_tanairlants condense

first, effectively rotlghening the barrel surfaces and mechanically restr_|ining the

pellets. To purify commcrcitll deutcritlnl, wc pass it through an exit, tided

molecular scive at 77 K. When impurity levels arc thus reduced to a few icns of

pl_rts pcr million, wc greatly improve the probability of succc,_sful firing.

In ()potation, the cold block is initially ccx_lcd t(_ about 5 K witll a flow of

liqui(t hclitlnl. 'l'hcll it is heated and held at al_c)ut 12 bi. Wc cto iiot prccc)ol with

liclttid uitro_;cn. At lt_w flow, there is _1 tcmpcr_ttlrc (_.,;cillatioN t'r_ill tll_i_tlt 7 K I_

2() K witllila zlbotit _1 3()-s period. We believe this is catlsctt bv liqtlid hcl itlm

sui_iu!_, throtl!;la lhc cold t31ock. \Vhcll wc iilcrt:asc l)rtrssulc il_ lhc supl)lY tlcwar,
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the flow rate increases until temperature stability withir_ 4_-_.¢).5 K is nchieve.<l.

,,urge suppressior_ thus governs our liquid helium consumption rifle al present.

We e.xpect to reduce it substantially in the future.

Heat flow along the chambers to the cold block froze the elastomer seals in

the propellant valves so tt_nt they leaked when closed. Our solution was to

retrofit heating resistors to each valve body. A Type "E"' thermocouple on one of

the valves feeds back to the Omega Model 9000 controller thai powers ali of the

resistors. The 2 to 3-W/valve heat load does not noticeably affect liquid helium

consumption.

SUMMARY

We have described reliable operation of the four-barrel MTX fuel pellet

injector. The system could be improved by installing the higher-performance

ORNL fast propellant valves and by installing a variable throttle valve in the

liquid helium coolant exhaust tct help reduce surging in the cold block.

We are currently running the pellet injector together with MTX plasma

operations. Peaked electron density profiles have been shown tcthave enhanced

energy confi||ement. Therefore, during upcoming M'I'X electron-cyclotron

resonance heating experiments with both a gyrotron (5()0-1()()0 kW.) and a free-

electron laser (1-2 GW peak), we will operate the pellet in.ject(_r so tllat the peak

c lcclron density is less than the 14()-(_l-{z microwave cutoff dc l_sity of abotlt '2 ',.

1()14 Cill--.3.
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assembled the injector and now operate it. This woik was performed under the

auspices of the U.S. Department of Energy by Lawrence Livermore National

Laboratory under Contract No. W-7405-ENG-48.
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FIG. 1. Schematicdiagramof a pellet injectorwith Pipe Gun pellet generator
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c+l thu h_?+it sl;ii'Icl h_tx I++uc'wlt_.'i1+c>_,'u¢ltc+ ,'.+l+c+,,_,'tllt._' +.; l() li_11+_+',,_,'t+rk,u_+ItI

' l+Ic_.+'k,ttr+el l+ttriul_, 'l'llu l_ist I'_t'c+l+_c._ll_irlt',,';tlv<.,._;it_.' tl+t+tJIitc.,++l_tt tilt.' lull. 'lliu

t.'tltit't' ._ul+_t+.'.:uv_+l+l'+,,i+ t'tx+.'l_+._.'cIiv+,_ict_+:'',t vliq..'tlt.llll ,<,'li',.iv111_t'l' l)Iztl _t',ll.'< z_w;i,,' tc+

flit' lult.



I;!(;. 5. In the oscillograph (lct't), tile negative (do,,Vnw;lrd)

dcflcctiorts on the second and third traces record lhc otilput of

lhc first and second velocity traps, respective!y, for this 2.0

mm dia. × 2._:_ mm dcutcriunl pCrllCt (right). "l'hc large i)t_itivc

dc.flection on the .,.;ccond trace i,',; electrical noisc froth the

tla_hlalull illumillatin_ the pellet ilhott/grailh. 'l'llc. t(_p trace

records lhc Otltlll, lt 0I' I]IC sh()ck transducer. 'l'l_c ().l()l()-wlls

time between the velocity trail sigtlals corrcsimnds t(_ a pellet

velocity oi" !)igt} m/s over the vcl()citv ,,;tati()n'.'.; 15()-II1111
t

baseline. 'l'hc pellet is moving trt)m loft t() ri}thi, an(t tilt cit)ts

ab()vc it arc ().5 1111n,t)_lrt.

