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Abstract. The use of a guide tube technique to inject pellets 

in pellet-plasma experiments 

guide tube on the mass and 

(v ~ 150 m/s) is negligible. 

jectories of the pellets on 

is described. The effect of the 

speed of a slowly moving pellet 

To improve the divergence in tra

leaving the guide tube a specially 

formed brass slide has been developed, which improves the aim

ing accuracy by a factor of 10. A simple method for determining 

the mass of large pellets by means of a plate capacitor through 

which the pellets are shot is described. A method for small 

pellets as well has been investigated. This scheme employs a 

microwave cavity operating at around 9 GHz. 
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1. INTRODUCTION 

In the present large tokamak experiments and even more so in 

future fusion reactors, it is necessary to refuel the plasma, 

because of its long time of discharge. The two most promising 

methods at present are gas puffing and injection of cryogenic 

pellets (Proceedings of the Fusion Fuelling Workshop 1978). The 

last method has some advantages when compared with the first, 

presenting the possibility of shaping the plasma density pro

file to an optimal one. This can be done by choosing the pellet 

size, injection path, and velocity in an appropriate way. Fur

thermore, if a divertor is used refuelling deep in the plasma 

will diminish the problem of removing fresh fuel. 

According to existing theory, pellet velocities of up to 10 4 

m/s may be needed for fusion reactors (Chang et al. 1980), 

while smaller velocities are sufficient for smaller tokamaks 

and for experiments in which pellet-plasma interactions are 

under study (e.g., ISX-B (Milora et al. 1980) and ORMAK (Foster 

et al. 1977)). In most of the present pellet-plasma interaction 

experiments the connection between the pellet injector and 

torus is made by a tube providing a free line-of-sight between 

the injector and tokamak. This causes the injector-tokamak set

up to be rather inflexible in respect to injection port, direc

tion of flight, and time-of-flight. The last point can be im

portant in timing the interaction between the pellet and plasma. 

2. EXPERIMENTAL SET-UP 

The data for the pellets used for injection into the DANTE 

tokamak for pellet-plasma interaction investigations are the 

following: The pellets are made of deuterium and are cylindri
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cal in shape of 0.6 mm diamete~ and 2.3 mm length. This co~~e

sponds to 2.10 19 molecules. The pellet velocity is 150-200 m/s. 

As these pellets are far too large for ou~ plasma (the amount 

of material in a pellet is around 20 times that in the plasma), 

a new pellet injector producing smaller pellets has been con

structed and is being mounted on the tokamak. The new pellets 

are also cylindrical, but with both a diameter and length of 

0.4 mm. Therefore, in all ou~ development in handling of large 

pellets, it is important to bear in mind that the technique 

should be usable for the small pellets as well. 

2.1. Guide tube 

The pellet injector launches the pellets in the horizontal 

plane (Nordskov et ale 1980). For diagnostic reasons it would 

be preferable to inject them vertically through the plasma. As 

the pellet injector is mounted on a cryostat of the helium bath 

type, it is impossible merely to tilt the injector. Therefore 

the pellets are launched through a guide tube - a small-bore 

tube - where no attempt is made to obtain a clear line-of-sight 

between pellet injector and target. Thus the pellets slide 

along the tube wall. Different types of guide tubes kept at 

room temperature have been used. The only preparation was to 

draw a "Scotch-Brite" through the tube to remove foreign bodies. 

For a guide tube of around 4-5 m length, the value normally 

used, the changes in pellet size and velocity were below ou~ 

measuring uncertainties of about 10%. To determine the influ

ence of the guide tube on the pellet more accurately a 20 m 

long guide tube has been set in place. The material for this 

long tube was brass of inner bore 4 mm. The tube was coiled-up 

in the horizontal plane with a ~adius of curvatu~e of approxi

mately 1 m. To be able to measure the velocity of the pellet, 

glass observation chambers were placed before and after the 

guide tube. The pellet mass was found following its passage by 

measuring the pressure increase from the pellet evaporation 

into a known volume. Averaged over twelve pellets the initial 

velocity has a mean value and standard deviation of 137±22 m/s f 

and the velocity after passing through the 20-m guide tube was 
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102±21 m/s. The ratio of the initial-to-final velocity was 

l.l8±0.11. Under the assumption of a uniform initial pellet 

size, the pressure measurements indicate that about lO% of the 

pellet material either evaporates or is mechanically removed 
during passage through the tUbe. 

