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ABSTRACT 

We desc r ibe the design and opera t ion of the s o l i d hydrogen p e l l e t 

i n j e c t i o n system used in plasma r e f u e l i n g experiments on the ISX toka -

mak. The gun-type i n j e c t o r opera tes on the p r i n c i p l e of gas dynamic 

a c c e l e r a t i o n of cryogenic p e l l e t s conf ined l a t e r a l l y in a tube . The 

device i s cooled by f lowing l i qu id helium r e f r i g e r a n t , and p e l l e t s a r e 

formed in s i t u . Room temperature helium gas a t moderate p ressure i s 

used a s the p r o p e l l a n t 

The prototype device i n j e c t e d s i n g l e hydrogen p e l l e t s i n t o the 

tokamak d i scharge a t a nominal 330 m/s. The tokamak plasma f u e l con t en t 
19 

was observed to i nc rea se by 0 . 5 - 1 . 2 x 10 p a r t i c l e s subsequent to 

p e l l e t i n j e c t i o n . A simple modi f i ca t ion t o the e x i s t i n g design has 

extended the performance to 1000 m/s . At higher p r o p e l l a n t ope ra t i ng 

p ressures (28 b a r ) , the muzzle v e l o c i t y i s 20% l e s s than p red ic ted by an 

i dea l i zed cons tant area expansion p rocess . 

v 



INTRODUCTION 

Fusion power r e a c t o r s based on the tokamak concept w i l l r e q u i r e an 

a c t i v e mechanism f o r r e p l e n i s h i n g the spen t f u e l . P resen t tokamak 

confinement dev ices r e l y on gas p u f f i n g a t t he plasma edge and p a r t i c l e 

r e c y c l e from t h e vacuum vesse l wa l l s and from the plasma 1imiters to 

mainta in the plasma d e n s i t y over severa l p a r t i c l e confinement t imes . As 

an a l t e r n a t i v e to gas p u f f i n g , i n j e c t i o n of s o l i d hydrogen i s o t o p e 

p e l l e t s a t high speed has been proposed as a method of c a r r y i n g f u e l 

more deeply i n t o t h e hot c e n t r a l core of the plasma. Es t imates of the 

p e l l e t s i z e and v e l o c i t i e s r equ i r ed f o r deep p e n e t r a t i o n i n t o the plasma 

g e n e r a l l y range from 1 mm and 1000 m/s f o r p r e s e n t tokamak plasmas t o 5 

mm and 5000 m/s f o r c o n d i t i o n s l i k e l y to be t y p i c a l of power r e a c t o r s . ^ 

In the f i r s t demonst ra t ion of p e l l e t i n j e c t i o n i n t o a tokamak 
2 

plasma, s p h e r i c a l p e l l e t s of 0.070-mm and 0.21-mm diam were i n j e c t e d 

i n t o the Oak Ridge Tokamak a t speeds of 100 m/s us ing the l i q u i d d r o p l e t 3 g e n e r a t o r de sc r i bed by F o s t e r e t a l . In a d i f f e r e n t exper iment , l a r g e , 

f r e e l y f a l l i n g p e l l e t s produced by an e x t r u s i o n - t y p e p e l l e t source were 

dropped into the Pulsator tokamak prior to initiation of the plasma 
4 

d i s c h a r g e . In t h i s paper , we d e s c r i b e the des ign and performance of a 

newly developed gun- type i n j e c t o r t h a t has been used in r e c e n t hydrogen 

p e l l e t r e f u e l i n g exper iments on the Impuri ty Study Tokamak ( ISX-A). 5 

The p ro to type dev ice was capable of i n j e c t i n g a s i n g l e p e l l e t dur ing t h e 

tokamak d i scha rge a t a speed of <330 m/s , r e s u l t i n g in a nominal 30% 

i n c r e a s e in t h e plasma p a r t i c l e c o n t e n t . The s imple m o d i f i c a t i o n s 

de sc r i bed in t h i s paper have extended the performance t o 1000 m/s , and 

f u r t h e r improvements may be p o s s i b l e . 

