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For core fueling of JT-60U plasmas, a repetitive pellet injector which centrifugally accelerates

D2 cubic pellets using a straight rod has been developed. This centrifugal pellet injector can eject trains of

up to 40 cubic pellets at frequencies of 1-10 Hz and velocities of 0.3-1.0 km/s. The average pellet mass is

3.6xlO20 atoms/pellet below 0.7 m/s.

Key techniques for the development were a mesh structured acceleration component for

removing gas sublimated from the pellet and a funnel with an appropriate angle connected just behind the

acceleration chamber for introducing the pellet to plasma without destruction. Using the mesh structured

components, the horizontal angular distribution of pellets ejected became narrow, because irregular pellet

motion caused by sublimated gas was reduced.

To investigate the performance of the injector, pellet injection experiments from the low

magnetic field side (LFS) were conducted using ohmic heating plasmas. Central fueling and enhanced

fueling rate have been observed. Da intensity around the divertor region was reduced in a pellet injection

plasma compared to gas puffing, indicating low recycling rate was maintained with the pellet injection.
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1. Introduction

Considering a future fusion experimental reactor like ITER (International Thermonuclear

Experimental Reactor) or a demo reactor like SSTR (Steady State Tokamak Reactor), high density and

high confinement plasmas are required of long pulse D-T operations. For attaining such plasmas,

refueling of burning particles (D, T) to the core plasma becomes very important. Several techniques such

as pellet injection and compact toroid (CT) injection [1] are considered as the refueling technique.

Though, gas puffing is the most frequently used method, degradation in plasma confinement has been

reported with increasing the electron density in several tokamaks such as JT-60U [2], JET [3] and

ASDEX-U [4]. In comparison with the gas puffing, the CT and pellet injections are expected to penetrate

deeply inside the plasma, so that the core fueling without degradation of plasma confinement and high

fueling efficiency are expected. At present, pellet injection is considered as the realistic fueling method,

because CT is still in a stage of development of basic technologies on JFT-2M [5].

There are two types of pellet acceleration system. One is a pneumatic and the other is a

centrifugal. In general, pneumatic injector can accelerate the pellet with a high speed of about 2.5 km/s

[6], but repetition frequency is still low even though a 10 Hz injector was developed in Oak Ridge

National Laboratory (ORNL) [7]. JT-60U also had a pneumatic type pellet injector with 4 barrels (two

small and two large pellets) [8] from 1988 to 1996. This injector had an ability of the pellet velocity up

to 1.6 km/s. Four pellets could be injected independently with time intervals from 0 to 200 ms. Pellet

size was cylindrical shape with 3 mm(|> x 3 mmL or 4 mm (j> x 4 mmL. On the other hand, a centrifugal

pellet injection system has potential for high repetition frequency, like an ASDEX-U injector [9] with 80

Hz. This means that the plasma density can be controlled easily by the feed back control of pellet

injection [10]. In JT-60U, development of the centrifugal pellet injector started. The system of

centrifugal pellet injector for JT-60U was developed based on the design concept of the ASDEX-U

injector [11] which has a straight arm to accelerate the pellet centrifugally and a stop cylinder

mechanism to eject the pellet to determined direction.

Pellet injection experiments on several tokamaks have obtained the results of high density

plasma with good confinement exceeding the Greenwald density limit [12]. However, decreasing of

particle fueling efficiency when pellets were injected from the outside of the torus (low magnetic field

side: LFS) was observed as increasing the heating power of NBI [9]. On the other hand, pellet injection

from inside of the torus (high magnetic field side: HFS) showed the relatively high fueling efficiency

even when NBI is injected [13]. Such a validity of HFS injection has also been observed in DIII-D [14].

Now, tokamaks like ASDEX-U, DIII-D and JET [15] has the system for HFS injection. In this context, a

guide tube for HFS injection was also adopted in JT-60U.