Considering the length of this tube as compared to the 4 m 

normally used for the guide tUbe, the decrease is not very 

drastic either in pellet size or velocity, and the method is 

usable for pellets with parameters as given above. At Garching 

it has been Possible to send pellets with velocities of up to 
1000 m/s through a glass guide tUbe (Buehl 1980). 

Apart from flexibility in the POsitioning of the pellet injec

tor relative to the tokamak by the use of a guide tube, the 

method offers other advantages. Several pellet injectors may be 

connected to the same entrance port by letting the guide tUbes 

merge in a manifold. Thus, the repetition rate may easily be 

increased for a given injector design. Furthermore, a guide 

tube offers very good separation between the vacuum systems of 
the tokamak and pellet injector. 

Presently we employ a 5 m long Teflon tube with an inner bore 

of 2 mm and wall thickness of 1 mm. The small dimensions and 

the material ensure that the tube is very flexible, facilitat

ing changes from one injection port to another. Regarding losses 

in velocity and mass of the pellet, this tUbe is apparently sim

ilar to the brass tube, but the Teflon tUbe has several advant
ages compared .with a brass tUbe of the same size: Firstly, it 
is not necessary to polish the inside of the Teflon tube, as 

surfaces are naturally very smooth. Secondly, 1 IS no 0't onconduct0 

ing a necessIty when uSIng 
o 'the microwave method mentIoned In 

section 3.2 for determInIng the pellet SIze.'Finally, the walls, • 0 

o t use a pellet detector consist-are transparent, enablIng us 0 , e timing 
an I R LED mounted opposite a photodlode. Henc 

ing of 'd t b a usefulb e obtained anywhere along the gUl e u e,
pulses may II t and forphenomenon both for velocity measurements of the pe e 
timing the plasma discharge relative to th e tOme of arrival of1 

the pellet. 

. • I . .~ 

;. r. 
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For the purpose of demounting, it is convenient to place a 

valve between the pellet injector and guide tube. This involves 

a separation of about 10 cm between the gun barrel and start of 

the guide tube. To make it easier to enter the guide tube en

trance, a funnel is provided for all the guide tubes used, de

creasing in diameter from 9 mm to that of the guide tube itself 

over a distance of about 40 mm. 

2.2. Angular distribution in pellet injection 

The angular spread in direction of the pellets that leave the 

guide tube is rather poor, as illustrated in Figure 1. This 

shows an aluminum foil that has been bombarded with pellets 

launched from the guide tllbe. The last 50 cm of the guide tube 

were kept straight. The distance between the end of the guide 

tube and the foil was 60 cm and the foil was circular with a 

diameter of 14 cm. 

.~The large spread in pellet trajectories is probably caused by , 

.. ~the lack of a well-defined path followed by the pellets through ~ 

the guide tube. Consequently, if the pellets were forced to 

move along a predetermined track the divergence would probably 

be reduced. To test this hypothesis a V-groove was made on the 

inner side of a brass ring of 6 cm radius of curvature. The 

bottom of the groove was rounded to match the shape of the pel

let. A 90 0 section was cut out of the ring and the guide tube 

joined tangentially to this section. The joint was made in such 
.~ 

a way that the brass termination did not block any part of the 

guide tube exit. When the pellets were launched by means of 

this slide, the target foil was marked as shown in Figure 2. 

One observes that in one direction the improvement is very 

great, whereas in the perpendicular direction no evidence of 

change is seen. The unimproved direction lies in the plane of 

the brass circle segment. Obviously, the pellet is released in 

a rather random fashion. This is probably due to the disconti

nuity in the radius of curvature of the pellet trajectory at 

the point of release. If this is the cause it should be possible 

.1 
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to correct the randomness by changing the radius of curvature 

smoothly to infinity. This was simply accomplished by bending 

the exit part of the circle segment backwards so that the radius 

of curvature changes from +6 cm to -6 cm over a distance of 

some centimeters. After this change the final angular distribu

tion of the pellet trajectories is shown in Figure 3. Obviously 

a drastic improvement has been obtained. Figure 4 shows a photo

graph of the final version of the slide. 

photographs of the pellet immediately after leaving the slide 

do not indicate the existence of significant changes in pellet 

shape. Neither do the dents made in the aluminium foil by the 

pellet impacts indicate that the pellet has disintegrated during 

passage of the slide. 

The use of a slide as the termination of a guide tube has been 

tried for the 0.4 mm x 0.4 mm 0 pellets, too. Again, no apparent 

changes in pellet velocity or mass were observed, but the im

provement in divergence was significant. 