1 
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I . PRINCIPLE OF OPERATION 

The gun-type i n j e c t o r described below operates on the p r i n c i p l e 

t h a t a p r o j e c t i l e confined l a t e r a l l y in a tube wil l experience an 

acce l e r a t i on when subjec ted to an appl ied pressure imbalance. When the 

f l u i d t h a t supp l i es the d r iv ing fo r ce i s a compressible gas , the p r o j e c t i l e 

can be acce le ra t ed to high speeds as the i n t e r n a l energy of the gas i s 

converted in the expansion process to k i n e t i c energy of the p r o j e c t i l e . 

By invoking s impl i fy ing assumptions, the performance of such a 

device can be r ead i l y es t imated . Neglecting nonideal e f f e c t s such as 

f r i c t i o n a t the p r o j e c t i l e - t u b e i n t e r f a c e , hea t t r a n s f e r from the 

p rope l lan t to the tube w a l l , v i s c o s i t y , and gas leakage, the p r o j e c t i l e 

ve loc i ty U(t) a t time t a f t e r sudden a p p l i c a t i o n of the gas p ressure PQ 

is given ( f o r a cons tant area tube) by^ 

where CQ i s the speed of sound of the p r o p e l ! a n t , y is the r a t i o of 

s p e c i f i c h e a t s , M is the p r o j e c t i l e mass, and Ap i s the p r o j e c t i l e base 

area (equal to the c ro s s - s ec t i ona l area of the t u b e ) . The behavior of 

the pressure P( t ) a t the p r o j e c t i l e base w i l l decrease in time according 

to 

I t fol lows from Eqs. (1) and (2) t h a t t he u l t ima te a t t a i n a b l e speed f o r 

an expansion to zero p ressure is 

(1 ) 

p ( t ) / p 0 = i - y i i 
2y/Y-1 

( 2 ) 
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max 
2 Co 

Y - 1 ' 
(3) 

For ideal gas cond i t i ons , CQ = /yRT/m where R i s the universal gas 

cons t an t , T i s the temperature , and m i s the p ropo l l an t molecular weight . 

This r e s u l t obviously favors l i g h t gases (such as hydrogen or helium) a t 

e levated temperatures. At room temperature, hydrogen (Y = 7/5) e x h i b i t s 

an u l t imate speed of 6500 m/s compared with 3000 m/s f o r helium (Y = 

5 /3 ) . In p r a c t i c e , these l imi t s are never a t t a i ned because, as the 

p r o j e c t i l e a c c e l e r a t e s , the pressure s t e a d i l y decreases and i s even tua l ly 

balanced by the increas ing re t a rd ing e f f e c t s of f r i c t i o n . The presence 

of f r i c t i o n and o the r n o n i d e a l i t i e s suggests an optimum gun ba r re l 

length and hence ve loc i ty f o r given p r o j e c t i l e / p r o p e l l a n t cond i t i ons . 

Equation (1) can be r eca s t in to a form t h a t gives the ne t a c c e l e r a t i o n 

path length L as a func t ion of muzzle ve loc i ty Um. In terms of the 

c h a r a c t e r i s t i c time T = [ ( Y - 1) II V M ] / [ ( Y + 1) A P 1, we can Ilia X p O 
wri t e 

m 
L(UJ = I U( t )d t = TU m I max / V

T 
( Y - 1 ) / ( Y + D 

1 - ^ , (4) 

where 

t fx = 1 - 7T m \ u 

- ( Y + D / ( Y - 1 ) 

1 
max 

This r e s u l t implies t h a t high v e l o c i t i e s can be a t t a i n e d in r e l a t i v e l y 

sho r t a cce l e r a t i on paths a t moderate working pressures when using low 

i n e r t i a p r o j e c t i l e s . For 1-mm so l id hydrogen p e l l e t s (mass dens i ty = 

86 kg/m ) , a c h a r a c t e r i s t i c time of 65 ps r e s u l t s f o r room temperature 

helium prope l l an t a t Pn = 10 bar . The so lu t ion to Eqs. ( l ) - ( 4 ) f o r 
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t h e s e c o n d i t i o n s sugges t s t h a t v e l o c i t i e s in the v i c i n i t y of 500 m/s 

would r e s u l t wi th a gun ba r r e l l eng th on the o rder of a few c e n t i m e t e r s . 