In this report, the mechanism of JT-60U pellet injection system, key techniques for

developments and test stand results are described. The first results of the pellet injection experiments

using the ohmic heating plasmas are also reported. The system of guide tube for HFS injection will be

reported elsewhere.
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2. System of pellet injector

2.1 Overview of the system

Figure 1 shows the overview of the pellet injector for a test stand. The centrifugal injector

consists of three vacuum chambers, referred as "Production chamber", "Acceleration chamber", and

"Diagnostic chamber". Figure 2 shows the schematic drawing of production chamber and acceleration

chamber. The production chamber has a deuterium supply line, a liquid helium (LHe) lines, a liquefier, a

freezer, a piston, a J-tube and cutter. The acceleration chamber includes an acceleration rod. Deuterium

pellets produced through the production chamber are accelerated in the acceleration chamber. The

process for pellet injection is as follows.

(i) Deuterium supplied from the liquefier is frozen as cylindrical-shape at 12K in the freezer,

(ii) The temperature of freezer is raised up to 15 K. Then, the solid deuterium is pushed by the piston

rod and is extruded through the J-tube with square (2.1 mm x 2.1 mm) inner cross section,

(iii) The extruded solid deuterium is cut to cubic (2.1 mm x 2.1 mm x 2.1 mm) pellets which fall into

the center of the acceleration rod.

(iv) Pellets are accelerated centrifugally by the straight acceleration rod.

(v) Pellets are injected into the funnel with a wide entrance (65.5 mm). The funnel is connected to the

tube to guide pellets to the plasma,

(vi) In a case of testing, pellets which pass through the funnel and microwave cavity in diagnostic

chamber for pellet mass measurement are injected into the test chamber to measure the injection

efficiency, pellet mass and so on.

2.2 Pellet production

The production chamber was pumped out by a turbo molecular pump and a rotary pump for

heat insulation. Pressure of the chamber measured by the ionization vacuum gauge was below lxlO"5 Pa.

As shown in Fig. 1, the production chamber was separated from the acceleration chamber to prevent the

intrusion of the sublimated gas from deuterium solid in the acceleration chamber. Such gas raises the

temperature of the freezer and J-tube and makes the pellet production unstable. All components in the

production chamber were covered by the super insulation mat for reducing the heat transfer by thermal

radiation. A liquid helium line from the dewer tank (1000 /) was divided to two lines. One line passes

through the freezer and the liquefier. The other line passes through the cutter and the J-tube. The

temperature of the freezer can be cooled to 9 K. To control the temperature of each component, heaters

were fixed on the liquefier, upper and lower parts of the freezer and J-tube. These heaters were

electronically controlled to attain the appropriate temperature. Each temperature was monitored by

chromel-AuFe (0.07%) thermocouples (KpvsAu7Fe).

The liquefier, freezer and J-tube are made of copper. The size of freezer is 5 mm in inner

diameter and 116.5 mm in length. The J-tube is a bent tube to guide the extruded deuterium solid to the

cutter. The J-tube is arranged between the freezer and the cutter as shown in Fig. 2. The J-tube has the

*\
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2.1 mm x 2.1 mm square inner cross section to shape the deuterium solid to square. The piston extrudes

the D2 solid at the speed of 20 mm/s in maximum. The load on the piston is monitored by a strain gauge

for preventing the destruction of piston. The cutter system is constructed by a plunger and a solenoid coil.

The plunger has two edges with 2.1 mm in width. The maximum cutting frequency is 20 Hz.

A CCD camera was installed to monitor the extruded deuterium solid through the cutter. From

measurements of extrusion length and extrusion duration, the volume of the produced deuterium solid

was calculated. The cutter is not operated during these measurements. This system is helpful to optimize

the temperature of the each component, D2 supply pressure, the time sequence for producing the

deuterium solid and so on. To monitor the cut pellets, laser sensor was also installed between the cutter

and the acceleration chamber. This laser has the circular cross section of 3 mm in diameter. From the

measurements of shadowed area and time, falling speed of the pellet and size of the pellets were

measured.