_111,, ,,, pl ,,=, nii II' '_111w'rl' I IIr'l ' = ' ' 'IIII'' ................. I'_' I I ' q rl '1 _ _l _1 I_ I Pl 'lilt I _ I r"l
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1;'I(1. (_ l:'l_lsrnli diIl.L.,noslicouIput,',; durirlg .K"I'I'X pellet Ol>cr_llion. 'l'llc pcllcl

',v_ls in i<.:c_,,.'d_t _ll_o,l 25() mx. A large incrcasc is sll()\vn on lhc ccnlral-

chord line density from lh_..', far-infrared intcrR'roH_clcr, with _

(.:(_rrcsl>(_ndi|_,incrc_sc in lh(" ccnlral vi,',;it:)lc I'_remss|r_li_lu_!,. 'l'l_e l_l_s_n;_

_.'lc<.'tr_+n tt.'lllp(.'rtlItll't.:' (ll'()pX illl(] th<.+'n r_.'c()vcrx, ,',;h(iwn bv Iii{' {'¢.'J+tr+tl ,',+(+lt x

','_.'l(_.'il\' III;II 111{' I_(.'11_.'Iis ll_lly ;_1)1_I_.'_1t_(.'1(__.' il r_.'a_.'ll__'s_11_.'t)l_slll:_ :_xis,i

, q_ II, lt '" lp' ,,' '11 , i,_lle 'lxlr ,,,fl,iq _11....



I)ellets: Eithe'r hydrogen or deuterium

Injection in bursts of fronl 1 to ,4 pellets:

2 pellets at 0,75 mm dia, by 1.50 mm long

1 pellet at I,()0 mm dia, by 2.()() mm long

1 pellet at 1,55 mm dia, by 2,33 mm long

Retrofittable to provide other sizes

Maximum velocity l,()()()'n/see for ali sizes

Time interval between pellets of 1 to 1()() ms +/- 1()() },Is

"l'imc interval between bursts of 5 minutes, max.

' l'ropellant: Either pressurized helium or hydrogen

Controls: Manual pellet making and firing al the injector

Automatic pellet making and l'iring at the, irl jcct()r

Automatic pellet making at the injector with firing t'roln the

MTX control room

l)iagnosiics: Pellet velocity measurement

Pellet integrity check (photogral_hy)

Pellct impact sensor for ofT-line Ol_Craiion

Pellet ablation sensor on the tokamak

Reliability: 95% for single-pellet shots

g()% t'(_r mt|ltiplc-pellet bursts
,0

"I'AI,ILI,; 1, I)csired features and design pert'ormaI_ce targets for the M'L'X l;ucl l'cllcI

ln,jcct¢_i,



°,

l'ellciMaierial l.)cutc',riunll)_utc:riunlDeuterium

Peilel l)iameler, turn 1,12 1,02 2,()S

Pelle{ i,ength, mm 2,() 1.5 2,,.1

I'ropellanl ltclium t.lclium llclium

Prol)ellanl Supply Pressure, psig 900 900 90()

_' ' Cl_slnmat.ed hamber Pressure, psig 600 6()0 600
41

Chanll}er l,engih 102 102 102
!

Barrel Length 251 251 249

l'redicled Pelle{ Velocily, mis 1,040 1,135 970

Aclual Pellets Velocities, m/s 770 Not 920
to 960 Mca,';. to 98()

'I'ABI,t'; 2. Pellet Generator geometry and predictcct vs. actual pellet velocities

:l



Barrel I 2 & 3 4
,, , ,, -- , ........ ,,, iii i i , i i i fill i i, i I_- ---- , l

Pelletsize,dia. X length, 111111(re[') 1,12X 2,() I.()2X 1.5 2,08X 2,3

Cooldown time before operation .......... l hour- .........

I)euteriunlfuel gas supplied to . . . - ...... Chambers only.......

l)eulerium pressure for pellet making ....... Constant17 Torr- - ....

Pellet freezing time 9() s 90 s 90 s

Cold block temperature .......... 12 K .......

' Thermal gradient sleeve temp. 110 K 110 K 130 K

, l_,iquid helium dewar pressure .......... 5 psig .........

Propellant gas .... l-lelium at 200 to 900 psig .....

li'ast I_ropellant valve solenoid volts 450 V 450 V 450 V

Fast propellant valve open lime 15 ms 15 ms 15 ms

"I'AI_LE 3, Pellet Injector optimum operating parameters
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