This i l l u s t r a t e s the m e r i t s of hydrogen as the p r o j e c t i l e m a t e r i a l . I t s 

low d e n s i t y a l lows high performance a t moderate working p re s su re s which 

a r e e a s i l y ob t a inab l e wi thou t having t o r e s o r t t o the use of e x p l o s i v e s . 

As noted in Sec t ion V, we have obta ined v e l o c i t i e s in the range 300 

m/s t o 1000 m/s with gun ba r re l l eng th s of 3.2 and 16 cm, r e s p e c t i v e l y . 

The h igher performance occurs a t ^28-bar working p r e s s u r e and i s in 

r easonab le agreement with the va lue p r ed i c t ed by t h i s simple model. 

This r e s u l t impl ies t h a t the degrading e f f e c t s of f r i c t i o n might not be 

a major impediment t o a t t a inment of h igher v e l o c i t i e s . 

I I . INJECTOR DESIGN DETAILS 

E s s e n t i a l des ign elements of the i n j e c t o r a r e i l l u s t r a t e d in F igs . 

1 through 3. A m i n i a t u r e s t a i n l e s s s t e e l gun b a r r e l i n s e r t (two were 

s t u d i e d : 0.082-cm bore x 3.18-cm long and 0.1-cm bore x 16-cm long) i s 

f i x e d wi th in the ba r r e l housing made of 0FHC copper . A d i sc - shaped 

s t a i n l e s s s t e e l p e l l e t c a r r i e r i s s i t u a t e d between the ba r re l housing 

and the 0FHC copper main housing. The c a r r i e r has two 1-mm-diam holes 

d r i l l e d oppos i t e each o t h e r ex tending through t h e f a c e of the d i s c 

w i th in which p e l l e t s a r e l o c a t e d . The p e l l e t c a r r i e r , which i s f r e e t o 

r o t a t e between two b r a s s washers , se rves the dual purpose of (1) forming 

a f r o z e n hydrogen plug in the condensate well l oca t ed in the lower ha l f 

of t h e main housing and (2) t r a n s p o r t i n g i t t o a p o s i t i o n in l i n e with 

the gun b a r r e l l o c a t e d d i r e c t l y above. The gun assembly i s convec t ive ly 

f o r c e - c o o l e d by l i q u i d helium f lowing through 0.635-cm-0D cool ing l i n e s 
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brazed to the ba r re l housing and the copper heat exchanger appendage o f 

the main housing. L i q u i d hel ium coo lan t i s t r a n s f e r r e d *:o the system 

from a p ressur i zed storage dewar through a bayonet coup l ing t r a n s f e r 

tube. 

The l i q u i d hel ium f l ow causes hydrogen gas t o condense i n the 

i n t e r i o r o f the mechanism, f i l l i n g the condensate we l l and the lower 

c y l i n d r i c a l vo id i n the p e l l e t c a r r i e r w i t h l i q u i d . When t h i s volume i s 

sa tu ra ted w i t h l i q u i d , f u r t h e r c o o l i n g produces a f rozen plug o f hydrogen 

i n the bottom ho le o f the p e l l e t c a r r i e r . The p e l l e t c a r r i e r i s r o t a t e d 

180° t o t r a n s p o r t the p lug t o the p o s i t i o n i n l i n e w i t h the gun b a r r e l . 

