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ABSTRACT 

Results from the ALT-I pump limiter experiments in TEXTOR are presented. ALT-I has 

demonstrated control of die plasma density in a high recycling tokamak by pumping up to 15% of 

the core efflux. The closed pump limiter designs with restricted entrance geometries to reduce the 

backflow of neutral gas to the plasma remove over 50% of the ion flux incident on the collection 

slot. Up to 80% of the entrance ion flux is removed when the edge electron temperature is less 

than lOeV and plasma-neutral gas interactions are minimized inside the limiter. Results from a 

3-D Monte Carlo neutral gas transport code agree closely with these experimental results. The 

compound curvature of the head is found to distribute die heat over the surface as predicted in the 

original designs. Impurity removal experiments demonstrate that significant helium exhaust can 

be achieved with a pump limiter. During ohmic heating in TEXTOR, the energy and particle 

confinement times are proportional to the line averaged core density. With 1CRH auxiliary 

heating, t E follows L-mode scaling independent of particle removal by the pump limiter. Pump 

limiter operation does not directly modify the SOL plasma density and electron temperature, but 

controls the core plasma density by changing the global recycling at the boundary. The global 

particle confinement, the particle flux to the limiter, and the edge electron temperature follow the 

changes in the core density and auxiliary heating power. 
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I. INTRODUCTION 

Pump limiters have demonstrated significant power removal and particle exhaust in present 

generation tokamaks, and represent a viable option for providing control of the plasma density 

and power distribution in large machines. The additional requirements of impurity removal and 

helium ash exhaust have also been demonstrated to some extent by pump limiters. The concepts 

of pump limiter design for particle removal and power handling, and recent experimental results, 

have been reviewed in detail elsewhere. *"3 

Experiments to investigate particle and power removal by pump limiters have been made on 
4-7 several tokamaks. The Advanced Limiter Test (ALT-I) is a series of pump limiter 

experiments on the TEXTOR tokamak. & The purpose of these experiments^ is to study the 

particle removal capabilities of several actively-pumped limiter modules of different geometries in 

the long pulse-length plasma of TEXTOR. The ALT experiments have several features not 

available in the other pump limiter studies. The modules have been designed to demonstrate the 

dependence of the particle removal efficiency on the plasma collection geometry. A 

comprehensive set of edge diagnostics is used to monitor the edge plasma parameters, and to 

study their effect on the pumping efficiency. Plasma density control is studied in the regime of 

high neutral recycling from the hot liner and walls. TEXTOR has a pulse length of over 3 

seconds, which is long compared to the gas flow time constants in the tokamak vessel. 

Therefore, particle removal on time scales longer than the particle containment time in the vessel, 
Tp*, can be studied. Impurity removal rates by the different pump limiter geometries, and the 

removal efficiency during active pumping, have been investigated. Observation of the full limiter 

surface by IR cameras during ohmic and ICRH phases provides information on the power 

removal capabilities of pump limiters. Studies of pump limiter performance and the SOL plasma 

modifications during ICRH auxiliary heating of up to 2 MW have also been made. 

The TEXTOR tokamak has been described elsewhere. Typical conditions during ALT 
experiments are; R0=1.75m, a= 40-48cm, I = 350-480kA, BT=2.0 T, n e= l-5xl0 1 3cm" 3 , 

Te(0)< 1.5keV, and T.< IkeV. Auxiliary heating by ICRH of up to 2.4MW for 3 seconds is 
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available. The liner temperature is normally maintained between 150-3OO°C, and the walls are 

carbonized prior to plasma operation. ALT-I is inserted into the TEXTOR edge as an 

additional limiter, and has the ability to be moved between shots from 40 to 50cm minor radius. 

The TEXTOR main limiters are also movable, and are normally retracted to a 48cm radius during 

pump limiter experiments so that ALT is the primary limiter. 

n. PUMP LIMITER GEOMETRIES 

The design of the particle collection region of pump limiters can be generally be placed in two 

categories: open and closed geometries. Open pump limiter designs are characterized by the 

neutralization plate being freely exposed to the edge plasma. These designs make little or no 

effort to restrict the flow of neutral gas from the neutralizer plate back into the plasma. In 

contrast, closed geometries utilize the plasma flow to transport the particles along entrance 

channels to the neutralizer plate hidden inside the limiter. The neutral gas born at the plate is 

restricted by a low conductance for flow back to the plasma. 

