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Abstract 

A strong pumpi.ig effect has been observed with plasma operation on the 

toroidal graphite bumper limiter on TFTR. The pumping effect was induced by 

conditioning the limiter with a short series (10-20) of low density deuterium-

or heliura-iniciated discharges. The density decay constant (T ) for gas-

fueled ohmic discharges was reduced from T > 10 s before conditioning to a 

minimum value of t = 0.15 s after conditioning, corresponding to a reduction 

in the global recycling coefficient from - 1002 to less thin 502. Coincident 

with the low recycling conditions, low current neutral-beam-fueled discharges 

show global energy confinement times which are enhanced by a factor of two 

over results with an unconditioned limiter. Two models are proposed for the 

observed pumping effects: (1) a depletion model based on pumping of 

hydrogenic species in the near-surface region of the limiter after depletion 

of the normally saturated surface layer by (carbon and helium) ion-induced 

desorption} and (2) a codeposition model based on pumping of hydrogenic 

species in carbon films sputtered from the limiter by the conditioning 

process. 
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1.0 Introduction 

TFTR has been operating since September 1985 with a toroidal bumper 

limiter which covers a 120° poloidal segment of the inner wall. The bumper 

limiter is constructed of POCOR AXF-5Q graphite tiles, totals 2000 kg in mass, 
2 and presents a geometric surface area of approximately 22 m to the torus 

vacuum [1J. The density of the graphite is about 1.8 g/cm , which is 

approximately 30Z less than the maximum density of graphite. Recent 

laboratory measurements on the graphite tile material, including surface area 

measurements using rare gas adsorption [2] and hydrogen isotope retention 

measurements [3-7], indicate that the bulk porosity of the graphite is well 

connected to the surface. This property is expected to affect both the 

solubility and diffusivity of sorbed hydrogenic and impurity (primarily 

oxygen) species in the graphite, and hence affect the hydrogenic and impurity 

recycling properties of the limiter. We have developed new conditioning 

techniques for the bumper limiter for the purpose of reducing the impurity 

influx and for modifying the hydrogenic recycling properties. 

For reducing impurities a new conditioning technique [8], dubbed 

"disruptive discharge cleaning" (DDC). has been developed which involves 

intentionally disrupting high power discharges against the bumper limiter. 

This procedure enhances water desorption by heating the bumper limiter to high 

surface temperatures <> 1000°C). The standard bakeout temperature of TFTR 

(150°C) and the surface heating due to heat deposition from typical ohmically 

heated discharges (< 60°C) are insufficient to degas the large quantities of 

1^0 that are sorbed by the AXF-5Q graphite following atmospheric exposure [9]. 

For modifying the hydrogenic recycling properties we have found that the 

application of a short series (10-20) of low density, helium- or deuterium-

initiated ohmic discharges reduces the recycling coefficient of the graphite 
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limiter leading to lower edge neutral densities. In subsequent neutral-beam-

fueled discharges these modified edge conditions have resulted in a rore 

peaked plasma density profile, and have Led to energy confinement parameters 

which are enhanced by a factor of two over previously attained values [iO-12]. 

2.0 Observed Change in Recycling 

Recycling can be measured using the characteristic electron density 

decay constant, T , defined by a plasma density decay factor of exp(-t/t ) 

in the presence of no external sources, and a global electron recycling 

coefficient, 

R = 1 - T h * (1) 
P P 

• • it 
which is a measure of the enhancement of T over the globally-averaged core 

a particle confinement time, T . If t is measured immediately after gas 

fueling is turned off, the calculated R may be assumed to be the same for both 

the electrons and the fueling gas. 

Recycling conditions in TFTR illustrated in Pig. la were typical of all 

TFTR plasma operations on the moveable limiter, and were also characteristic 

of bumper Limiter operations prior to the application of the low density 

conditioning discharges. In this ohmic discharge (Fig. la) the temporal 

response of the midplane line-averaged plasma density is compared Co Che gas-

fueling rate. Gas input was usually required only during the density (and 

current) rise portion of the discharge. During the steady-state portion of 

the discharge, the gas input dropped Co zero and the density was maintained at 

a slowly decaying level by recycling. The density decay constant, z ", 

measured after turning off the gas input, was greater than 10 s. 
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Figure lb shows the change in recycling conditions observed after an 