The p e l l e t i s p rope l l ed from the mechanism by p ressur i zed hel ium gas 

admi t ted t o the chamber behind the p e l l e t c a r r i e r by a f a s t opening 

magnetic va lve (Skinner model V5H26260, 0.318-cm o r i f i c e ) . The va lve i s 

opened momentar i ly by d i scharg ing a 5-uF capac i t o r i n i t i a l l y charged to 

300 V i n t o the va lve so leno id . This arrangement ensures t h a t the va lve 

w i l l open aga ins t the h igher working pressures . The e l e c t r o n i c t r i g g e r i n g 

u n i t shown in F ig . 4 inc ludes a v a r i a b l e t ime delay crow bar c i r c u i t to 

de-energ ize the capac i t o r and minimize the t ime t h a t the va lve remains 

open. The valve i s mainta ined a t o r near room temperature by heat 

s i n k i n g to the device vacuum chamber w a l l . Heat leakage from the valve 

t o the main housing i s minimized by us ing +hin wa l l (0.318-cm 0D x 

0.267-cm ID) connect ing s t a i n l e s s s tee l t u b i n g . At work ing pressures on 

the order o f 10 ba r , a gas load o f MO To r r -£ r e s u l t s from a s i n g l e 

va lve pu lse . This gas i s e f f e c t i v e l y prevented from en te r i ng the tokamak 

by the low-conductance, gas delay system descr ibed i n Sect ion I I I . 
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Vacuum thermal i n s u l a t i o n i s maintained around the e x t e r i o r s u r f a c e s 

of the mechanism. A mechanical vacuum pump i s used t o evacuate t he 

vacuum enc losure to ^10 Torr be fo re cool down. During o p e r a t i o n , t h e 

cold surface-: of the coo lan t l i n e s pump the i n t e r i o r of the chamber by 

c ryocondensa t ion , and the mechanical pump i s valved o f f . Hydrogen 

leakage i n t o the vacuum enc losure i s prevented by s i l v e r s o lde r j o i n t s 

a t a l l mating s u r f a c e s . To f a c i l i t a t e d i sassembly , an indium sea l i s 

provided between the f l a n g e s u r f a c e s of the main and bar re l hous ings . 

The p e l l e t c a r r i e r i s connected t o an e x t e r n a l l y loca ted a i r - d r i v e n 

r o t a r y a c t u a t o r by a s h a f t f a b r i c a t e d from 0.953-cm OD x 0.810-CP- JO 

s t a i n l e s s s t e e l t u b i n g . This i s of s u f f i c i e n t s t r e n g t h to wi ths tand the 

s t a r t i n g torque (^130 i n . - l b ) used to f r e e the p e l l e t c a r r i e r when the 

mechanism i s s a t u r a t e d with hydrogen i c e . The d r ive s h a f t i s housed 

wi th in a 1.27-cm OD x 1.22-cm ID s t a i n l e s s s t e e l s l e e v e t h a t suppor t s 

the gun assembly. An ex t e rna l quick-connect 0 - r i n g f i t t i n g p reven t s a i r 

from e n t e r i n g the annul us between the d r ive s h a f t and t h i s suppor t t u b e . 

This annul us se rves as a passageway f o r hydrogen gas admitted t o t he gun 

mechanism. 

Three a d j u s t a b l e t ens ioned s t a i n l e s s s t e e l s t r u t s p i c t u r e d in F ig . 

3 suppor t t he gun mechanism i n s i d e i t s vacuum housing and preven t t w i s t i n g 

motion and damage t o t h e suppor t tube dur ing r o t a t i o n of the p e l l e t 

c a r r i e r . These a r e cons t ruc t ed of t h i n wall tub ing to minimize hea t 

leakage t o t h e gun assembly. The s t r u t s extend through quick-connect 0 -

r i ng f i t t i n g s on the vacuum chamber wall t o f a c i l i t a t e p o s i t i o n i n g and 

a l ignment of t he dev ice from o u t s i d e the vacuum e n c l o s u r e . 
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The e x t e r i o r temperature of the main housing i s monitored with a 

s i n g l e Chromel/gold 0.07% atomic iron thermocouple located near the 

condensate we l l . Digi ta l temperature readout i s accomplished with a 

S c i e n t i f i c Instruments model 3700 temperature i n d i c a t o r / c o n t r o l l e r . 