2.3 Pellet acceleration

The acceleration chamber includes the straight rod which accelerates pellets centrifugally.

Figure 3 shows the components of the acceleration rod, outer rotor, inner rotor and stop cylinder. The

outer rotor made of TiAl6V4 shown in Fig. 3(c) radially accelerates pellets. The length of outer rotor is

900 mm. To keep the rotating balance, the outer rotor has the symmetrical shape. A motor used in a

turbo molecular pump (440 /) was adopted for rotating the outer rotor. This motor can rotate up to 266

Hz which is equivalent to the 1.0 km/s of pellet velocity. The minimum operation frequency is limited to

80 Hz corresponding to 320 m/s because the oil for the motor can not be circulated below 80 Hz. The

vibration sensor was installed to monitor the vibration of rotor. The acceleration rod has the several

resonance frequencies of 83, 120, 150, 224 Hz within the operation frequency from 80 to 266 Hz.. The

operation around these resonance frequencies could be avoided.

The inner rotor, made of SUS316L (Fig. 3(b)) is fixed on the center of the outer rotor by

screws as shown in Fig. 4(a). The pellets fall into the center hall and are guided to the wall of the stop

cylinder along the hall. The inner rotor has a roof to prevent pellets from jumping on the inner rotor.

The starting point of pellet acceleration has to be constant for attaining the constant pellet

ejection direction. Therefore a stop cylinder was hanged to prevent the transportation of pellet from the

inner rotor to the outer rotor (see Fig. 4(b), 4(c)). The stop cylinder made of SUS316L has an open

window of 50°. The stop cylinder is fixed to the static support with a small gap between the inner and

outer rotor. Pellets are rotated along the inner wall of the stop cylinder, and are transported to the outer

rotor through the open window. The starting point of acceleration is fixed by the open window. Since the

inner radius of stop cylinder is about 20 mm, actual acceleration length is about 430 mm that equivalents

to the 218 degree acceleration rotating angle by simple equation of motion without a friction. The angle

of the stop cylinder is easily varied at the outside of the vacuum chamber to adjust the ejection direction.

Figure 4 shows many holes on the stop cylinder wall. The exit side of inner rotor has the slits.

Sublimated gas from pellet makes the pellet motion irregular. This kind of effect was often observed
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when the stop cylinder without holes was used. For these holes and slits, sublimated gas from pellet was

easily removed.

2.4 Pellet transport and diagnostics

Pellets from outer rotor are injected into a funnel (1st and 2nd), and passes through the

microwave cavity, flight pipe (3rd funnel) and high speed shutter, and finally arrive to the test chamber.

When the injector is installed to the JT-60U vacuum vessel, a separator which can change the LFS or

HFS injection is connected to the high speed shutter instead of test chamber as shown in Fig. 13. All

funnels and microwave cavity are installed inside the large vacuum tube or vessel for differential

pumping as shown in Fig. 1. The differential pumping is important for avoiding the loss of pellet mass.

The residual gas heats the pellets and reduces the speed of pellets. To pump out residual gas, all tubes

were separated each other. The experimental results of Biichl and Sandmann [16] have shown the

divergence angle of the pellet exiting from the tube was about 2°. Therefore, all the gaps between the

tubes were determined to satisfy this value to avoid the loss of pellets. The gaps for shutter and gate

valve section are determined in the same way.

Another cause for loss of pellet mass is impacting of pellet on the wall over the speed of

destruction. As mentioned above, pellets ejected from the acceleration rod enter into the funnel. The

schematic view of first and second funnel which total length is 1398 mm is shown in Fig. 5. The funnel

is separated to two parts for pumping. If the pellet velocity perpendicular to funnel wall is higher than

destruction velocity, the pellet will be broken. Therefore, the angle of the funnel has to be as gentle as

possible. The cross section of the funnel guide tube is 65.5 mm in width and 12.6 mm in height at the

entrance and 10.6 mm in width and 10.6 mm in height at the exit side. The funnel angle is ±1.2°. From

the configuration of funnel and acceleration rod, maximum impact angle of pellet to funnel wall is

estimated as 3.4°.

