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Abs t rac t 

A rotatable collector probe was used to expose several graphite 
samples to a deuterium-to-hydrogen-to-deuterium exchange experiment in 
the Tokamak Fusion Test Reactor (TFTR) at the start of the 1988 operations 
period. This experiment proved the utility of helium conditioning discharges 
in accelerating the changeover process. Samples included portions of a tile 
taken from the inner bumper limiter (POCO AXF-5Q graphite) of TFTR during 
the recent machine opening, and coupons which had been conditioned in the 
PJasma Interactive S_urface Component Experimental Sjation (PISCES) by 
exposure to a helium plasma. The samples were exposed to different groups 
of the -100 1.4 MA discharges that comprised the experiment. They were 
removed and analyzed for retained deuterium and impurities by nuclear 
reaction analysis and Rutherford backscattering spectrometry. Codeposited 
carbon layers had been formed with thicknesses up to several tenths of a 
micron. The inferred percentages of trapped hydrogenic species were in 
general agreement with spectroscopic data. The computed carbon fluence per 
• + discharge, 1.2 x 10 1 7 C/cm 2 , is compared to recent measurements on 
limiter tiles removed from TFTR. 

(Presented at the 35th National Symposium of the American Vacuum Society, 
Atlanta, Georgia, 4-7 October 1988, and accepted for publication in the 
Journal of Vacuum Science and Technology.) 
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1. Introduction 

In preparation for D-T experiments on TFTR, there has been extensive 

study of first-wall conditioning techniques. 1 - 5 In particular, a helium 

conditioning procedure was developed to control hydrogenic recycling from 

the graphite axisymmetric bumper limiter and to produce an enhanced 

confinement ("supershot") mode 6 7 with neutral beam heating. To study the 

eventual isotopic changeover in the limiter for D-T operation, species 

exchange experiments have been conducted.8 Long exchange times (from 

60-600 discharges) have been observed using typical gas-fueled ohmic 

discharges. A recent exchange experiment1 has been conducted using the 

helium conditioning technique to accelerate this process by first depleting 

the limiter surface of one hydrogen isotope before the second isotope is 

introduced. 

The collector probe technique 9 ' 1 3 is a common method for studying 

particle fluxes in the plasma scrape-off layer (SOL). In this paper, we 

present the results of integrated flux measurements using a collector probe 

during the recent isotope exchange experiment. These results from the 

boundary layer are useful in understanding the changeover process and can be 

compared to other TFTR data, such as hydrogenic line emission intensities. 

2. Experimental 

2.1 The Isotope Exchange Experiment 

The isotope exchange experiment began with a series of He** 
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conditioning discharges to degas the limiter from previous D + operation. All 

of the discharges in this experiment were made at a plasma current, l p , of 1.4 

MA with major radius R = 2.45 m and minor radius a = 0.80 m. Then a density 

scan was performed in hydrogen during which about 400 torr-liters of gas 

was puffed into the machine over eight discharges. Line integral electron 

densities were raised from n a l = 1.9x1015 to 4.0x10 1 5 cnr 2 (diagnostic path 

length equals 160 cm) over the course of the scan. The isotopic ratio D/(H + 

D) near the bumpgr limiter changed from 0.76 to 0.45 as measured 

spectroscopically from D p and H p line emission.14 (It should be noted that this 

ratio does not exceed -0.8-0.9 in TFTR due to residual hydrogen in the bulk of 

the graphite tiles.1 5) Subsequent H+ "prefill-only" discharges {gas input only 

for plasma formation) showed that the limiter returned quickly to a 

conditioned state (i.e., attained a low density at the recycling limit, n el = 

1.9x101 5cnrr2). 

The hydrogen was then depleted from the limiter surface with a short 

series (<10 discharges) of He + + conditioning plasmas. This increased the 

isotopic ratio D/(H + D) to 0.62. The changeover back to deuterium was 

accomplished in a D + density scan over the same range of electron densities 

as the H + scan. After six discharges and about 340 torr-liters of gas, the 

isotopic ratio had returned to 0.79. 

2.2 Exposures 

The TFTR CESEP (Combined Electrical and Sample Exposure £robe) 

diagnostic, described in detail elsewhere,16 consists of a translatable probe 

cylinder which rotates behind tantalum slits in an outer housing. The slits 
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face into the ion and electron drift directions, and were set at their maximum 

separation of 1 cm. The probe enters the vacuum vessel from below. Graphite 

was chosen as the sample material for its thermal properties, and so that the 

surface chemistry during exposure would be of the C:H system as on the 

limiter surface. Three different types of graphite were chosen as samples. 