When used in conjunct ion with a 25-W c a r t r i d g e hea te r incorpora ted i n t o 

the heat exchanger appendage of the main housing, t h i s arrangement 

permits coarse temperature r e g u l a t i o n . During normal opera t ion as 

descr ibed in Section IV, temperature r egu l a t i on i s unnecessary. 

The choice of OFHC copper as the mater ia l of cons t ruc t ion f o r the 

housing subassemblies ensures t h a t near ly isothermal condi t ions wi l l 

e x i s t throughout the mechanism. To lessen the l i ke l ihood of hydrogen 

f r e e z i n g wi th in the gun bar re l i n s e r t , i t i s thermal ly i n s u l a t e d from 

the barre l housing by a th i ck (0.318-cm 0D) s t a i n l e s s s t ee l s l eeve . 

Freezing of l i q u i d hydrogen occurs p r e f e r e n t i a l l y within the condensate 

well due to the high thermal conduct iv i ty of copper r e l a t i v e to s t a i n -

l e s s s tee l a t l i q u i d helium temperatures . 

I I I . PELLET INJECTION LINE 

The primary func t ion of the p e l l e t i n j e c t i o n l i n e i s to i s o l a t e the 

tokamak vacuum vessel from the pressur ized environment of the p e l l e t 

i n j e c t o r . This i s accomplished by using the s taged gas delay l i n e 

(shown in Fig. 5) which c o n s i s t s of a 92-cm length of 23-cm-diam s t a i n l e s s 

s t e e l pipe p a r t i t i o n e d in to e igh t separa te chambers. Small c lea rance 

holes d r i l l e d through the cen te r of each p a r t i t i o n allow the p e l l e t to 

pass through the volumetr ic pumping s tages and e n t e r a shor t s ec t ion of 

3.8-cm-diam tubing connecting to the tokamak. The throughput of helium 

p rope l l an t i s r e ta rded and minimized during the tokamak d ischarge (^200 
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ms) by the l a rge e f f e c t i v e time cons tan t of the system of small area 

a p e r t u r e s and l a rge capac i ty chambers. 

In a d d i t i o n , a f a s t magnetic gate valve (Veeco model SV 62S-AC, 1 . 9 -

cm a p e r t u r e ) s i t u a t e d between the fou r th and f i f t h chambers c lo se s 

behind the p e l l e t , t r app ing most of the gas in the f i r s t f ou r compart-

ments where i t can be removed between tokamak d i scharges by a mechanical 

pump. This prevents l a r g e amounts of gas from e n t e r i n g the high vacuum 

f i n a l s tage of the system. A 20-cm o i l d i f f u s i o n pump removes any 

p r o p e l l a n t gas t h a t i s admitted during the time i n t e r v a l t h a t the ga te 

valve i s open. Pressure excurs ions in the f i n a l s t age a re l imi ted to 
- 5 

^10 Torr by t h i s arrangement . 

The magnetic ga te valve cycle time (c lose -open-c lose ) can be var ied 

from 50 to 200 ms with a 160-yF c a p a c i t i v e d i scharge c i r c u i t s i m i l a r in 

design to t h a t used to a c t u a t e the gas p r o p e l l a n t valve . During normal 

o p e r a t i o n , the ga te valve c i r c u i t i s t r i g g e r e d be fo re the i n j e c t o r 

f i r e s . The length of t ime t h a t the valve remains f u l l y open i s s u f f i c i e n t 

t o accommodate the 7-ms delay t h a t e x i s t s between t r i g g e r i n g of the gas 

pulse valve and emergence of the p e l l e t from the i n j e c t o r . 