The test chamber connected behind the high speed shutter has the volume of 15 /. Pressure

increase by pellets was measured by a capacitance manometer. The high speed shutter was used for the

measurement of pellet mass. This shutter can shuts within several hundreds ms. For measuring the pellet

mass, only one pellet was introduced into the test chamber. The pellet mass was estimated by pressure

increase. This technique was also used for the calibration of microwave cavity. The cavity was used for

measuring the number and mass of passing pellets. This cavity has a resonant frequency of 5.9890 GHz

under TMoio- For pellet measurements, the operating frequency was set at 5.9879 GHz. An acoustic

emission (AE) sensor was attached to the wall of pellet impact side for detecting the sound of pellet

impact. This sensor was also attached to the acceleration chamber wall. Using these acoustic sensors,

arrival points of pellets were easily detected.

At present, since no sensor was available for measurements of pellet velocity, the pellets

velocity mentioned in this paper was calculated from the equation of motion without any friction. From

the equation of motion, pellet velocity is written as

vp(m/s) = 0 .64x2jr / (Hz) , (1)
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where/shows the rotational frequency of outer rotor.

3. Results and discussion

The production volume of deuterium solid in the freezer was very sensitive to the temperature

and deuterium gas flow rate. The freezer has no cap for deuterium gas at the exit. The cross section of

the tube is reduced from <|>5 mm to 2.1 mm x 2.1 mm at the exit. Therefore, expected scenario of

growing of deuterium solid is as follows.

(i) Some part of the introduced deuterium liquid and gas is frozen on the freezer wall. However, most of

them flow away as gas through out the J-tube and the cutter, and finally evacuate to the acceleration

chamber.

(ii) The frozen layer on the wall grows gradually. Then, the cap is made at the J-tube entrance,

(iii) After several minutes, the freezer is occupied by deuterium solid.

If the temperature is too high, the cap is not made and D2 solid dose not grow. On the other hand, If the

temperature is too low, a cap is produced rapidly at the upper part of the freezer. Therefore, the

production volume of D2 becomes small. Finally, the optimized temperature of the freezer became 12 K.

The volume of deuterium solid was easily estimated from extruded length monitored by CCD camera.

However, deuterium of 12 K was too hard to extrude at an appropriate piston speed for high frequency

pellet injection. For the case of ASDEX [11], extrusion and cutting are another process. However,

JT-60U injector has to cut pellets during extrusion. Therefore, temperature of the freezer had to be raised

up to 15 K. This temperature was determined from allowable load so that the load on the piston may not

exceed the 160 kgf.

After above optimization, extruded deuterium solid became 80 % of freezer volume. It means

that the produced solid volume was about 1740 mm3. Only about 550 mm3 is used as pellet, because

most of solid deuterium remains inside the J-tube. Therefore, the usable number of pellets is about 50.

We tried to use this waste volume by conducting the next deuterium production. However this attempt

failed. This was probably attributed to the J-tube temperature which cannot be cooled at 20 K. The cutter

can operate under 20 Hz, but from the limitation of piston load, 10 Hz is maximum for (2.1 mm)3 cubic

at present. Of course, smaller pellets can be eject at 20 Hz.

Figure 6 is the one of the test stand results which shows the time evolution of the signal from

(a) the AE sensor on test chamber, (b) the AE sensor on acceleration chamber and (c) the pressure of test

chamber. Pellets were ejected at 5 Hz, Vp = 420 m/s. The signals of Fig. 6(a) shows the arrival of pellets

at the test chamber. Figure 6(b) shows the two types of signal. Small signals show the sound of cutter

and large ones show the pellet impact on the acceleration chamber wall, indicating the not injected into

the funnel. One can clearly see that the AE sensor is the powerful method to follow the arriving and

loosing points of pellets. And also the AE sensor can be used for the measurements of time of

acceleration and flight. This result shows that all pellets were successfully eject from the outer rotor