The first type, composed of POCO AXF-5Q graphite, included portions of a tile 

from a high flux area of the TFTR bumper limiter which was removed during 

the 1987 opening. Surface analysis of several tiles removed in that opening 1 7 

showed that high flux areas were relatively clean (low amounts of deuterium 

and impurities) and presumably underwent net erosion. These samples were 

outgassed under vacuum at 600°C to desorb trapped D and H prior to mounting 

on the probe. The second type included coupons of POCO HPD-1 graphite which 

had been conditioned in the PJasma Interactive Surface C o m p o n e n t 

Experimental Sjation (PISCES) by exposure to a helium plasma. High-fluence 

helium plasma bombardment (up to 1 0 2 1 ions/cm 2) in PISCES removes 

graphite dust particles blocking the intrinsic pores of POCO graphite and 

generates a sponge-like porous surface morphology. 1 8 These two sample 

types were chosen to study the effect of pore structure on particle collection. 

This subject will not be addressed further in this paper. The third type 

included fresh samples of ATJ graphite, which were sanded, ultrasonically 

cleaned in alcohol, and baked to 500°C. 

These samples were mounted lengthwise on the inner prcbe cylinder, 

and also on the probe shell in place of one tantalum slit on the electron drift 

side, as illustrated in Figure 1. By rotating the inner cylinder, different 

portions of the samples were exposed to plasmas from the different phases of 

the changeover experiment (with the exception of the initial H e H + conditioning 
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phase, which was not studied). The exposures were overlapped slightly to 

create regions where the effect of two consecutive phases could be observed. 

The grouping of samples attached to the outer housing integrated the exposure 

« from the discharges for which the probe was deployed. This experiment 

concentrated on particle collection in the electron drift direction based on 

the results of earlier probe measurements.13 It was observed that smaller 

fluxes were collected on the ion drift side, which was attributed to shorter 

connection lengths (the distance along a field line to the first solid object). 

For these plasmas the connection lengths on the electron drift side were 

-21-25 m, compared to ~2-3 m on the ion drift side. 

After the initial He + + degassing of the limiters, the probe was inserted 

to within a distance d = 10 cm of the plasma boundary. An exposure was made 

to fifteen H + discharges which began with the density scan described above. 

The average density was n e l = 3.0x101 5cnrr2. The second exposure was to 
j 

seven H e + + conditioning plasmas with an average density of n a l = 

2 .3x10 1 5 crr r 2 . The probe was reinserted later to d = 14 cm for a series of 

twelve D + plasmas just after the deuterium density scan referred to above 

was completed. Problems with the density feedback system led to two high 

density disruptions during the exposure. The average density was n el = 

3.9x10 1 5cnr 2 . 

2.3 Analysis 

After these exposures the samples were removed in air to argon-filled 
« bags and examined later by two analytical techniques. The areal density of 

retained deuterium was measured using 3He(d,p) 4He nuclear reaction analysis 
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(NRA) with a 700 keV 3 He analyzing beam. The data collection was automated 

to make a measurement every 0.5-1.0 mm along the sample axis using a dose 

of 0.1-0.4 u.C and an analysis beam spot size of 1.0x2.0 mm. Lateral scans 

across the different exposure stripes were made with a measurement spacing 

of 0.2 mm and a spot size of 0.3x2.0 mm. Rutherford backscattering 

spectrometry (RBS) using a 2 MeV 4 He beam was used to determine the amount 

of codeposited carbon, oxygen, and metallic impurites on the samples. 

3. R e s u l t s 

3.1 Retained Deuterium 

Figure 2 shows the retained deuterium per exposure measured by NRA 

for different phases of the isotope exchange experiment as a function of 

distance to the plasma midplane, both for the ion and electron drift 

directions. Because the probe axis does not pass through the plasma center, 

the abscissa is not quite a measure of radial position, and the plasma 

boundary would be intersected at 77.5 cm, not 80.0 cm. The gaps in the 

electron side data correspond to the spacing of the samples of PISCES, TFTR, 

and fresh graphite on the probe cylinder, with the PISCES samples closest to 

the plasma or toward the right side of the figure. The scrape-off lengths, X, 

associated with these radial profiles, assuming exponential decay (and 

correcting to a radial measurement), are also shown. They were fairly long on 

the electron side, varying from 7.8 cm for H + plasmas to -11 cm for D + 

plasmas. The samples attached to the outer cylinder which integrated all the 

exposures recorded a scrape-off length of 12.2 cm. Long decay lengths were 

ooserved ear l i e r 1 3 for collecting samples in the middle of the SOL, The 
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scrape-off lengths on the electron side were calculated without the data 

from the TFTR graphite samples (the outlined symbols). It was assumed that 

these data fell consistently above the calculated curves due to some 

remaining deuterium in those samples after outgassing. The residual amount 

may be estimated as the average vertical distance from the data to these 

curves, approximately 5-7x10 1 6D/cm 2. 