IV. OPERATING PROCEDURE 

The i n j e c t o r may be operated while mounted on the p e l l e t i n j e c t i o n 

l i n e or any vacuum chamber equipped with a mechanical vacuum pump. When 

opera t ing the device wi th the p e l l e t i n j e c t i o n l i n e , the fo l lowing 

procedure was found t o produce p e l l e t s r e l i a b l y . With the magnetic ga t e 

valve c losed and the system under vacuum, l i q u i d helium i s t r a n s f e r r e d 

from the p re s su r i zed s t o r age dewar by vent ing the coolan t exhaust l i n e 

through a l i q u i d n i t rogen s e rv i ce solenoid va lve . No adjus tment of t h e 
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l i q u i d helium flow r a t e i s r equ i r ed , and optimum opera t ion r e s u l t s when 

the s to rage dewar i s p r e s su r i zed above 118 kPa (2 .5 p s i g ) . When the 

temperature of the main housing has s t a b i l i z e d (^4 .3 K), the hydrogen 

feed valve i s opened, and room temperature gas i s allowed to e n t e r the 

evacuated mechanism a t a r a t e of ^60 T o r r - £ / s . The low flow r a t e i s 

necessary t o prevent excess ive heat loads and concomitant temperature 

excurs ions . The gas throughput i s s e t by a metering valve loca ted 

downstream from the gas p re s su re r e g u l a t o r ( s e t j u s t above atmospheric 

p res su re ) and the hydrogen feed va lve . This arrangement ensures t h a t 

only low pressure gas wi l l e n t e r the device i n i t i a l l y . At low p r e s s u r e s , 

the gas f r e e z e s on con tac t with the wal l s of the mechanism, forming a 

g a s - t i g h t seal between the p e l l e t c a r r i e r d i sc and the two r e t a i n i n g 

brass washers. This e f f e c t i v e l y prevents hydrogen gas from escaping 

through the gun ba r re l i n t o the p e l l e t i n j e c t i o n l i n e . When the p res su re 

r i s e s above the t r i p l e poin t (54 T o r r ) , the gas condenses in the condensate 

well and l i q u i d i s forced i n t o the lower hole in the p e l l e t c a r r i e r 

d i s c . The pressure e q u i l i b r a t e s to the value s e t a t the supply in ^10 

s , i n d i c a t i n g t h a t the condensate well i s f u l l . The hydrogen feed valve 

i s c losed and ^20 s i s allowed to lapse whi le the l i q u i d f r e e z e s . 

Operation of the r o t a r y a c t u a t o r a p p l i e s a torque t o the p e l l e t 

c a r r i e r , and the r e s u l t i n g shear ing ac t ion a t the i n t e r f a c e of the 

p e l l e t c a r r i e r d i s c and the i n s i d e brass washer breaks the hydrogen 

c y l i n d e r in the condensate w e l l . The r e s u l t i n g hydrogen plug l e f t 

i n s i d e the 1-mm c y l i n d r i c a l void in the p e l l e t c a r r i e r i s then t r a n s -

ported t o the v e r t i c a l f i r i n g p o s i t i o n , and opera t ion of the helium 

propel 1ant valve d i scharges the p e l l e t from the mechanism. 
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To r epea t the c y c l e , the hydrogen remaining in the mechanism and 

the helium gas in the p e l l e t i n j e c t i o n l i n e are exhausted through the 

mechanical vacuum pump, the p e l l e t c a r r i e r i s re turned to i t s o r i g i n a l 

p o s i t i o n , and the procedure descr ibed above i s r epea ted . The cycle can 

be completed in l e s s than 2 min. 

V. RESULTS 

Accurate v e l o c i t y measurements were made with the p e l l e t i n j e c t o r 

in opera t ion on the ISX-A tokamak (with the 3.2-cm gun b a r r e l ) . The 

experimental arrangement i s shown schemat ica l ly in F ig . 6. Two photodiodes 
o 

(0.03-cm a c t i v e a rea ) were used to measure the time of f l i g h t in the 

p e l l e t i n j e c t i o n l i n e and the d r i f t tube assembly. The i n t e r a c t i o n 

between the p e l l e t and the plasma r e s u l t e d in a sharp b u r s t of l i g h t 

t h a t was e a s i l y d i s t i ngu i shed from the background r a d i a t i o n leve l by the 

plasma view photodiode s i t u a t e d in the d r i f t tube . V e l o c i t i e s as high 

as 380 m/s were measured, but a value of 330 + 20 m/s was typica l , during 

the experimental sequence. 