ALT has three different limiter modules to examine the performance of open versus closed 

geometries. Each module can be mounted on the common manipulator and pumping system. 

The "closed" pu îp" limiter geometry,9 ALT-VG, with a 26cm long collection throat and a low 

conductance for neutral gas to escape to the plasma, is shown schematically in Fig.la. The 

"open" pump limiter module, ALT-FG1 in Fig.lb, has freely exposed neutralizer plates and a 

high conductance for gas to backflow into the tokamak. A module with an intermediate throat 

length of 7cm, named ALT-FG2, is shown schematically in Fig.lc. The ALT-VG has several 

movable plates to investigate the pumping efficiency with different throat and duct geometries, 

and all the modules can be closed by flaps for direct comparison as standard limiters. A direct 

comparison of the performance of the three different modules has recently been published.12 

Several different materials have been used for the limiter head. The ALT-FG1 utilized a 

simple inconel head with only toroidal curvature. The ALT-FG2 head with compound curvature 

was made of uncoated EK-98 graphite. The ALT-VG module utili2ed three different compound 
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curvature head materials: TiC coated ATJ graphite, bare ATJ graphite, and a carbon-carbon 

composite graphite weave. During the metal limiter operation phase of TEXTOR, the inconel and 

TiC heads were used extensively. The total metal impurity level in the plasma during ALT 

experiments was essentially the same as operation with the (stainless steel) TEXTOR main 

limiters. This was unchanged by pump limiter operation. The bare ATJ graphite head was used 

in both the metal and "all graphite" phases of TEXTOR. Erosion of the heads and the deposition 

of impurities was found to be similar to the results from shaped limiters in other tokamaks.1^ 

The metal impurity level in the plasma was strongly reduced by the carbon limiters and 

carburization procedures. The low-Z impurity level in the plasma was found to be similar for 

operation with ALT and with the TEXTOR main limiters. 

m. PARTICLE REMOVAL AND DENSITY CONTROL 

A useful model of tokamak fueling has been applied to the ALT performance.^ Reduced to 

its simplest form in steady state, the total electron number in the tokamak is described by 

N = Xp* Q , (1) 

where Q is the gas feed rate, Tp* is the particle containment time in the vessel in terms of the 

recycling coefficient R, written as 

T P * = T P / < I - R ) , ( 2> 

and Xp is the global particle confinement time. With hot walls, the TEXTOR recycling coefficient 

is close to unity. Small changes in the recycling due to pump limiter action results in substantial 

changes in die core density. This is illustrated in Fig. 2, where the core density is shown as a 

function of time during successive shots with ALT-VG as the throat opening is enlarged in steps. 

As more of the edge plasma flux is collected and pumped, the recycling is reduced and the 

density decreases. The change in Tp* as the collected current is increased by progressive 

insertion of ALT-VG in a separate series of shots is shown in Fig.3. The large changes in t p * 
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during open versus closed throat comparisons at each minor radius has resulted in density 

reductions of over 50%. 

The actual amount of gas removed by a pump Hmiter is determined by the number of panicles 

incident on the collection slots and the efficiency of pumping those particles. The incident 

panicle flux depends on the location of the entrance slot, the plasma flux in the edge of the 

tokamak, and the number of other limiters. The efficiency of pumping the particles incident on 

the entrance slot is called the removal efficiency. The fraction of the total efflux from the 

tokamak removed by pump limiters, or the exhaust efficiency, is also a commonly used figure of 

rrerit. 

Measurements of the removal and exhaust efficiencies require knowledge of the incident ion 

flux into the limiter. The ion flux to the collection slots of the different ALT geometries, 

accounting for the near 30* poloidal openings of the slots, is given? by 

""2 
I = Ea t V + a) V + y ] exp(-r'Ar) I , (3) 

2 r, 

where ri and r2 are the radii of the entrance slot edges in cm, T a is the parallel flux at the limiter 
tar.gency point in A/cm2, a is the minor radius in cm, and Xp is the flux scrape-off-length. The 

slot radii for the modules are: ALT-VG; ri = 2cm and r2 = 5cm, and ALT-FG; ri = 1cm and 17 = 