initial conditioning of the bumper limiter with a series of ten, low density, 

0,8 HA, He discharges. Gas input is required to maintain plasma densities 

above the minimal density, and when the gas input is intentionally terminated, 

the density decays with a time constant of T = 2.0 3. A global particle 

confinement time o£ T = 0.1 s was obtained from Da emission and Langmuir 

probe measurements [13]. For the case shown in Fig. la, the value of R i9 

greater than 992. After the initial use of He conditioning, shown in Fig. lb, 

the recycling coefficient falls to 96Z. Figure lc shows the case for the 

lowest recycling observed, i.e., after extensive conditioning of the bumper 

limiter using this low density discharge technique. The density decay 

constant was determined by the density decay to a baseline density following a 

100 ms deuterium gas pulse during a 0.6 MA discharge (Fig. Id). In this case 

the value of T * is 0.15 s, corresponding to a recycling coefficient of 

R = 0.3 ± 0.2. 

3.0 Comparison of Conditioning Sequences 

Decreased recycling from the bumper limiter has been observed for 

several types of low density conditioning sequences, in addition to the short 

0.8 MA He sequence described above. Having observed the effect with the 

initial use of He discharges, we undertook a more systematic investigation of 

the change in recycling conditions with extended exposure to low density 

discharges fueled by He or D, at varying plasma currents. 

Figure 2 shows the shot-to-shot evolution of the minimum plasma density 

achieved in a series 0.8 MA D* conditioning discharges. The first sequence 

with D* discharges shows an initial rapid drop in plasma density after the 

first five discharges; but then during'the remainder of this and two further 
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10-shot sequences, the density drop Is less' significant. Between the 
conditioning sequences, a short series of neutral-beam-injected (NBI) 
discharges were interspersed to test the effect of the conditioning on beam 
fueling. 

Following the D conditioning sequence, He conditioning sequences with 
plasma currents of 0.8 MA and 1.4 MA were applied as shown in Figs. 3a and 
3b, respectively. In contrast to the D + sequences, the He sequences show a 
steady trend to lower plasma densities with increasing shot number. The tower 
densities achieved in the H e + + discharges resulted in densities in subsequent 
0.8 MA D discharges which were below the apparent low density limit shown in 
Fig, 2. Figure 4 shows an expanded data base of the density vs. discharge 
number which spans a 1000-shot interval covering the initial 0.8 MA D 

conditioning sequence (Fig. 2) followed by the 0.8 MA, 1.4 MA (Fig. 3) and 1.8 
MA (not shown) He conditioning sequences^ The density fell from 
0.87 x 10 * m to 0.54 x 10 3 m during this interval, and there is some 
indication that the minimum attainable density decreases with the current of 
the He r conditioning discharges. According to spectroscopic analysis of 
these low density discharges (both He and D, initiated), the dominant impurity 
is carbon and the measured values of Z -» are equal to 6 within the estimated 
error (± 15%) of the measurements [14,15]. Metals are estimated to contribute 
a value of 0.6 i 8:* to 

^eff* t h- u 9 a ^eff °^ ** ̂ o e s n o t i-mPly & pure carbon. 
discharge or a total absence of deuterium. 

The effectiveness of the conditioning discharges for degassing the 
limiter of deuterium is shown in Fig. 5, where the Da emission line 
brightness, which is proportional to the D influx, decreases by a factor of 20 
during this sequence. The cause of the two different decay constants (r) 
observed in the decrement of Da emission with shot number is unknown. 



6 

Variations in the decay constant have been observed during other conditioning 

sequences, possibly indicating that the time dependence of the deuterium 

degassing process depends on the initial deuterium retention conditions of the 

limicer. 

The effect of the conditioning sequences on the recycling behavior of 

gas- and neutral-beam-fueled discharges is shown in Figs. 6, 3-10. Figure 6 

shows the evolution of the density decay constant (T ) over a span of 100 

discharges, which includes the conditioning sequence shown in Figs. 2 and 3. 

These measurements were obtained during fiducial discharges which were 

interspersed within the conditioning sequence. The fiducial discharges were 

programmed to a density of n = 1.25 * 10 m , followed by a programmed 

interruption of the deuterium gas input at 2.0 s to allow the density to decay 

to the recycling limit. We assume here that the measured plasma density decay 
•is . . . . 

constant, x , is representative of the decay in deuteron density, since the 
T measurement follows the termination of deuterium gas injection. Over this 

* • . * 

discharge sequence the data in Fig. 6 show that r decreased from an initial 

value of 1,2 s to a minimum value of 0.29 s. 