As will be discussed later, the deuterium along with hydrogen is 

dispersed in a layer of redeposited carbon to its saturation limit, which is 

perhaps similar 1 7 to the limit in bulk graphite of ~0.44 hydrogenic atoms per 

carbon. 1 9 Thus, these radial profiles and scrape-off lengths refer not to the 

incident deuterium, but to the in^.dent carbon flux which determines how 

much deuterium is codeposited with the carbon. 

The electron side to ion side retained deuterium ratios were large, -15 

closer to the plasma increasing to ~30 further back for the H + exposure, and 

varying from -15 to -45 in the same way on the stripe which saw the H + plus 

the He + + plasmas. This is similar to earlier probe measurements,13 and could 

be due to much shorter connection lengths on the ion drift side. 

Lateral scans across the centers of the PISCES samples and the TFTR 

samples on the inner cylinder are shown in Figure 3. In general the H + , He T + , 

and D + exposures deposited fairly eaua! amounts of deuterium, on the order of 

3-4x10 1 7 D/cm 2 . The overlaid regions (H + plus He + + and He + + plus D+) had 

approximately double this amount. A shadowed region contained measurable 

amounts of deuterium, indicating that multiple scattering of these low energy 

ions 2 0 probably occurred. By taking the difference between the measurements 
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on the TFTR and PISCES samples in the shadowad region, another estimate jf 

the residual deuterium in the TFTR samples is ~8.5x10 l 6D/cm 2. 

3.2 Impurities 

The areal densities of carbon, oxygen, and metals deposited on the 

electron side samples were measured at selected locations using RBS. The 

deposited material consisted mainly of carbon with smaller amounts of 

oxygen, chromium, iron, and nickel. Areal densities of the oxygen and metals 

were determined from the backscattering yield. The areal density of 

deposited carbon was estimated in two ways. Helium scattering from oxygen 

deep in the carbon arrives at the detector with less energy than helium 

scattered from oxygen at the surface due to the energy lost passing through 

the layer. Thus the thickness of the oxygen-containing layer can be 

determined from the energy spread of the oxygen backscattering peak. This 

method could not be used for layers thicker than about 0.45 um due to overlap 

of the oxygen peak with the backscattering from the carbon. The second 

method for estimating the areal density of deposited carbon utilized the 

shape of the carbon edge in the oackscattering spectrum. A near-surface 

layer consisting partly of carbon gives a lower backscattering yield than a 

pure carbon target. Therefore the thickness of the impure deposited layer 

could be determined by comparing the RBS spectrum for a pure carbon 

reference target to the RBS spectrum of the sample. As before, it is the 

different energies of the particles scattering from atoms at the front and 

rear of the deposited layer which is used to determine the layer thickness. 

The thicknesses reported here were obtained from the atomic areal densities 

measured by RBS using a value of 1.8 g/cm3 for the density of the deposited 
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material. Surface roughness introduces a significant uncertainty in the 

measurements on the order of ±20 nm, estimated from the width of the 

oxygen peak on samples which had very iittle deposited material. 

The PISCES samples, which were the closest tc the piasma had the 

thickest carbon overlayers. The samples un the electron side were brightly 

colored trom white light interference in ihese films. From their colors we 

can infer-1 that the film thicknesses increased slowly in the direction of the 

plasma boundary, in concert with the deuterium NRA signals. On the ion side 

the films were of insufficient thickness to see tfus effect (<30 nm). Table I 

summarizes the RBS measurements by giving the overlayer thicknesses and 

their relative deuterium, oxygen, and metals content. 

4. Discussion and Conclusion? 

The success of the helium conditioning technique >n accelerating the 

isotope changeover process can be obseived in these data. As is seen in Table 

I, the D/C ratio measured in these layers varies from 0.11 for the H + exposure 

to -0.24 for the He + + exposure to 0.36 for the D + exposure. However, the story 

of the retained hydrogen in these layers must also be considered. Previous 

measurements in TFTR 1 3 and JET 2 2 showed that saturated carbon layers tend 

to form on collecting samples in the SOL of plasmas containing a lot of 

carbon. Therefore, it is assumed here that the carbon layers in all cases are 

filled to saturation by hydrGgenic species, i.e., (D + H)/C = 0.44. Then the 

isotopic ratios for these exposures become D/(H + D) = 0.25 for the H + 

exposure, 0.55 for the He + + exposure, and 0.82 for the D + exposure. This 

agrees reasonably well with -he spectroscopic data. The ratio DJ(H= + D-) 
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from the spectroscopy drops from 0.76 to 0.45 after the first few H + 