through the inner rotor and stop cylinder. The efficiency of injection was also easily calculated. Using

these types of experiments, the appropriate stop cylinder angle was found. Figure 7 shows the
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dependence of the injection efficiency on stop cylinder angle. The injection efficiencies were calculated

from the number of arriving pellets to the test chamber divided by the number of cutting pellets. The

angle was measured from an arbitrarily determined standard point. Open and closed circles shows the

results of 102 Hz (Vp = 410 m/s) and 172 Hz (Vp = 692 m/s), respectively. The pellet speed dependency

was not clear. The efficiency was rapidly increased up to about 0.9 between about 184° and 192°. This

angle is coincidence with the angle of funnel width, 7.5 degree.

Figure 8 shows the angular distribution of pellets ejected from the outer rotor using the stop

cylinder without holes and inner rotor without slits. The angle of exit width of this stop cylinder was 60 °.

This measurement was conducted using the aluminum foil attached on the acceleration chamber. After

several shots without changing the angle of stop cylinder, the number of holes on aluminum foil caused

by pellets impacts were counted versus angle. Comparing with the Fig. 7, angular distribution became

very wide. The FWHM is about 26.5 °. This indicates that the gas transparent wall is very effective and

that the pellet motion within the stop cylinder become irregular by sublimated gas from pellets. Such

effect was also observed in ASDEX injector [11]. Using the laser sensor for falling pellet and AE sensor

at test chamber, pellet transportation time from the laser sensor to test chamber was measured. The

number of pellets arriving to the test chamber as a function of the transportation time is shown in Fig. 9.

Figure 9(a) and 9(b) shows that the results of rotational frequency of outer rotor was 102 and 172 Hz,

respectively. Closed circles in Fig. 9(b) shows the results of acceleration components without gas

removing mechanism like Fig. 8. The interval of peaks was about 10 ms for 102 Hz and 6 ms for 172 Hz.

These results indicate that the peaks show the number of rotating times of pellets inside the stop cylinder.

One can clearly see that the most of pellets were ejected within the one rotation when the gas transparent

acceleration components are used. On the other hand, the result obtained without no gas transparent

(closed circles) shows the broad peak centered around 6 or 7 rotation, indicating that the probability of

through the open window is 1/6. On the other hand, the ratio of open window was 607360°=1/6.

Therefore, this result means that the pellet in the stop cylinder randomly bounced on the stop cylinder

wall and did not smoothly round along the stop cylinder wall. Then, pellets which accidentally arrived at

the open window move to the outer rotor path. These results indicate again that the removing the

sublimated gas from pellets was important for centrifugal injector.

Using such a transparent stop cylinder and inner rotor, the injector of JT-60U attained over

80 % of injection efficiency derived from number of buildup divided by number of cutting (NbuiiduP /

Ncutting), from the velocity of 300 to 700 m/s as shown in Fig. 10. For these experiments, the angle of

stop cylinder shown in Fig. 7 was set at 190 degree.

The pellet mass measurements were also conducted introducing one pellet to the test chamber.

The pellet mass was measured by pressure increase of test chamber. Figure 11 shows the relative pellet

mass dependence on the pellet speed. Pellet mass was normalized by ideal mass of (2.1 mm)3 cubic.

Open circles show that the results of present funnel which has the estimated impact angle of pellet with

3.4° in maximum. The calculated pellets mass were 75±5 % of (2.1 mm)3 cubic, that is equivalent to the

(1.9 mm)3 cubic. Since no pellets photographs was taken, the shape of ejected pellet was not discussed in
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this paper. Pellet whose speed exceeding the 600 m/s has relatively small mass, which is probably

attributed to the wear through the funnel. On the other hand, nearly constant masses from 300 to 500

indicate that the pellet mass was already decreased to (1.9 mm)3 cubic before impact on the funnel wall.