3cm. The tangency point flux is calculated from the probe data in the scrape-off-layer. The total 

ion current into the entrance slot is shown in Table I for the different ALT modules. The 

collection by ALT-FG2 exceeds that by the ALT-VG module when the limiters are positioned at 

the same radius. The difference in collection is a result of the shorter distance from the tangency 

point to the slot opening and two sided collection for ALT-FG2. This advantage of the ALT-

FG2 geometry is offset by the high heat loading on the leading edge, which is located closer to 

the tangency point. The leading edge heat flux limits the total power that the pump limiter can 

handle. 
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ALT-I is normally operated as the primary limiter in the tokamak. The effect of operation with 

other limiters inserted is to shorten the density and flux scrape-off lengths globally in the edge. 

The incident flux into the collection slot is then decreased, as seen from Eq.3. The scrape-off 

length scales roughly as the square root of the connection length to the other Hmiters when the 

connection length is sufficiently longJ Direct shadowing of the pump limiter collection slot by 

closely positioned limiters (within about one turn toroidally) greatly decreases the incident flux.5 

Since q = 3 in TEXTOR, extra limiters can conceivably be added without direct shadowing until 

about 90* of the poloidal angle is subtended. Operation with other standard limiters, to share the 

auxiliary heating power, for example, always is observed to decrease the exhaust efficiency and 

removal rate. 

The removal efficiency is a function of the pumping speed in the limiter vacuum vessel. 

Figure 4 shows the efficiency of the different ALT modules versus the pumping speed. The 

removal efficiency, independent of plasma effects, is determined by the effective conductances 

from the neutralizer plate back to the plasma and toward the pumping system. Pump limiter 

designs with a high backflow conductance, illustrated by the ALT-FG1 performance, can 

increase the removal efficiency up to some limit by incorporating large pumps. Ultimately, the 

removal efficiency will saturate at high pumping speeds when the finite conductance of the 

ducting from the neutralizer plate to the pumps limits the removal rate compared to the backflow. 

The use of the "closed" pump limiter designs results in measured removal efficiencies of over 

50% for ALT. Operation with edge electron temperatures below lOeV results in removal 

efficiencies of up to 80%, as will be described later. Exhaust efficiencies of 5-15% have been 

achieved by ALT, corresponding to a removal rate of over 10 torr-1/sec. 

IV. EDGE PLASMA PARAMETERS 

A scanning Langmuir probe, a neutral Li-beam diagnostic, and a probe array on ALT are 

used to measure? the SOL parameters and characteristic e-folding lengths with the pump limiter. 

The flux and density have the identical c-folding lengths of 1.8 ±0.2cm for ALT positioned from 
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42 to 46 cm, but the T profile is essentially flat. Equal flux and density e-folding lengths, and 

flat T profiles, are characteristic of all the shots with ALT as the main limiter. The flux and 

density e-folding lengths increase to 2.2cm when ALT is inserted to 40cm, and the discharge 

tends to disrupt easily. The longer scrape-off lengths and unstable operation may indicate a 

modification in the confinement associated with the reduction in safety factor, q(a), with deep 

insertion of the limiter. Impurity scrape-off lengths of about 1.9cm, measured with collection 

probes for a limiter radius of 45cm, have been reported. 

The average ion saturation current measured by ion and electron side facing probes versus 

ALT position at one second into the pulse on the ALT-FG2 for a line averaged core density of 
13 -3 3.3x10 cm is shown in Fig. 5a. The ion side flux is a factor of 2 to 3 times the electron side 

flux. The removal rate by the ALT pumps follows the incident flux in Fig.5a as the pump limiter 

is inserted. The electron temperature on the ion and electron sides is roughly equal and increases 

as ALT is inserted, as shown in Fig.Sb. With ALT-FG2 located at 44 cm, the variation in the 

collected fluxes with line averaged density is shown in Fig.6a. The flux does not change 

significantly with core density. However, the electron temperature, plotted in Fig.6b, decreases 

by about a factor of two as the density is increased from 1.5 to 4x10 cm , The removal 

efficiency by the pump limiter will be shown in the following sections to depend on this electron 

temperature change. The edge plasma is also modified by 1CRH heating, as will be discussed in 

the next section. However, me ohmic trends for the flux to the ion and electron sides holds for 

auxiliary heating up to 2.4MW, with the ion fluxes increasing roughly in proportion to the ICRH 

power level. 