T i m e - o f - f l i g h t v e l o c i t y measurements were made with the 16-cm 

bar re l by rep lac ing the ga te valve on the p e l l e t i n j e c t i o n l i n e with a 

dynamic microphone (s tandard te lephone e a r p i e c e ) . The impact of the 

p e l l e t on the microphone diaphragm c r e a t e s a 1-kHz o s c i l l a t i o n with a 

sharp leading edge. A s igna l level of V is t yp ica l a t the h igher 

v e l o c i t i e s . P e l l e t v e l o c i t i e s in excess of 1000 m/s were observed a t 

working p re s su re s approaching 30 ba r . 
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The muzzle v e l o c i t i e s measured with both gun b a r r e l s a r e p l o t t e d in 

Fig. 7 as a func t ion of the parameter L/T where L i s the gun bar re l 

length and T i s the c h a r a c t e r i s t i c time def ined in Sect ion I f o r the 

propel 1 a n t / p r o j e c t i l e combinat ion. The r e s u l t s were obta ined by varying 

the propel 1 an t working p ressure PQ up to a maximum of 28.6 ba r . Higher 

pressures were not explored because of the p o s s i b i l i t y of damaging the 

s t a i n l e s s s t ee l bellows in the main housing assembly. 

For high values of L/T , the performance i s in r e l a t i v e l y good 

agreement with the s i m p l i f i e d model presented in Sect ion I . At lower 

p r e s s u r e s , a 50% discrepancy i s t y p i c a l , and t h i s i s very l i k e l y due to 

the increased importance of k i n e t i c and perhaps s t a t i c f r i c t i o n in t h i s 

opera t ing range. 

The angular d i s p e r s i o n in p e l l e t t r a j e c t o r y i s well wi th in the 

0.64° l i m i t imposed by the ape r tu re s i z e s in the p e l l e t i n j e c t i o n l i n e . 

When the i n j e c t o r i s p roper ly a l i g n e d , over 90% of the p e l l e t s produced 

pass through the r e s t r i c t i o n s . Alignment i s performed o p t i c a l l y by 

s i g h t i n g through the s e r i e s of ape r tu r e s and cen te r ing the gun ba r re l in 

the f i e l d of view. 

The shadowgraphs of Fig. 8 give an i n d i c a t i o n of p e l l e t s i z e and 

shape when opera t ing with both gun b a r r e l s . The photographs were taken 

through a microscope by backl igh t ing the p e l l e t with a spark lamp (Xenon 

Corporat ion model 437 A Nanopulser). The two-dimensional informat ion 

of the shadowgraphs sugges ts t h a t p e l l e t s a re c y l i n d e r s in var ious 

o r i e n t a t i o n s . The physical dimensions a re c lo se to the expected va lues 

as determined by the th i ckness of the p e l l e t c a r r i e r d i sc (1 mm) and the 

gun ba r re l bore (0.82 mm and 1 .0 mm). ThcrL i s no evidence of p e l l e t 



12 

f ragmenta t ion even a t ope ra t ing p ressures t h a t are many times g r e a t e r 

than the published values f o r the t e n s i l e s t r eng th of hydrogen i c e . ^ 

VI. CONCLUSIONS 

We have descr ibed a device tha t i s simple in design and o p e r a t i o n , 

having advanced performance c a p a b i l i t i e s ( p e l l e t mass and v e l o c i t y ) t h a t 

a re wi th in the range of values required by presen t tokamak confinement 

dev ices . The ease with which p e l l e t v e l o c i t y and s i z e can be var ied 

makes the apparatus a use fu l tool fo r p e l l e t a b l a t i o n s t u d i e s and plasma 

r e f u e l i n g exper iments . I t s compact s i z e and s i m p l i c i t y of design suggest 

several poss ib le c o n f i g u r a t i o n s t h a t would perform s u i t a b l y as continuous 

f u e l i n g devices f o r the p resen t genera t ion of shor t pulse length tokamaks. 