The corresponding change in the global recycling coefficient, R, was 

determined by solving 

dt R T 
P 

for T and Eq. (1) for R. The total deuterium ion population, N, inside the 

last closed flux surface at r = 0.S ra was determined from measurements of n„ 

(assuming a parabolic profile) and Z_££. The rate N at which recycling 

neutrals reionized within r = 0.8 m was estimated from Da emission 

measurements from four detectors viewing the inner liraiter. A two-dimensional 
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simulation was made of the neutral particle transport using the DEGAS code 

[16] to correct the Da signals to include only contributions from neutral 

atoms and molecules ionized within r = 0.8 m. (Toroidal variations in the Da 

signal were measured to be of the order of ± 102 and, therefore, were 

ignored.) The corrected Da signals were then multiplied by ratios of 

ionizations per Da photon calculated from the same simulation to compute N D . 
R 

Using the computed value of T = 0.14 ± 0.04 s for this plasma current 

and density (Fig. 7), we calculated that the drop in x over the conditioning 

sequence shown in Figs. 2 and 3 indicates a drop in global recycling from R = 

0.9 to R = 0.50 + 0.15. 

Further evidence of reduced recycling as a result of the bumper limiter 

conditioning comes from edge neutral pressure and edge neutral flux (from Da 

emission) measurements. Figure 8 shows the observed drop in edge 'neutral 

pressure [17] and Da emission fcr the conditioning sequence shown in Figs. 2 

and 3. The measurements were made at the torus outer midplane during the 

plasma density plateau (t = 2.0 s) of fiducial discharges. A significant drop 

(a factor of ~ 15 for the edge pressure and a factor of - 25 for Da) is 

evident as a result of the limiter conditioning. 

The effect of reduced recycling is illustrated by the time variation of 

Che edge neutral pressure, plasma density, and required gas input for gas-

fueled (fiducial) discharges in Fig. 9 and neutral-beam-fueled discharges in - \ Fig.- .10. The data in Figs. 9 and 10 are taken from discharges occurring 

during the beginning and end of the conditioning sequence shown in Figs. 2 and 

3 to illustrate the changes from high recycling (R = 1) to low recycling 

conditions (R = 0.5). 

The observed decrease in recycling after limiter conditioning is not a 

permanent effect. The recycling coefficient can be increased by exposure of 
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the limiter to high density discharges. This gas-loading effect has been 

quantified by exposing a conditioned timiter to a series of nominally 

identical ohmic discharges at the fiducial density (n"e = 1.25 x 10 * m - 3 ) . 

Starting from conditions where H = 0.5, exposure to ten fiducial discharges 

increased the recycling coefficient to B = 0.8. Over this same discharge 

sequence the gas input required to fuel the discharge decreased from 40 ton-

liters to an asymptotic value of 20 torr-liters per discharge. By summing the 

gas input required for the entire sequence and subtracting the minimum 

(asymptotic) gas fueling of 20 torr-liters per discharge, we obtained a 

measurement of = 100 torr-liters for the pumping capacity of the conditioned 

bumper limiter for ohmic plasma. 

4.0 Discussion 

It is evident from the density decay time constant, edge neutral 

pressure, and Da emission measurements that exposure of the bumper limiter to 

an extended series of low density discharges significantly reduces the 

recycling. The low density limit for these conditioning discharges, which are 

fueled with the minimal amount of gas to satisfy discharge breakdown, was 

reduced by approximately a factor of two. Subsequent conditioning sequences, 

which followed exposure of the limiter to high density gas- and pellet-fueled 

discharges, showed reductions by factors of three in the density limit. 

A detailed explanation of the relationship between reduced recycling and 

the low density discharge conditioning process is a subject of current 

study. Two models are discussed here which account for the observed drop in 

recycling as the result of a pumping capability induced in the graphite 

limiter material by the conditioning discharges: (1) a depletion model based 

on deuterium adsorptior.-desorption in the near surface region of the bumper 
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limiter, and (2) a codeposition model based on deuterium adsorption in carbon 

films formed by material sputtered from the limiter. 

