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First pump, limiter experiments were performed on ISX-B. Two pump

limiter modules were Installed in the top and bottom of one toroidal

sector of the tokamak. The modules consist of inertia cooled, TiC

coated graphite heads and Zr-kl getter pumps each with a pumping speed

of 1000-2000 V s . The objective of the initial experiments was the

demonstration of plasma particle control with pump limiters. The first

set of experiments were performed in ohmic discharges (OH) in which the

effect of the pump limitera on the plasma density was clearly

demonstrated. In discharges characterized by: I = 110 kA, B-. = 15 kG,

n = 1 - 5 • 10 cm"3 and t = 0.3 s the pressure rise in the pump

limiters was typically 2 mTorr with the pumps off and 0.7 mTorr after

activating the pumps. When the pumps were activated, the line-average

plasma density decreased by up to a factor 2 at identical gas flow

rates. The second set of measurements were performed in neutral beam

heated discharges (NBI) with injected powers between 0.6 MW and 1.0 MW.

Due to a cooling problem on one of the Zr-A£ pumps the NBI experiments

were carried out with one limiter only. The maximum pressure observed

in NBI-discharges was 5 mTorr without activating the pumps, i.e.,

approximately twice as high as in OH-discharges. The exhaust

efficiency, which is defined as the removed particle flux over the

total particle flux in the scrape-off layer is estimated to be 5J.
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Introductjon

Experiments on particle accumulation in a variety of pump limiter

configurations and on various tokamaks have been reviewed in a recent

article [1], Neutral pressures between 1 and 50 mTorr have been

reported and have encouraged the design of pump limiters that act as

the primary limiters in the respective device [1,2,3], If continuous

particle removal with pump limiters can be achieved, these relatively

simple mechanical devices can be utilized for He-ash exhaust in DT-

devices, for plasma density control and, possibly, for impurity

removal. In the present paper we present the first experiments that

demonstrate continuous particle removal and plasma density control with

pump limiters.

Experimental Arrangement

The experimental arrangement of the pump limiter modules in ISX-B

is shown in Fig. 1. Two limiters are installed, one in the top and

one in the bottom of one toroidal sector of the tokamak. Each unit has

a radial stroke of 25 cm. The limiter heads consist of TiC coated

graphite, while the rest of the structure is made of stainless steel.

One of the limiter modules is equipped with a gas puff nozzle in the

center of the limiter head which is intended for impurity injection and

fueling studies. Details of the limiter module are shown in Fig. 2.

The size of the limiters is restricted to approximately 15 cm diameter

given by the size of the port holes in the top and bottom of the vacuum

vessel. The dimensions of the particle collection windows in the pump

limiter modules are: 2.5 cm height (Z-coordinate) and 10 cm width
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(R-coordlnate of toroidal system). In order to avoid excessive heat

loads, the leading edge of the limiters which is also the leading edge

of the pumping hole is recessed by 3*5 cm from the plasma boundary.

Pumping speeds on the order of 1000 Us per limiter are necessary

to achieve particle removal rates that correspond to a significant

fraction of the gas puff rate (1 mTorr • 103 I/a = 1 Torr«Vs ~ 10J of

gas puff rate). This requirement could not easily be met with the

restrictions given by geometry and magnetic fields. The problem was

overcome by mounting Zr-hl volume getter pumps [4] directly behind the

limiter heads. The performance of these pumps has been tested at the

Princeton Plasma Physics Laboratory [5,6] and in our own laboratory

[7]« The nominal pumping speed for hydrogen is 2000 i/s for the nude

cartridge used here, and in the pump limiter configuration, measured to

be 1000 £/s due to conductance limitations. The pressure in the pump

limiter chamber is measured with a Schulz-Phelps gauge (1 ms response

time) at the end of an extension tube with a vacuum time constant of

approximately 10 ms (of. Fig.2). When the pumps are not activated and

pressure equilibrium is reached, the measured pressure represents the

actual pressure in the limiter chamber. With activated pumps, however,

a pressure gradient along the getter cartridge has to be taken into

account, and the measured pressure has to be multiplied by a factor 2

to give the volume-averaged pressure and by a factor 3 to give the

pressure near the entrance slit.



-5-

Actiyation of the Zr-At, pumps is achieved by heating the cartridge

to 700 C for about 30 min., and subsequently cooling it to operating

temperature. Room temperature is sufficient if only hydrogen is to be

pumped. If the pumped gas contains impurities such as CO or ELO, the

operating temperature has to be raised to approximately 400 °C to ensure

diffusion of the impurities into the bulk of the getter, and thus

provide for continuous pumping. For the pump limiter experiments

discussed here, the pumps were heated to 700°C for 30 minutes before

operation and subsequently kept at 400°C during the experiments.