discharges, whereas the collector probe measurement, which integrated over 

all the H* plasmas, gives D/(H + D) = 0.25. The spectroscopic ratio at the 

beginning of the D + phase is 0.62, compared to the ratio of D/(H + D) = 0.55 

from the collector probe exposed to the He + + discharges, which directly 

preceded the D + operation. Finally, the spectroscopic ratio had climbed back 

to 0.79 after the first few D + discharges, whereas the collector probe 

measurement which integrated over a series of D + plasmas after the initial 

H-to-D changeover had taken place showed a ratio of 0.82. 

The discrepancies between the probe and spectroscopic measurements 

could be explained by where the measurements are made. The H 3 

measurements are made along a sightline from the outer equator to a spot 

just below the bumper limiter center, while the probe makes local 

measurements at the bottom of the machine. Any poloidal asymmetries would 

lead to differing results. Also, the spectroscopy data are dominated by 

emission generally near the plasma boundary, while the probe is deployed in 

roughly the middle of the SOL. Edge phenomena with short scale lengths (less 

than a couple cm) would not contribute to the probe data. 

Other features of the isotope exchange experiment can be drawn from 

these collector probe results. As expected,1 the He + + plasmas, which had the 

lowest electron densities, deposited the largest quantities of carbon and 

metals per discharge, 3.2x10 1 7C/cm 2 and 1.6x1015metals/cm2 on the PISCES 

sample. The most oxygen was seen in the H + exposure, with >2.1x10' 6O/cm 2 

per discharge. The least carbon, oxygen, and metals were found in the D + 

exposure, for which the electron densities were the highest: 1.2x10 1 7C/cm 2, 
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1.2x10 1 6O/cm 2, and 8.9x1014metals/cm2 per discharge. 

It is interesting to compare these results with recent external 

analyses of limiter tiles removed from TFTR. 1 6 We assume parallel flow 

{along the same fiux surface) to low flux areas on the limiter surface with 

unity sticking coefficients on the samples and limiter tiles, and ignore 

erosion effects on the deposited layers. Low flux areas of the limiter were 

characterized by thick (~lO|im if p = 1.8g/cm3} carbon deposits with 20 at% D, 

6 at% O, and 1 at% metals after 9922 discharges. The probe data are 

multiplied by the sine of the angle a field line makes as it strikes the limiter 

surface to account for oblique deposition. For the deuterium discharges, we 

calculate that the fluences to the limiter are 2.3x10 1 6C/cm 2, 2.6x10 1 5O/cm 2, 

1.9x10 1 4 metals/cm 2 , and a lower bound of 9.0x10 1 5D/cm 2 per discharge. 

These values overestimate the amounts of material found on the limiter by 

factors of 2-5. 

In summary, these collector probe measurements are in general 

agreement with spectroscopic data on the isotopic ratio D/(H + D) during an 

isotope exchange experiment with helium conditioning. Thick codeposited 

carbon layers were formed on different types of graphite samples with no 

observable dependence on the type of sample. These data overestimate 

somewhat the amount of material which accumulates on low flux areas of the 

bumper limiter, as compared to measurements on removed bumper limiter 

t i les. 
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Figure Captions 

Figure 1 Schematic of sample positions on collector probe. 

figure 2 Deuterium areal densities per exposure versus distance to 

the piasma midplane for different segments of the isotope 

exchange experiment. The straight lines are the linear 

regression fits to the data. The scrape-off lengths are also 

given. The solid symbols are for the PISCES samples, the 

outlined symbols are for the TFTR samples, and the open 

symbols are for the fresh samples. 

Retained deuterium lateral scans across the centers of the 

PISCES and TFTR samples on the inner probe cylinder, 

showing the effect of the different phases of the 

changeover experiment. 

Figure 3 
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TABLE 1 
ANALYSIS SUMMARY 

LAYER metals 
EXPOSURE THICKNESS (\im) O/C /C D/C 

PISCES SAMPLES 

H + >0.45 0.09 0.005 <0.11 
H + /He + + >0.45 0.09 0.006 <0.19 

H e ^ 0.25 0.05 0.005 0.21 
He + + /D + 0.27 0.12 0.008 0.24 

D + 0.11 0.11 0.008 0.35 

TFTR SAMPLES 

H + 0.38 0.08 0.004 0.11 
H + /He + + Q.3S 0.07 0.004 0.20 

H e + + 0.17 0.05 0.003 0.26 
D + 0.10 0.15 0.006 0.37 
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