3. DETERMINATION OF PELLET MASS
 

When we use the D2-pellets for studying pellet-plasma interac

tions, it is essential to have a knowledge of the pellet mass 

prior to its entrance into the plasma. If the pellets produced 

by the pellet injector were uniform in mass when leaving the 

guide tube, this knowledge might simply be obtained by collect

ing a test pellet in a known volume and then measuring the pres

sure increase when it evaporates. Unfortunately, the pellets do 

not have the same mass from one shot to another. Hence, it 

would be very desirable to have a non-destructive method which 

would be able to determine the actual pellet mass for each 

shot. 

b _ 
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3.1. Measuring of the pellet size by a capacitor 

One way of determining the pellet mass is by shooting the pellet 

through the space between two capacitor plates. As £p ~ 1.3 

(NBS Technical note 641 1973) for solid 02' a small change in 

capacitance will be observed. 

For convenience in the calculations the pellet is assumed to be 

rectangular with dimensions a x b x c. The side a is perpendicu

lar to the capacitor plates and the distance between the plates 

is d. Assuming the capacitor plates are large compared to the 

size of the pellet and that the pellet lies far from the edges 

of the plates the field is perpendicular to the pellet surface. 

Therefore it is necessary to observe only the area of the ca

pacitor covered by the pellet. With no pellet, the capacity of 

this segment is given hy 

co = ( 3 • 1 ) 
d 

When the pellet is positioned between the plates the capacity 

of the same segment is given by 

EO cpbc 
c = ( 3 • 2)p E:p(d-a) + a 

Hence the change in capacity is 

'0 ( 1- t: p ) 
t1C = C - C = _._. - -_.- ._-,--- ( 3 • 3 ) o p 

1 + ~(_1_ - 1) 
d (p 

Vp being the volume of the pellet. 

Because of the small value of (p' for reasonable values of~, 

1!(_1_ - 1) I « 1 is usually satisfied, giving 
Ep 
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( 3.4 )
 

€p is given by the Clausius-Mossotti relation M( €p-1)/( t. p+2)p = 
P, with M the molecular weight, p the density, and p the molar 

polarizability. For deuterium P is 1.99 cm 3/mol (NBS Technical 

Note 641). To first order this gives l/Ep - , '" -3Pp/M, which 

inserted in (3.4) gives 

( 3.5) 

where mp is the pellet mass. Thus to first order the capacitance 

change depends only on the pellet mass. 

If the pellet is tilted relative to the capacitor, it can be 

subdivided into smaller fragments that can be treated as above. 

Integration over the whole pellet will then give the same re

sult as (3.5) under the assumption that the dimensions of the 

complete pellet are small compared with those of the capacitor. 

A circuit for determining the change in capacitance is shown in 

Figure 5. 

CM is the measuring capacitor, Cc a coupling capacitor, and A a 

charge-sensitive amplifier. 

The total charge stored on CM and Cc is 

Q = (CM + Cc)·U ( 3.6 ) 

where U is capacitor voltage. 

If Rs·(CM + Cc ) is large compared with the time the pellet is 

in the capacitor, Q stays constant during the passage of the 

pellet. That is 

( 3 • 7 ) 

'..
 

:i 
'J! 
, 
'1 
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The charge transferred to the amplifier is ~QI = Cc'~U 

6CM'C c
I llQ I I = • U ( 3 • 8 ) 

cM+E~-

or for Cc » CM 

( 3 .9) 

Combining (3.5) and (3.9) one obtains: 

(3.10)IllQ I I 

The method has been tried with d = 1 cm and U = 400 V. The pel

lets have a mass of approximately 100 wg. With P = 1.99 cm 3/mol 

the expected llQ' is 5.3'10- 15 C. The amplifier was an Ortec 120 

with a specified sensitivity of 4 V/pC. Thus a pellet should 

give a signal of arounrl 20 mV. 

The detected signals were in reasonable agreement with the ex
ipected value, but the signal-to-noise ratio was rather poor. ., 

This ratio might be improved by increasing U, but as the pellet 

is surrounded by a cloud of evaporated material, the pellet 

significantly increases the pressure in the capacitor when pass

ing. This may cause a flashover to occur if U is too high, mak

ing it impossible to measure properly. In addition, the input 

stage of the amplifier would very likely burn out. In other 

words, the utility seems to be restricted to larger pellets, 

but as we intend to use 0.4 mm x 0.4 mm 0 pellets as well, the 

method was discarded in favour of a scheme employing a mlcro

wave cavity, a technique which has been successfully used to 

determine the masses of liquid droplets (Lee and Ajmera 1978). 