The cutting and acceleration processes probably cause such constant mass loss. For the comparison, the

results obtained with the old funnel which has estimated maximum impact angle of 4.7° were shown as

closed circles. Absolute values of relative mass should not be directly compared with present funnel case,

because the conditions of pellets were not completely optimized for old case. However, unlike the

present funnel pellet mass which shows the nearly same masses below 600 m/s, pellets mass was rapidly

decreased with increasing the speed. This indicates that the angle of funnel is important for preventing

the destruction of pellet. The perpendicular velocity to the funnel wall seems to be important parameter

here. Several experiments were conducted to investigate the destruction of pellets caused by the impact

on the wall [16]. The estimation of a limit velocity is also important for the development of guide tube

for HFS injection. A new model for estimating the limit velocity was proposed by Artaud and Geraud

[18]. They assumed that the deformation of pellet can be modeled as compression of pellet by two plates.

For this model, they used the stress-strain diagram of D2 solid. Using this model, for the case of old

funnel, only 600 m/s exceed the first impact breaking limit meaning that the pellet is broken by one

collision at the funnel wall. On the other hand, for the present funnel, the first impact breaking limit

becomes 800 m/s. Therefore, the difference of two results in Fig. 11 is probably attributed to the angle of

funnel.

Figure 12 shows the results of successive injection into the test chamber under 410 m/s (10

Hz), 410 m/s (5 Hz) and 690m/s (5 Hz). It is clearly seen that from 30 to 40 pellets were almost

successively injected. This injector can inject 30 ~ 40 pellets successively at a speed of 700 m/s and a

frequency of 10 Hz, and a fueling rate of about 3.6xlO20 D/pellet.

The pellet injector was installed on the JT-60U vacuum vessel. The configuration of pellets

injector and JT-60U vacuum vessel was shown in Fig. 13. The injection axis for LFS is the 150 mm

upper of mid plane. A separator which can select the injection direction LFS or HFS was installed

instead of the test chamber. The separator is a movable funnel (4th funnel) which has the 581 mm in

length. The separator was connected to the 5th funnels for LFS or HFS injection through the gate valve

shown as V709 in Fig. 13. The 5th funnel for LFS was connected to the gate valve (GV711) of P-10

horizontal port. The 5th funnel for HFS was connected to the guide tube which is connected to the P-9

upper (vertical) port. The details of guide tube were mentioned elsewhere. Helium dewar tank of 2000 /

instead of 1000 / was used for one week experimental operation. The amount of liquid helium

consumption is about 16 1/h.

The first pellet injection experiments from LFS were conducted using OH- plasma. The

parameters of the plasma were Ip = 1.5 MA and Bt = 3.24 T. The injection frequency was 5 Hz. Pellet

speed was 687 m/s. The time evolutions of normal electron density at r /a ~ 0, 0.35, 0.8 and Da intensity

at divertor region were shown in Fig. 14. The line integrated electron densities at r /a ~ 0.35, 0.8 were

measured vertically by FIR laser interferometer. The line integrated electron density at r /a ~ 0 was
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measured horizontally by a CO2 laser interferometer. The pellet injection was started from 6.5 s. The

50 % of Greenwald density was attained only by pellet injections. For the comparison, gas puffing

experiment using the feed back control system was conducted. As shown in Fig. 14, the plasma was

disrupted at 7 s for the case of gas puffing, indicating the fueling rate can be enhanced using the pellet.

The intensity of Da was low for pellet injection indicating the low recycling. Unlike the gas puffing,

electron density was higher at the central region. This result indicates that the pellet can fuel at the

central region. This is perhaps because the pellet arrived at the center of plasma. Figure 15 shows the

pellet speed dependence of injected pellet mass by open circles. The pellet mass was calculated by the

increase of electron density times volume of plasma. Large four signals of each pellet speed were shown.

For the comparison, values of (2.1 mm) cubic and (1.9 mm )3 cubic pellet is shown by solid and broken

lines, respectively. Experimental values show almost the same values of test stand results of (1.9 mm)3.