The hydrogenic retention property of graphites, such a3 the TFTR limiter 

material, is the subject of recent investigation [3-7,18-19]. For AXF-5Q (and 

similar) graphites at room temperature the saturation concentration, D/C, is 

approximately 0.4, and this limiting concentration falls rapidly with 

increasing temperature [18, 19]. Below the saturation concentration, incident 

deuterium that penetrates the lattice is retained (i.e., pumped) at low 

graphite temperatures. The saturation volume and, hence, the pumping capacity 

depend on the implantation depth of the incident deuterium. For typical edge 

electron temperatures (T (a) = 75 eV estimated for TFTR low density discharges 

[2D], the impacting ion energy of deuterium incident onto the limiter is of 

the order of - 200 eV, and the implantation depth of such particles is ~ 10 run 

[21]. 

The first model of graphite limiter pumping explains the pumping effect 

simply as the result of deuterium retention by a nonsaturated near-surface 

region of the liraiter. The active volume is the product of the scrape-off 

area of the limiter and the implantation depth. In the unconditioned state 

this implantation volume of the bumper limiter is saturated; therefore, the 

pumping capacity is zero and the limiter recycling coefficient is close to 

unity. 

The conditioning process with the low density discharges partially 

depletes Che hydrogen within the implantation volume by .an ion impact 

desorption process. The incident particle which initiates the desorption 

process can be a hydrogenic ion, helium ion, or carbon ion since spectroscopic 

analysis and the measured Z f£ (5-6) of the conditioning discharges indicate 

that both the helium- and deuterium-initiated discharges have significant 

carbon ion content. 
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The replacement of an implanted hydrogenic species in carbon by a 

different isotope is well documented in the literature [22]. The hydrogen 

isotope exchange process can be optimized by matching the implantation range 

of the incident particle with the depth of the implanted isotope by adjustment 

of the incident particle velocity. Such one-for-ore interchange of hydrogen 

isotopes cannot result in a net depletion of the saturated layer; however, the 

helium flux in the helium-fueled discharges and the carbon flux in both types 

of conditioning discharges (helium or deuterium initiated^ are expected to 

cause a net depletion of hydrogenic species [23J. 

Recently, Wampler, Doyle, and Brice [24] have measured the rate of 

deuterium depletion in carbon by helium and carbon ion-induced desorption. 

Using graphite samples that have been implanted to saturation by exposure to a 
1 7 —5 

10 cm fluence of 300 eV deuterium ions, Wampler et al. [24] measured a 

depletion of - 121 of the implanted deuteriuis after a fluence of 10 cm , 

600 eV He ions, and a depletion of = 33Z of the implanted deuterium after a 

fluence of 10 1 6 cm2, 3 keV C + ions (Fig. 11). These data indicate that carb"i> 

ions are more efficient in releasing deuterium from the saturated surface of 

graphite, and thus ion-induced desorption by carbon ions probably plays the 

dominant role in the limiter conditioning process. 

This depletion model of graphite pumping accounts for the observed 

transient nature of the reduction in recycling and our inability to observe 

strong pumping effects with plasma operation on the TFTR. moveable limiter. 

The pumping capacity of the depleted layer on the bumper limiter is limited, 

and is estimated to be the same as the gas loading (~ 101 torr liters} of ten 

fiducial density discharges, whi<h was demonstrated to saturate the pumping 

effect. 
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Limiter pumping, as manifest by less than unity recycling, has not been 

observed with plasma operation on the TFYS moveable Limi.er: We have not 
"•V 

observed values of the density decay constant, r less then 8 s after 

conditioning the moveable limiter :->ith low density discharges. There are 

several reasons to expect the recycling on the moveable linaiter to be near 

unity during much of the steady-state portion of a high power discharge. The 

smaller limiter scrape-uff area (~ 0.4 m ), which is an order of magnitude 

smaller than the bumper limiter scrape-off area (- 5 m ). results in a smaller 

saturation capacity. The higher bulk limiter temperature (< 800°C for ohmic 

discharges on the moveable limiter, compared to <60°C for the bumper Limiter) 

results in a further reduction of the saturation capacity. Using the 3-D 

neutral transport code, DEGAS [16], Ueifetz et al. [25,26] have calculated 

that the recycling coefficient on the moveable Limiter reaches unity in Less 

than 0.5 s after the initiation of a typical TFTR ohmicalLy heated discharge. 