The location of the particle collection windows in the scrape-off

layer along with the main diagnostics utilized for the pump limiter

experiments are shown in Fig. 3. The figure displays a poloidal

cross-section of the ISX vacuum vessel including magnetic flux

surfaces, the full set of limiters and the location of the

FIR-interferometer channels utilized to obtain the line-averaged

density in the center of the plasma and at one location of the

scrape-off layer. Also shown are the vertical positions of the

Langmuir probes with which the local plasma density and temperature are

measured. The toroidal position of the Langmuir probes is about 180°

away from the pump limiter.

Ohmicallv Heated Discharges

To study the effects of the pump limiters on the plasma particle

balance, we compare the plasma densities, at a given gas flow rate,

before and after the limiter pumps are activated. For a proper

comparison the plasma aperture is defined in either ease by the pump
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limiters only. This is achieved by inserting the pump limiter modules

to a position of Z = ±22 cm (cf. Fig. 3). The data shown in Fig. 4

demonstrate very clearly the density change caused by the pump

limiters. From top to bottom the data represent the gas flow rate, the

measured pressure rise in the limiters and the line-averaged density in

the plasma. The traces labeled "OFF" represent the data before

activating the pumps and the traces labeled "ON" the corresponding

parameters measured after the Zr-A£ pumps were activated. For

identical gas flow rates we observe a density decrease from 3-^ * 10 1 3

cm"3 to 1.6 • 10 1 3 cm"3, i.e. approximately a factor 2, due to

continuous particle removal with the pump limiters. These data were

taken at plasma currents of 113 kA and toroidal magnetic fields of 15

kG. When the pumps are "off" some gas is trapped in the limiter

modules, but since the volume is only 2 I each and the pressure is on

the order of 10" 3 Torr the total trapped gas is only a few 10"3 Torr-X,

and negligible compared to the total gas flow into the torus.

The pressure in the pump limiter modules as function of

line-averaged plasma density is plotted in Fig. 5. The open data

points represent the measured pressures before and the closed points

the corresponding pressures after activating the pumps. We note that

the pressure does not increase very strongly with the plasma density,

reading a maximum of 2 mTorr at n = 5 • 10 1 3 cm"3. After activating

the pumps, the pressure in the pump limiter modules, as measured with

the pressure gauges, drops on the average by a factor 6. This is a

much larger pressure drop than expected from the pumping speed of the

Zr-Ai pumps. As d?3cussed above, this is due to the strong pressure
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gradient along the getter cartridge, and the remote location of the

pressure gauge. The actual pressures behind the limiters are

calculated to be higher than the gauge value: by a factor 2 for the

average pressure and by a factor 3 for the pressure near the entrance

slit.

Figure 6 shows the line-averaged plasma density plotted against

the gas flow rate, for a density range between approximately 1 and 5 •

10 13 cm~3. The open data points represent the measurements before and

the closed data points the corresponding measurements after activating

the pumps. The graph shows that the gas flow rate has to be increased

in order to maintain a given density after activating the pumps. For

densities between 1 and 5 • 10 1 3 cm"3 the necessary incremental gas

puff rate is between 20J and 40Jt. For a fixed gas puff, on the other

hand, the plasma density is reduced by 25)t to 50JC after activating the

pumps. i

These results can best be discussed with the aid of a global

particle balance equation. With V being the plasma volume N « n •

V is the total number of particles in the plasma. Consider $ to be

the external fueling rate, R the global recycling coefficient and T

the global particle confinement time, then the global particle balance

is given by
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In steady state we have dN/dt = 0 and the number of plasma particles is

given by

-hi (2)

Introducing x* = T ^ ( 1 - R), the particle nunber in steady state is N

= 4> • T *. Under normal conditions (no gettering) the global

recycling coefficient R is close to unity such that a small change of R

entails a significant change in N or, at fixed density, in the external

gas feed rate <j>. The global recyling rate is a function of recyling at

the wall and at the limiters. Reducing the global recycling at the

limiters by a few percent (1 - W%) allows one to control the plasma

density according to Eq. (2). This is the basis of pump limiter

operation.

Equation (2) now enables us to interpret the data plotted in Fig.