The performance l i m i t a t i o n s f o r t h i s device have not been determined, 

and we have not f u l l y explored the range of opera t ing parameters and 

device c o n f i g u r a t i o n s . Higher v e l o c i t i e s should r e s u l t from opera t ion 

a t increased working pressures ( i f p e l l e t s t r u c t u r a l i n t e g r i t y i s pre-

served) and op t imiza t ion of gun parameters such as ba r re l length and 

diameter and p r o j e c t i l e shape. According to the simple model of Sect ion 

I , the use of hydrogen gas as a p rope l l an t should s i m i l a r l y r e s u l t in 

s u b s t a n t i a l performance improvements. 
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FIGURE LEGENDS 

FIG. 1. Schematic of p e l l e t i n j e c t o r . P e l l e t s e x i t the device through 

the tube a t r i g h t . 

FIG. 2. Detail of main hous ing/bar re l housing subassembly f e a t u r i n g 

3.2-cm b a r r e l . Heat t r a n s f e r s u r f a c e s a re not shown. The d ischarge 

tube extends through the f r o n t f l ange via a quick-connect 0 - r ing f i t t i n g . 

Maximum p e l l e t s i z e i s determined by the th ickness of the p e l l e t c a r r i e r 

d i s c and the ID of the b a r r e l . The hole a t the top of the p e l l e t 

c a r r i e r i s f o r c l e a r i n g the b a r r e l . 

FIG. 3. Photograph of assembled p e l l e t i n j e c t o r with f r o n t f l ange 

removed. The d ischarge tube i s shown in the c e n t e r . 

FIG. 4. Capaci t ive discharge c i r c u i t r y f o r energ iz ing p rope l l an t valve 

(5-uF c a p a c i t o r ) and i n j e c t i o n l i n e gate valve (160-pF c a p a c i t o r ) . 

Capaci tors are charged to 300 Vdc with an external power supply. The 

v a r i a b l e t ime-delay crow bar c i r c u i t de-energ izes the capac i t o r and 

valve solenoid a f t e r the energiz ing SCR f i r e s , thus enabling rapid 

c l o s i n g . The c i r c u i t can be t r i g g e r e d manually, with an ex te rna l 

swi tch , or with a p o s i t i v e going pulse (>2 V, o,5 mA). 

FIG. 5. Schematic of p e l l e t i n j e c t i o n l i n e . Small ape r tu r e r e s t r i c t i o n s 

c o n s t i t u t e a maximum acceptance angle of 0 .64° . 

FIG. 6. Schematic of p e l l e t i n j e c t i o n experiment on ISX-A tokamak. 

Filament of 15-W lamp i s focused on the photodiode a t the en t rance t o 

the i n j e c t i o n l i n e . Drawing i s not to s c a l e . 
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FIG. 7. Dependence of muzzle v e l o c i t y on the parameter L/T f o r 3.2-cm 

and 16-cm b a r r e l s using p ressur ized helium propel 1 an t a t room temperature 

(CQ = 1000 m/s, v = 5 / 3 ) . The data a re compared with the t h e o r e t i c a l 

s ca l ing law of Sect ion I . 

FIG. 8. Shadowgraphs of p e l l e t s in f l i g h t . The t r a j e c t o r y i s from l e f t 

to r i g h t , (a) 3.2-cm b a r r e l , 0.82-mm bore , 350 m/s. (b) 16-cm b a r r e l , 

1.0-mm bore , 780 m/s. (c) 16-cm b a r r e l , 1.0-mm bore , 620 m/s. 
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