Pellets over 800 m/s were somewhat smaller. This attributed to the destruction on the funnel wall as

shown in Fig. 11. Unlike the test stand results, the scattering of pellet masses become wide as observed

in Fig. 14. The test stand results shown in Fig. 12 were almost same pellets masses for different pellet

speed. This reason is not clear yet. But, pellets mass was considered to decrease before arriving at the

vacuum vessel, because pellets suffer the several impacts in passing through five funnels. Pellets

injection experiments at the test stand suffer from one impact on the 1st funnel. However, pellets arrived

at the plasma suffer several impacts exceeds the speed of failure outbreak limit. Therefore, pellets might

be necked and broken in passing through the five funnels.

4. Summary

For achievement of high density and high confinement plasma, the centrifugal pellet injector

was successfully developed in JT-60U. This centrifugal pellet injector can eject trains of up to 40 cubic

pellets at frequencies of 1-10 Hz and speed of 0.3-1.0 km/s. The average pellet mass is 3.6xlO20 D/pellet

below 0.7 km/s.

The production system which includes the freezer, liquefier and cutter was separated from

the acceleration system because deuterium gas sublimated from pellets raises the temperature of the

production system. From the optimization for deuterium solid production, the temperature of the

liquefier and freezer was determined to be 22 K and 12 K, respectively. When the deuterium was

extruded, temperature of the freezer rose up to 15 K. This procedure were needed for sufficient piston

extrusion speed to make a (2.1 mm)3 cubic pellet under allowable load. Acceleration motor could rotate

up to 266 Hz corresponding to the pellet velocity of 1.0 km/s. The minimum velocity of pellet was 322

m/s (80 Hz), which is limited by the oil circulation in the acceleration motor.

Acceleration components like the inner rotor and stop cylinder need the gas removing

mechanism to attain the narrow horizontal ejection angle. This means that the sublimated gas from

pellets make the pellet motion irregular. Injection efficiency attained over 80 % for the pellet velocity

range of 300-700 m/s.

The funnel with an appropriate angle connected to just behind the acceleration chamber is
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important for pellets to survive. The angle of funnel was decided to ±1.2 ° estimated impact angle of

pellet is 3.4 °. Using this funnel pellet mass was kept as 75±5 % of (2.1 mm)3 pellets up to 600 m/s.

To investigate the total performance of the injector, pellet injection experiments using ohmic

heating plasmas were conducted from the low field side (LFS). Central fueling and enhanced fueling rate

were observed. The Da intensity around the divertor region was reduced for the pellet injection case

compared to that for gas puffing case, indicating the low recycling was maintained using pellet injection.

Pellet masses estimated from the increment in electron densities were corresponding to the test stand

results. However, some small pellets were observed which is probably caused by destruction of pellets

through the five funnels.
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Fig. 1. Overview of the injector for test stand.
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Fig. 2. Schematic drawing of production and acceleration chamber.
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(a) Stop cylinder (Static)

(b)Inner rotor

(c) Outer rotor

Fig. 3. Components of acceleration rod. (a) The stop cylinder, (b) the inner rotor
and (c)the outer rotor,

Fig, 4, Photographs of acceleration rod. (a) The inner rotor installed on the outer
rotor, (b) The stop cylinder and the inner rotor, (c) The expand view of stop
cylinder wall.
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Fig. 5. Schematic drawing of the funnel. The image of pellet impact angle on the
wall is also shown.
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SN288: 5 Hz, 400 m/s
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Fig. 6. The one example of test stand results. Time evolution of the signal
from (a) the acoustic emission (AE) sensor on test chamber, (b) the
AE sensor on acceleration chamber and (c) the pressure of test chamber.
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Fig. 9. The time required for pellet transoportaion from laser sensor to test chamber.
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Fig. 10. Pellet velocity dependency of injection efficiency.
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Fig. 11. Pellet velocity dependencies of pellet mass. Pellets masses were
normarized by (2.1 mm) cubic.
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Fig. 13. Installed pellet injector on the JT-60U vacuum vessel.
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