As seen with the bumper Limiter conditioning, we have observed that 

exposure of the moveable limiter to a Low density conditioning discharge 

sequence does remove gas from the Limiter and Lower the minimum achievable 

plasma density. In fact, this conditioning procedure was first attempted in 

TFTH with the moveable Limiter and led to the discovery of the enhanced 

confinement mode [10]. The apparent differences in Limiter recycling effects 

observed with operation on the moveable or bumper limiter, and the 

relationship between Limiter conditioning and the enhanced confinement 

discharges are active topics for further investigation. 

A second model for graphite limiter pumping attributes the pumping 

effect to adsorption in a carbon film sputtered onto the vessel surfaces by 

the conditioning discharges (Wilson and Hsu [7] and Winter [27]). In-situ 

observations and measurements in tokamaks with graphite limiters [2,8,27-29], 
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and laboratory measurements with hydrogenic glow discharges with graphite 

electrodes [5,6] show that significant quantities of carbon can be sputtered 

from the bulk graphite and redeposited as a carbonaceous film on vessel 

surfaces. Sputtered carbon can also be redeposited onto lower particle flux 

regions of the limiter. The sputtering processes in the conditioning 

discharges by the carbon and helium ions are more efficient than sputtering by 

deuterium ions. At an impacting ion energy of 300 eV the physical sputtering 

coefficients for C +, He +, and D* are 0.23, 0.077, and 0.024, respectively, 

[30,31] and the actual physically sputtered flux in TFTR should show a larger 

variation at a given sheath potential, because of the probable multiply charged 

states of Ho (He ) and C (CIV-CV). At higher limiter temperatures (such as 

with the case of moveable limicer operation in TFTR) erosion yislds by 

hydrogenic species can be enhanced by chemical sputtering or radiation-

enhanced sublimation [32]. 

To test the plausibility of this codeposition model for the pumping 

effects observed in TFTR, we estimated the capacity of the redeposited films 

to pump hydrogenic species using data from wall samples that were removed from 

the TFTR vessel in March 1986. These wall samples were distributed poloidally 

and toroidally and were exposed to the initial vacuum vessel conditioning at 

the beginning of the run [8], followed by ~ 1770 high power, deuterium-fueled 

discharges. Net deposition of a carbonaceous film was measured on all the 

samples, with a composition: 80-90 at.Z C, 6-10 at.2 O, 1-6 at.Z D, and 1 

at.3! metals. The average carbon deposition wa<s 3.5 x 10 cm - 2, and the 
. - 17 —2 

average. D deposition was 1.3 x 10 cm , yielding an approximate 42 

saturation of the film. If we multiply the average sample loading of D per 

discharge (7.3 x 10 cm ) by the vessel wall area (- 200 m ), the observed 

wall loading corresponds to a wall pumping of D per discharge of 1.5 x 1 0 z o 
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(= 5 torr-liters). Considering the crudity of these numerical estimates and 

the fact that Che deposited film is capable of roughly a factor of ten larger 

hydrogenic loading, ve cannot discount the codeposition model as a 

contributing source of wall and/or limiter pumping in TFTR. However, 

preliminary results from a 3-D particle transport calculation of a bumper 

limiter discharge [26] indicate that only 1-SZ of the total hydrogenic flux 

impacts wall areas beyond the bumper limiter. Therefore, even though the 

deposited films on the vessel wall may have the capacity for pumping, our 

initial estimate of Che incident hydrogenic flux is too low to account for the 

observed pumping effects. 