3.2. Measurement of the pellet size by a microwave cavity 

The microwave cavity we had at our disposal was cylindrical of 

26 mm diameter and 35.5 mm length. This showed a strong reson

ance at 8.8 GHz. On comparing this with a mode chart for a cir

t· 
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cular cylindrical cavity, the mode was identified as the TM010. 

The electrical field in the cavity for this mode is (Collin 

1966) 

Er = 0 

(3.11)E¢ = 0 

Po 1 • r 
E = AeJ ( )z 0 a 

A is a constant, J o the Bessel function of first kind and O'th 

order, POl the first zero of this function, and a the radius of 

the cavity. 

The energy content of the electric field in the cavity is given 

by 

a 2rr d 
W = const. EO J J J E~ r d ¢ dr dz (3.12) 

r=O ¢=O z=O 

where d is the length of the cylinder. 

By inserting (3.11) into (3.12) one gets 

(3.13) 

If a small, cylindrical pellet is placed coaxially in the 

cavity, as illustrated in Figure 6, the electrical field energy 

is changed. The total change is 

2n d-h 
r d ¢ dr d zJ J 

(1 - h(l - 1 ))2¢=o z=O 
d £p 

E22n h
J z r d ¢ dr d z J 

¢=o z=0 E 2 (1 - h (1 - 1 )-)2
P d Ep 
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2n d 

f J E~ r d<jJ dr dz } 
<jJ= 0 z=O 

2 1 
= canst.' £0 Tfrpd (----..------- - 1)

1 -.b...(1 __1) 
d £p 

(3.14) 

For small values of x, Jt(x) + J~(X) '" 1. 

Furthermore assuming ~( 1 _1 ) « 1 
d £p 

6W '" const. I ·(l - )£0 V with V the pellet volume.(3.15)p pcp 

By combining (3.13) and (3.15), one obtains 

6W 1 Vp
 
~ 3.71 (1 - _)


W Ep Vc
 

where Vc is the volume of the cavity. 

By use of the Clausius-Mossotti relation one obtains 

P mp 
~ 1 1 • 1 ( 3 • 16) 

M Vc 

The selectivity factor, Q, of the cavity is defined as follows: 

w·w 
Q = ( 3 • 17) 

here w is the resonance frequency, W the stored energy in the 

cavity, and Pt the power loss. 

If Q and Pt are assumed to be unchanged by the introduction of 

the pellet, the shift in resonance frequency will be given by 
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d w QP R,
 
I_I = giving l.1wl ~
 ( 3. 18) 

dW w2 

On inserting (3.16) this gives 

(3.19) 

The frequency shift may be detected with the set-up shown in 

Figure 7. 

Osc is a tunable microwave generator, D.C. a directional coup

ler by means of which the impedance mismatch between the oscil 

lator and cavity may be measured. When the oscillator is tuned 

to the resonance frequency of the cavity these are perfectly 

matched and no power is reflected from the cavity. As the oscil 

lator is gradually mistuned, more and more is reflected. Hence, 

the amount of reflected power is a measure of the difference 

between oscillator and resonance frequency. By mistuning the 

oscillator slightly, a linear relationship between output volt 

age and frequency shift is obtained for changes in frequency 

that are small compared with the resonance frequency. 

To introduce the pellet into the cavity two holes are drilled 

through the cavity end-plates. The guide tube may pass through 

these holes and the pellet can thereby be passed along the 

cavity axis. Obviously, this works only when using a non-con

ducting guide tube. 

The cavity we have used employs a loop coupling and is sketched 

in Figure 8. 

The resonance condition for the cavity is 

(3.20) 
a 

where ko is the wavenumber for the TM010 mode. 

bz 
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For the cavity shown in Figure 8 this gives a resonance fre
3quency w /2n = 8.8 GHz. With m = 100 ~g, V = 19 cm , ando p c 

P = 1.99 cm 3/mol, equation (3.19) gives 6w/2n = 0.3 MHz. 

The method has been tried with a very makeshift arrangement. In 

particular, the cavity was in no way optimized and its Q-factor 

was only about 1500. Yet despite this, clear signals were ob

tained. For a 100 ~g pellet, we had a SNR of 25 dB. 

Clearly a higher value of Q will give a higher sensitivity. On 

the other hand the response will be non-linear if Q is too 

high. An estimate of the highest Q for the 100 ~g pellet may 

be found from the following expression for Q: 

Q = (3.21) 

where 26w is the full bandwidth at half maximum. If ~w is 

taken to be 2n·0.3 MHz this results in a Q value of 15000, 

which is not unreasonable for a microwave cavity. Thus, a suf

ficiently high signal-to-noise ratio should then be easily ob

tained. 