The effect of introducing pumping by ALT-I is to change the core density by reducing the 
4 5 recycling. ' The SOL parameters follow the core density changes as described above, but are 

not significantly modified directly by the pumping.7 This is illustrated in Fig.7, where the ion 

saturation current to the ion side probe is plotted versus the line averaged density for several 

different pumping speeds. Despite an increase in the pumping speed from 1000 I/sec to 7,000 

1/sec, the flux follows the same relationship with the core density. The SOL electron temperature 
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at a given core density is primarily determined by machine conditions, such as amount of 
carbonization and impurity level. In general, the local value of T at ALT increases by 2-5eV 

with pumping at a given core density. The SOL density and electron temperature are not strongly 

modified by pump limiter operation. Large modifications of the SOL plasma by pumping are not 

expected, in any case, because ALT removes only a small amount of the core efflux. The SOL 

plasma parameters are determined by global edge processes and not by small local changes due to 

the pump limiter operation. 

V. PUMP LIMITER PERFORMANCE WITH ICRH HEATING 

ALT-I is located 45° toroidally from two half turn ICRH antennae^ with an innermost 

radius of 48.8 cm. The effect of ICRH heating on the edge plasma and pump limiter'O is 

illustrated in Fig.8, which shows the results from several diagnostics for ALT-FG2 at 44cm 

during 1.5MW of auxiliary heating. The ICRH heating pulse results in an increased flux of 

particles to both sides of ALT, with the normal factor of 2 to 3 times more flux on the ion side 

roughly maintained. The magnitude of the increase in the incident flux is proportional to the 

ICRH power level. This change in edge plasma flux has been attributed to a decrease in the 

global particle confinement time during ICRH heating.? The electron temperature in the SOL 

also increases about a factor of 2 to 3, with greater increases observed on the electron side. The 

electron side of ALT is directly facing the ICRH antennae, and larger increases in T e and power 

loading are observed on this side during heating. 

The pressure rise in the ALT vacuum vessel increases with the higher incident ion fluxes 

observed with ICRH heating. The pump limiter, therefore, acts to decrease the magnitude of the 

characteristic density build-up during ICRH, and generally results in higher ICRH powers 

coupled to the plasma. The removal rate by the pumps is found to increase more slowly than the 

particle flux, indicating that the efficiency of the pump limiter is degraded. This effect is 

consistent the removal efficiency dependence on electron temperature 16 previously observed in 

the ohmic phase, which will be discussed later. The increase in edge electron temperature with 
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ICRH heating enhances plasma neutral interactions in the pump limiter entrance throat, modifying 

the neutral trapping efficiency of the limiter. 

VI. PLASMA CONFINEMENT EFFECTS 

The energy and particle confinement times in the core plasma have been monitored during 

pump limiter operation in the ohmic and ICRH auxiliary heating phases. The energy confinement 

time during ohmic heating in TEXTOR is linearly proportional to the plasma density,1? 

following standard Alcator scaling with both the main limiters and with ALT. During ICRH 
heating with the main TEXTOR Umiters, x £ degrades with heating power and follows the L-mode 

scaling.15 Operation with ALT-I is found not to change this scaling during auxiliary heating. In 
Fig.9, the value of T_, normalized to the corresponding ohmic value of T E for the line averaged 

density measured during heating, is plotted versus the total input power to the plasma. The data 

plotted includes a density scan from I to 4 xlO^cm -^ at each radius, indicating that no density 

dependence is found. Operation with both open and closed flaps (particle exhaust and standard 

limiter conditions) at several different limiter positions is shown not to enhance the energy 

confinement time. 

The particle confinement time has been estimated both from the probe studies? and optical 
spectroscopy.^ The value of t is found to be linearly proportional to the plasma density. 

Estimates of the ionization mean-free-path in the edge of TEXTOR indicate that the "opaque" 
edge plasma observed to decrease X at higher densities in other tokamaks has not been achieved 

in TEXTOR. During both ohmic and auxiliary heating, x is observed to scale with x c. In fact, 
P b 

the values of x and x are on the same order, and remain so during heating. Pump limiter 
p ^ 

operation has not been observed to affect the global confinement times in TEXTOR. 