6. For constant density at the upper end of the density range, i.e., 5

• 1013 cm"3, <}> has to be increased by approximately 1.15 to maintain

the density with activated limiters. Thus, continuous particle removal

at the limiters must have diminished T by the same amount. Assuming

that Tp remains constant at constant density, the change in T must be

due to a change in the recycling term (1 - R ) " 1 . On the other hand,

comparing' the densities at constant gas flow rate, e.g. at $ = 6.5

Torr»Vs, we find that the density decreases from 5 to 2.3 • 10 1 3 cm"3

after activating the limiters. This implies a change in T of

approximately 2, i.e., a factor 1.4 larger than in the constant density

case. This larger T change must be due to effects other than the
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pump limiter action. Since a density change is involved in the case of

constant gas flow rate, we assume that t and/or R decrease with

density inducing a density dependent T change in addition to the

change caused by the pump limiter.

The dependence of T on the line-averaged density is plotted in

Fig. 7 with open data points representing the non-activated and closed

data points the activated case. The data suggest a linear increase of

T with plasma density. But it does not allow us to discriminate

between the contributions of T and R to the total change in x . The

lines through the data points in Fig. 7 represent the least squares

fit to the equation T . = a • ne + b. Putting this linear equation

for T into the equation ne = <|> • T /Vp and solving for ng yields an

equation for the plasma density as function of gas flow rate $:

This equation now allows one to draw the curves through the data points

shown in Fig. 6.

Neutral Beam Heated Discharges

The experiments performed with neutral beam injection had similar

plasma parameters as the ohmically heated ones: I =110 kA, B, = 15

kG, nfi - 1 - 5 • 10 1 3 cm"3. The injected beam power was between 0.6

and 1 MH. As in the ohmic case the pressure rise measurements with

non-activated pumps were done with two limiters in place. But upon
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activation of the pumps the water cooling of the bottom limiter pump

developed a problem. As a result the bottom pump limiter module had to

be removed from-the tokamak. Consequently, the particle removal

experiments were carried out with one limiter only, and the injected

power was reduced to 0.6 MW to keep the heat load on this limiter under

control.

Figure 8 shows some of the relevant parameters of two typical

NBI-discharges, the solid lines representing the data before activation

of the pump and the broken lines the corresponding data after

activation. In both cases the plasma was run on one limiter only. The

data demonstrate that, for identical gas flow rates, the pumping action

of only one limiter reduces the plasma density from 3«3 • 10 *3 cm"*3 to

2.5 • 10 1 3 cm"3. The bottom frame of the figure shows the pressure

rise of 3.3 mTorr and the current of the neutral beam injector of about

40A.

A pressure scan with two limiters in place was carried out before

activating the pumps. Figure 9 show? the measured pressures in top and

bottom limiters as function of line-averaged density and with 1 MW of

neutral beam injection.* The pressure difference between top- and

bottom limiters is due to a slight upward shift of the plasma relative

to the limiter positions. The dependence of the neutral pressure on

the plasma density looks significantly different from the corresponding

OH case displayed in Fig. 5. Thf pressure increase with line-averaged

plasma density is much stronger in beam heated discharges and at

line-averaged densities of 4.5 • 10 1 3 cm"3 the top pressure displays a
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threshold beyond which the increase is an even steeper function of

plasma density. The latter observation might be an indication for the

onset of plasma .plugging effects, which is not obvious because of the

short throat of the ISX pump limitera.

The observation of higher pressures in NBI discharges must be due

to higher particle fluxes in the scrape-off layer. At a given plasma

density the rate at which particles leak out of the main plasma N/T

must be larger in NBI discharges. This is consistent with the

observation of confinement deterioration observed in beam heated

plasmas [8].

For the NBI phase of the pump limiter experiments a scannable

Langmuir probe and one channel of the FIR interferometer were available

as scrape-off layer diagnostics (cf. Fig. 3)* Both diagnostics show

that the scrape-off layer density increases linearly with the

line-averaged plasma density. Figure 10 shows a plot of two FIR

interferometer channels: the line-integrated density in the scrape-off

layer (R =116 cm) as function of the line-integrated density at the

plasma center (R = 93 cm). This linear dependence implies that the

relation between pressure and scrape-off layer density has the same

characteristics as the relation between presure and line-averaged

density as shown in Fig. 9. At the highest line-averaged density of 5

• 1013 cm"3 a typical scrape-off layer density measured with the

Langmuir probe at 5 cm behind the plasma boundary is 6 • 10 1 2 cm"3,

corresponding to 1 • 1013 cm"3 at the plasma boundary.
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A plot of the line-averaged plasma density over the gas flow rate

as in Fig. 6 is not practical for beam heated plasmas. The plasna

density at one particular time is basically a function of the entire

history of the gas puff. In the OH-case, however, the gas puff is flat

over a sufficient length of time such that the density late in the

discharge can be represented as a function of the gas f] ~-w rate at that

particular time. To demonstrate the pump limiter action in beam heated

discharges, we have plotted the line-averaged density as function of

the "running average" of the gas flow rate (1/T) • / <|dt, where T is

the duration of the discharge. The result is shown in Fig. 11 which

demonstrates that even with only one limiter substantial particle

exhaust can be achieved. At the highest density an incremental average

gas feed rate of about 2 Torr»£/s is needed to maintain the density

after activating the pump. It is not very useful to relate this to the

total gas flow into the torus because the latter contains the rather

large fraction (~0.5) of gas trapped in the walls.