Results from the microwave system for pellets of solid deuterium 

is shown in Figure 9. To get a reference, the pellets were shot 

into a microphone. As the microphone responds with a signal pro

portional to the momentum of the pellet, the signal from the 

microphone and pellet velocity together determine the pellet 

mass. 

The large spread in data is due to the microphone, because its 

sensitivity is very dependent on the point of impact. Thus, to 

check the cavity measurement more carefully, small pieces of 

plastic were dumped through the cavity. The masses could be de

termined precisely by weighing. 

Test particles of different lengths and thicknesses were used. 

The results shown in Figure 10 indicate a fairly linear de

pendence as expected from equation (3.19). 
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The reasonably high signal-to-noise ratio for the pellets used, 

together with the possibility of increasing the selectivity 

factor by nearly an order of magnitude, indicate the useful

ness of the method for the small pellets (0.4 mm x 0.4 mm0 ) as 

well. 

4. CONCLUSION 

One of the important determinations in the pellet-plasma inter

action experiments involves the measurement of the amount of 

material ablated from the pellet penetrating into the hot plas

ma. In these studies it is important to know the actual size of 

the incoming pellet, for comparison with the amount of material 

ablated, rather than use an average pellet size. For this pur

pose the microwave cavity measurement is very well suited to a 

large range of pellet sizes. Furthermore, the method can be 

used anywhere on the guide tube to test a possible change in 

pellet size during the flight through the tube. In case the 

pellet is sufficiently large to penetrate the plasma completely, 

a measurement of the size of the pellet that remains will be im

portant in order to compare the initial size with the amount of 

ablation. Because of the high precision of pellet injection in

to the tokamak by using the guide tube and the slide discussed 

in Section 2.2, it is possible to enter an exit port in the 

tokamak opposing the entrance port. By use of a suitable valve 

the remaining pellet can be transferred to a known volume and 

the pellet size can be determined by the pressure rise in this 

volume. 

Regarding measurements of the pellet size our aim has been to 

check experimentally and to render probable by calculation that 

the masses of pellets of solid deuterium is proportional with 

the signals from capacitors or microwave cavities passes by the 

pellets. We have not gone into details of absolute measurements, 

because we intend in practice to make experimental calibrations 
of the set-ups. 

i
l 
!b _ 
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Fig. 1. Target foil showing angular spread in pellet direction 

on leaving the bare guide tube. The distance between the end of 

the guide tube and the foil was 60 cm and the foil was circular 

with a diameter of 14 cm. 

tr 
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Fig. 2. Target foil showing angular spread in direction of the 

pellets leaving the guide tube under an improved launching 

method. 
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Fig. 3. Target foil showing the final angular spread in pellet 

direction on using the slide. 



- 22 

.... 

I
 
I
 

.1
 

Fig. 4. The final version of the slide. 
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Fig. 5. Circuit for measuring the pellet size by the capacitor 

method. 

- :2-rp 
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Fig. 6. Schematic drawing of pellet in the measuring microwave 

cavity. 

tb _ 
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Fig. 9. Measurements of pellet mass by microphone signal vs. 

microwave cavity signal. 
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Fig. 10. Microwave signal strength vs. weight of dummy pellets. 



Rise National Laboratory Rise-M-' 22941 

Title and author(s) 

I 
Handling of deuterium pellets for 

~ 
plasma refuelling 

P.B. Jensen and V. Andersen 

1apages + tables + 1Oill ustrations 

Abstract 

The use of a guide tube technique to inject 

pellets in pellet-plasma experiments is 

described. The effect of the guide tube on 

the mass and speed of a slowly moving pel

let (v ~ 150 m/s) is negligible. To im

prove the divergence in trajectories of 

the pellets on leaving the guide tube a 

specially formed brass slide has been de

veloped, which improves the aiming ac

curacy by a factor of 10. A simple method 

for determining the mass of larger pellets 

by means of a plate capacitor through which 

the pellets are shot is described. A method 

for small pellets as well has been investi

gated. This scheme employs a microwave cav

ity operating at around 9 GHz. 

Availa:ole on request from Ris¢ Library, Ris¢ National 
Laboratory (Ris¢ Bibliotek), Fors¢gsanl~ Ris¢), 
DK-4000 Roskilde, Denmark 
Telephone: (03) 37 12 12, ext. 2262. Telex: 43116 

L
 

Date 
December 1981 

DepaLtment or group 

Association 

Euratom 

Group r sown r.eg istration 
nwnber(s) 

Copies to 