VH. IMPURITY REMOVAL 

The ability of pump limiters to remove impurities has been investigated in TEXTOR '̂<> and 

ISX-B1^ experiments. In TEXTOR, helium removal was studied with the ALT modules. In 
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these experiments, helium was injected either into the pre-fill or during the discharge, and was 

detected in the pump limiter vacuum vessel by an RGA. The concentration of He in the discharge 

ranged from about 1 to 10%, and was estimated from the increase in the line averaged density 

with helium injection. Figure 10 shows the He to H ratio^ in the plasma and pumping vessel as a 

function of time for a single shot. For He concentrations of about 2.5% in this shot, the removal 

and transport of He into the pumping chamber is nearly the same as observed for hydrogen. For 

higher He concentrations (10%), the removal rate of He compared to H was found to decrease by 

about a factor of two. While this removal rate dependence on concentration is not understood at 

this time, the amount of helium actually removed suggests that pump lirniters can adequately 

control the He "ash" in a fusion device,^ 

V m LIMITER HEAT FLUX 

The bulk temperature rise of the limiter head, which indicates the total power loading per 

discharge, is measured by thermocouples imbedded in the graphite heads. Infared thermography 

measurements^ allow a more quantitative power estimate to be made. The surface temperature 

profile along the center of the limiter from the leading edge to the tangency point is shown in 

Fig. 11. As expected, the leading edge has the highest surface temperature' and corresponding 

heat flux. The compound curvature of the head is found to spread the heat uniformly over the 

surface as predicted in the original design.9 

With ohmic heating, the power deposition to the limiter head increases with decreasing plasma 

density. From the thermocouple and IR camera measurements, the total power to ALT ranges 

from 10 to 50?o of the ohmic power depending on the limiter position, plasma density, and Zgff. 

Deep insertion of ALT to a=40cm results in the deposition of 30-50% of the ohmic power even 

for low Zeff shots. The heat flux contours with ICRH heating are generally similar to those 

found in the ohmic phase. 

A relatively simple model? has been successfully used to calculate the heat flux to the ALT 
limiter. The probes measure a constant density scrape-oft length, X , to within about 1-2 cm of 
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the ALT tangency point, and a flat electron temperature profile. Recent analysis indicates that 

strong variations in the electron temperature exist at the limiter surface near the tangency point.2* 

Additionally, Thomson scattering measurements show electron temperatures of 30-50eV near the 

tangency point of the limiter. A reasonable model of this electron temperature variation is 

Te(r) = T e ] exp[-(r-a)A-r] + T e2 , (4) 

a pedestal model with T e2 equal to the probe measurements in the SOL, T e j + T e2 equal to the 

tangency point electron temperature estimate, and k? = 1cm. This approximate value of \j is 

suggested by the heat flux measurements made on the face of ALT with IR cameras. The probe 

and Li beam measurements give 

n(r) = n a exp [-(r-a)/^] , (5) 

which is assumed to be valid up to the tangency point. Since the flux scales as nTg 1/ 2, the radial 

variation in flux is 

Hr) = r a (Tei/Tefa))1^ exp[-(r-a)An] ( expf-(r-aV^T] + T e 2 /T e i} W , (6) 

valid for r >a. 

The parallel heat flux density to the ALT limuer is given by 

q(r) = YSTe(r) r p (r), r>a (7) 

where y s is the total sheath transmission facttv for ions and electrons. Assuming approximately 

equal ion and electron temperatures, y s is calculated22 to be 6.5. Poloidal symmetry of n e and 

T e over the Hmiter will be assumed in this calculation. While this is measured in me SOL by the 

probes on ALT, variations near the tangency point may lead to some error in the calculated 

power. Utilizing the pedestal model described above, the total heat flux to the limiter is 

Q = 4.5 J r pexp (x Ar) T e i 3 ^ T e(a)' V2 exp[-(r-a)An]|exp[-(r-a)/5iT] + T e 2/T e l J 3 ' 2 1 dr. (8) 
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The results of a numerical integration of Eq.8 are included in Table I for a=44cm. Estimates of 

the power to ALT at'this radius from thermocouple measurements of the bulk temperature rise 

indicate that ALT typically receives 10-30 percent of ohmic power. This is in reasonable 

agreement with the values calculated in T3ble I for Te(a) on the order of SOeV. 