Knowledge of the particle flux in the scrape-off layer enables one

to calculate the exhaust efficiency of the pump limiter. We define the

exhaust efficiency as the ratio of the particle flux retained in the

pump limiter 4>g to the total particle flux incident on the limiter $,:

e =

The retained flux is set equal to the incremental gas flux which is

necessary to maintain a given density after the pumps are activated.
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For the highest density this is 2 Torr I/a = 1.1 • 10 2 0 a'1 with one

limiter. The total flux incident on the limiter is [9]:

fc = 2 (^S) Fo /e
X/Xdx, (5)

L

where ro stands for the measured particle flux at the plasma boundary

(x = 0), the initial factor 2 accounts for the fact that the limiter

has two sides, and q^ is the number of toroidal revolutions of a

particle before it hits the limiter. Measurements of the parallel

particle flux in the scrape-off layer made with a Langmuir probe at a

line-averaged density of 4.5 • 10 1 3 cm"3 are shown in Fig. 12. These

data are not ideally suited for an accurate determination of the

exhaust efficiency because they were taken at the outer edge of the

scrape-off layer (Z > 28 cm) and have to be extrapolated into the

region of higher fluxes, i.e., towards the plasma boundary (Z = 22 cm).

In the region of the scrape-off layer scanned by the Langmuir probe

there is an additional limiter (inner rail, cf. Fig. 3) and,

consequently, connection length and e-folding of the particle flux must

be assumed to be shorter in this region. Thus, using the extrapolated

data of Fig. 12 we only get a rough estimate for the total particle

flux to the limiter. With these restrictions and an average q, of 12

computed numerically, we obtain an exhaust efficiency of 5>.
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Summary

Pump limiter studies on ISX-B have two major objectives:

a) demonstration of particle removal and density control, and

b) evaluation of the impurity control capabilities of pump limitera.

While the latter will be addressed in future experiments, the former

has clearly been shown with the data presented here. The ISX results

demonstrate for the first time continuous particle exhaust with pump

limiters. In OH-discharges the particle exhaust at fixed density

corresponds to approximately 20-40JC of the injected gas flow rate at

200 ms into the discharge. In NBI-discharges the complicated gas

programming does not allow to compare flow rates at a particular time;

one has to compare "running averages" instead. In this ease it is not

useful to compare the incremental gas flow to the total gas flow

because the total flow into the torus includes the rather large

fraction of gas trapped in the walls. For NBI-discharges we were able

to estimate the exhaust efficiency to be approximately 5J. Future work

will include more complete measurements of the scrape-off layer

parameters as well as impurity control studies.
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Figure Captions

Fig. 1 Experimental arrangement of two pump limiter modules in ISX-B.

The limiter heads consist of TiC coated graphite.

Fig. 2 Details of the pump limiter module equipped with a gas puffing

system.

Fig. 3 Location of the particle collection windows in the scrape-off

layer and main diagnostics utilized for the pump limiter

experiments (arrow indicates scanning range of Langmuir probe).

Fig. 1 Gas puff-, pressure- and density data of two OH-discharges:

before activation of the limiter pumps ("OFF") and after

activation of the limiter pumps ("ON"); pressure data for top

limiter (t) and bottom limiter (b).

Fig. 5 Measured pressure in the pump limiter modules in OH- discharges

before and after activation of the pumps.

Fig. 6 Line-averaged plasma density as function of gas flow rate at

200 ms into the OH- discharge before and after activation of

the pumps.

Fig. 7 x = TT/(1 - R) as function of line-averaged plasma density in

OH- discharges.

Fig. 8 Typical parameters in NBI-discharges before (solid lines) and

after (broken lines) activation of the pumps.

Fig. 9 Measured pressure in top and bottom pump limiter modules before

activating the pumps in NBI-discharges.

Fig. 10 Line-integrated density in the scrape-off layer (R = 116 cm) as

function of the line-integrated density at the plasma center (R

= 93 cm).
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Fig. 11 Line-averaged density as function of "running average" of gas

flow rate in NBI-discharges (1 pump limiter).

Fig. 12 Radial scan of parallel particle flux in the scrape-off layer.
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