5.0 Conclusions > 
I 

We have described the pumping effects observed with operation of the 

toroida!. graphite bumper limiter in TFTR. The puaping effects are induced by 

conditioning the limiter with a series of low density helium- or deuterium-

inLtiated discharges. The following pumping effects are observed to occur 

with conditioning of the bumper limiter: (1) During gas-fueled ohmic 

discharges, the effective particle confinement time, T , decreases from T > 

10 s to a minimum value of t = 0.15 s; this decrease in T corresponds to a 

decrease in global recycling from R = 1 to R < 0.5; (2) the minimum plasma 

density sustained at low plasma currents (- 1 MA) decreases by a factor of 

two; (3) Che edge neutral pressure and recycling flux during neutral beam 

fueling decreases by almost an order of magnitude. Subsequent neutral beam 

heating experiments into low density target plasmas with a conditioned (i.e., 

low recycling) limiter have shown energy confinement times which' are enhanced 

by a factor of two over previous values obtained with an unconditioned (i.e., 

high recycling) limiter [10-12], 
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We have proposed two mechanisms for the observed pumping effects: (1) a 

depletion model based on pumping of the hydrogenic species in che near-surface 

region of the bumper limiter, and (2) a codeposition model based on pumping by 

carbon films sputtered from the limiter by the conditioning. Considering that 

the pumping effects have been observed only with plasma operation on che large 

area bumper limiter (which operates near 60°C) and that the pumping capacity 

(= 100 torr-liters) is consistent with the hydrogenic capacity of the 

depletion layer, we favor the depletion model as the primary cause of the 

pumping effects observed in TFTR. 
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Figure Captions 

Fig. 1 Plasma density and gas input behavior for three operational cases in 

TFTR (a) standard conditions on moveable limiter or bumper limiter 

when recycling is close to one and the density decay constant (T ) 

is > 10 s. (b) 1.4 MA discharge on the bumper limiter (R/a = 2.45 

m/0.80 m) after the initial conditioning with ten low density He 

discharges. (c) 0.8 MA discharge on bumper limiter after extensive 

conditioning showing the lowest observed value of x = 0.15 s (d). 

Fig. 2 Change in the line-averaged plasma density of 0.8 MA deuterium-fueled 

conditioning discharges. The discharges were fueled only with a 

small (~ 3 torr-liter) gas fill prior to discharge initiation. 

During the breaks in the shot number sequence (x-axis), neutral-beam-

fueled discharges were made to test the level of conditioning. 

Fig. 3 Change in the line-averaged plasma density of 0.8 MA (a) and 1.4 MA 

(b) helium-fueled conditioning discharges. The discharges were 

fueled with a 2 torr-liter prefill of the torus. 

Fig. 4 Change in the line-averaged plasma density of 0.8 MA deuterium-fueled 

discharges (prefill fueling only) over a 1000-shot sequence which 

spans conditioning sequences shown in Figs. 2 and 3. 

Fig. 5 Reduction in brightness of the D„ emission and line-averaged plasma 

density during a sequence of 1.4 MA He conditioning discharges. 
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Change in the density decay constant (•»_") and computed value of the 

global recycling coefficient (R) over a 100-shot sequence which spans 

the conditioning sequence shown in Figs. 2 and 3. These measurements 

were made using fiducial discharges that were interspersed within the 

conditioning sequence. The plasma density was programmed to 5 e = 
iq _*i , , 1.25 x 10 m prior to interruption of the deuterium gas input to 

allow the density to decay. 

Particle confinement time (T ) as a function of line-averaged plasma 

density for 0.8 MA ohmic discharges on the bumper limiter. The 

values of T were derived from absolute Da emission measurements (see 

text). For comparison, values of the global energy confinement time, 

T.(a), calculated according to the description in Ref. 34 are also 

plotted. 

Change in the edge neutral pressure and Da emission over the 

conditioning sequence shown in Figs. 2 and 3. These measurements 

were made at the torus outer midplane during the plasma density 

plateau of the fiducial discharges described in Fig. 6. The error 

bars in the pressure data are indicative of the noise level of the 

measurements. 

Time dependence of the edge neutral pressure, plasma density, and 

required gas input for fiducial discharges at the beginning (a,b) and 

end (c,d) of the conditioning sequence shown in Figs. 2 and 3. 
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Fig. 10 Time dependence of the edge neutral pressure, plasma density, and 

required gas input for neutral-beam-fueled discharges at the 

•* beginning (a,b) and ^nd (c,d) of Che conditioning sequence shown in 

Figs, 2 and 3. 

Fig. 11 Ion-induced release of deuterium from graphite by 600 eV He and 3.0 

keV C ions. The sample was saturated 'iith 300 eV D prior to the 

release measurements. The 300 eV H data points were calculated using 

Che local mixing model [33]. These data provided courtesy of 

Wampler, Doyle, and Brice [24], Sandia National Laboratory. 
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