Detailed analysis^ of the heat flux to ALT, as measured by an 1R camera,20 has been made 

for the limiter positioned at 40cm. ALT is; typically found to collect I50kW of power during this 

deep insertion into the plasma. The calculated power to ALT at this position is shown in Fig. 12. 

The electron temperature required at the tangency point to predict the measured J50kW power 

deposition is about 50-60eV, in good agreement with the T c values estimated from Thomson 

scattering. 

IX. PUMP LIMITER MODELING 

Understanding of the physics of pump limiter operation has been increased by modeling of 

the recent experiments. In contrast to divertors, the plasma parameters in the pump limiter 

entrance channel, are not significantly modified, compared to the tokamak edge plasma, by the 

local recycling at the neutralization plates.? This recent result has led to the renewed application 

of 3-D Monte-Carlo neutral gas codes, which assume constant plasma parameters, to model 

pump limiter performance. Monte Carlo sulfations of the ALT pump limiters have been 

reported,24,25 D U t the codes were only used to examine the recycling in the pump limiter throat 

region and the efficiency for a given set of conditions. 

Scaling of the particle removal rate with edge plasma density and electron temperature has 

recently been studied.^ Figure 13 shows the calculated pressure rise in the ALT vacuum vessel, 

for the case of no active pumping, as a function of the flux incident on the entrance slot. The 

modeling indicates that at a constant electron temperature, the pressure rise is linear with the 

incident flux. This was confirmed experimentally during ALT experiments.^ The code also 

predicts that the pressure rise is higher for a lower electron temperature. The measured removal 

efficiency, or the pressure rise for a constant incident flux in the ALT experiments, was strongly 
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affected by changes in the electron temperature, as seen in Fig. 14. The similar behavior 

predicted by the code indicates that atomic physics processes contribute to the pump limiter 

efficiency for a given geometry. In this case, ionization and dissociation of recycled neutrals 

result in an enhanced escape of particles from the neutralizer region to the plasma. Operation of 

the pump lirniters in edge plasma with T e less than lOeV results in an increase in the removal 

efficiency due to a minimization of the plasma-neutral gas interaction effects. An examination of 

the non-linear pressure rise with incident flux reported in past pump limiter experiments indicates 

that pressure increases generally coincided with an electron temperature drop. The non-linear 

pressure increase was attributed to "plasma-plugging", but is actually now understood to be a 

removal efficiency change due to atomic physics processes. 

The Monte Carlo modeling also illustrates the effect of the throat length on the removal 

efficiency. Neutral density profiles of hydrogen molecules along the ALT- VG entrance channel 

have been produced for several possible values of the plasma electron temperature. The neutral 

gas density, from molecules produced at the neutralization plate, is strongly attenuated toward the 

entrance by ionization in the throat as the electron temperature increases. The length of the 

channel can be chosen, if the plasma temperature and density are known or estimated, to 

significantly reduce the neutral gas backflow to the core plasma. 

X. CONCLUSIONS 

ALT-I experiments have clearly demonstrated the ability of pump limiters to control the 

plasma density in a high recycling tokamak. This is achieved by the exhausting of up to 15% of 

the core efflux. Proper pump limiter designs with restricted entrance geometries to reduce the 

backflow of the neutralized gas to the plasma results in removal efficiencies of over 50% for a 

wide range of operating conditions. Removal efficiencies of up to 80% have been observed for 

the case of very low edge electron temperatures (<10eV) where the plasma-neutral gas 

interactions are minimized. 
Experiments with ALT during ohmic heating indicate that T, and T are proportional to n over 

p E e 
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the density range available in TEXTOR. With auxiliary heating, TE is found to follow L-mode 

scaling independent of pump limiter operation. The values of t and X are observed to be of the 
P fc 

same order, and follow each other during auxiliary heating. The decrease in x during ICRH 

heating results in much greater incident ion fluxes on the entrance slots, and corresponding 

higher removal rates. This effect reduces the characteristic core density rise during ICRH heating 

by raising the exhaust rate. 

Measurements of the power deposition on ALT by IR cameras indicate that the compound 

curvature of the limiter is effective in distributing the heat over the limiter surface. As expected, 

the leading edge has the highest surface temperature, which limits the maximum power that the 

pump limiter can handle. Impurity removal experiments demonstrate that helium exhaust can be 

achieved with a pump limiter. Removal rates of helium to the ALT pumping vessel at roughly 

50-100% of the hydrogen removal rates was observed for core helium concentrations of 1-10%. 

Finally, pump limiter operation does not directly affect the SOL plasma during r hmic 

heating. Operation with pumping and particle removal decreases die line averaged core p-isma 

density by changing the recycling at the boundary. The global particle confinement, the flux to 
the limiter, and the edge T follow the changes in the core density. 
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TABLE I. Total ion current into the ALT module openings for several standard positions. The 

edge ion flux is insensitive to variations in the core density in TEXTOR. 

MODULE a X *T Geometric Area Collected Current 

(cm) (cm) (cm) (cm2) (Amperes) 

ALT-VG 40 3.5 2.25 69 102 

ALT-VG 42 3.5 1.8 69 88 

ALT-VG 44 3.5 1.8 69 52 

ALT-FG2 43 2.0 1.8 96 90 

ALT-FG2 44 2.0 1.8 96 65 

TABLE H. Heat fluxes calculated for ALT-FG2 operation for reasonable values of the electron 

temperatures in the pedestal model. 

a=44cm 3^ = 1.8 cm P O H = 350kW Te(a) = T e i + T e 2 

Fp = 1.3A/cm2 (ion plus electron side fluxes) 

T e i T e2 A-T T a Total Heat Flux %Ohmic 

(eV) (eV) (cm) (A/cm 2 ) (kilowatts) (%) 

15 0 °° 4 

25 15 1 5.8 

35 15 1 6.3 

85 15 0.5 9.7 

21.4 6.1 

41.1 11.7 

49.5 14.1 

78.1 23.3 
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FIGURE CAPTIONS 

1. ALT-I module heads showing schematically the different entrance designs for the 

open and closed pump limiter geometries. 

2. Plasma density versus time on successive shots for ALT-VG at a=44cm, where 

the entrance slot was slowly opened. Increased article exhaust decreases the recycling 

and reduces the core density. 

3. The reducdon in Tp* as ALT is inserted deeply into the plasma. 

4. Removal efficiency of the different limiters modules versus pumping speed. The efficiency 

results from a competition between pumping speed for the ducts and backflow conductance 

from the neuiralizer to the plasma, 

5. (a) Ijat from the entrance probes versus ALT-FG2 position, (b) electron temperature versus 

ALT-FG2 position. 

6. (a) Igat versus core density for ALT-FG2 at a=44cm, (b) electron temperature versus 

core density for ALT-FG2 at a=44cm. 

7. Flux to the ALT entrance probe versus pumping speed, indicating that panicle removal 

results in insignificant modification in the edge plasma parameters for a given core density. 

8. Results from various diagnostics versus time for a shot witb ALT and the main limiters 

at 46cm and with 1.5MW ICRH, (a) core density, (b) ion side flux, (c) ion sids 
T e, (djpressure rise,(e) electron side flux, (f) electron side T c . 

9. Energy confinement time normalized to the ohmic values at the same density versus 
total power input for several positions of ALT. Pumping had no observable effect on x . 

10. Helium concentration in the core plasma and pumping vessel versus time, indicating that 

helium transport to the pumping locations is comparable to the hydrogen transport. 

11. ALT surface temperature profile showing the higher leading edge temperatures. 

12. Deposited power calculated from the pedestal model versus Te(a). Taking Te(a) = 50eV 

from 

18 



Thomson scattering data gives good agreement with the 150kW measured by IR cameras. 

13. Calculated pressure rises in ALT without pumping from Monte Carlo simulation, versus the 

total inciden* ion flux into the entrance. At a constant electron temperature, the removal efficiency 

is constant and the pressure is linearly proportional to the flux into the limiter. 

14. Measured and calculated pressure rises in ALT with 6000 I/sec of pumping, for a constant 

incident flux, versus the throat plasma electron temperature from probes. The code calculation 

and the experiment show efficiency increases for lower electron temperatures, indicating tha* 

atomic physics processes in the throat affect the removal efficiency. 
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