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Preamble

The research program performed under the present contract was jo in t ly

funded by the Canadian Fusion Fuels Technology Project (CFFTP), the Ontario

Ministry of Colleges and Universities Research Incentive Fund (Ontario-URIF)

and the European Atomic Energy Community NET Project. The i n i t i a l l y defined

project tasks concentrated on ( i ) radiation-enhanced sublimation, ( i i )

e f fec t of oxygen on carbon erosion during H+/02 exposure, ( i i i ) effect of

non-carbon low-Z elements on the chemical erosion of carbon, and (iv)

hydrogen retention. As the work progressed, however, changing NET

pr io r i t ies have led to the addition of new tasks to the program. For

example, we have extended our erosion studies to include measurements of the

angle-of- incidence dependence of physical sput ter ing of carbon,

extended the flux range of our radiation-enhanced sublimation work by an

order of magnitude, and performed an extensive flux/fluence dependence study

of H+ trapping in different forms of graphite. All additional funds needed

for the completion of the extended program were obtained from Canadian

sources (CFFTP and Ontario-URIF). The Ontario-URIF funding enabled us to

operate our ion accelerator with carbon and study "chemically-enhanced

self-sputtering" of carbon due to combined C+/H° exposure.



Executive Summary

Graphite is the most extensively used first-wall material in present-day

tokamaks and has also been identified as the reference material for the

International Thermonuclear Experimental Reactor, ITER. Drawbacks of

graphite are its erosion and H-retention capacity under plasma exposure.

The objective of the present study was to investigate these phenomena by

performing controlled plasma simulation experiments, utilizing our

low-energy high-flux mass-analyzed ion accelerator. The emphasis of our

work was twofold: (i) perform experiments as close to tokamak conditions as

possible, and thus generate data that might be directly applicable to

reactors, and (ii) perform experiments with varying parameters in order to

gain an understanding of the controlling mechanisms so that projections of

laboratory results to tokamak conditions could be made. We feel that we

have made progress on both of these fronts. The 1016 H+/cm2s fluxes

achievable with our accelerator are directly applicable to first wall tiles,

while projection of laboratory results are needed for limiter/divertor

fluxes of 10 1 8 -1019 H+/cm2s. In our studies of the radiation-enhanced

sublimation (RES) mechanism of erosion we have extended our flux range to

10 1 7 H+/cm2s using the Sandia National Labs, Albuquerque, High Heat Flux

Test Facility.

Regarding graphite erosion, we have studied RES, the effect of ion

angle-of-incidence on physical sputtering, the effect of O2 on hydrocarbon

formation during 0 2/H
+ impact, chemical erosion of boron-carbide, and the

effect of thermal atoms on self-sputtering of graphite. In the case of RES,

we have found that the flux dependence of RES is nearly linear (power of

0.91) for the extended flux range of 1013 - 1017 H+/cm2s. These findings

are in disagreement with a proposed model that predicts a power dependence

of 0.75. In the case of physical sputtering, we observed an enhancement in

the sputtering yield for off-normal angles of incidence. The effect was

most pronounced for highly oriented polished surfaces where enhancement

ratios of ten were measured. For technical-grade graphites, on the other

hand, the enhancement was only about a factor of two. The presence of

molecular oxygen did not appear to have an effect on the hydrocarbon

formation rate, however, some erosion through CO formation was observed.

With an attempt to study the effect of low-Z elements on graphite erosion,

we investigated the chemical erosion of Bi»C which will be present in



boron-doped graphite where doping concentrations exceed the solubility

limit. Although large transients were observed in the hydrocarbon

production, the steady-state levels were typically about two orders of

magnitude below the erosion rate of graphite. Doping of graphites holds

potential for reducing chemical erosion, however, the reduction of RES at

high temperature is still in question. Our future work will be directed to

this area.

One of the reasons that carbon has been favoured for first wall use is

its less-than-unity physical sputtering rate. However, just as we have seen

for the case of H+ •+ C, C+ •> C also leads to enhanced sputtering for

off-normal incidences. The latter affect was demonstrated by Roth et al at

Garching. To further investigate carbon self-sputtering we performed

experiments by adding thermal H° atoms to the impacting C+ ions, simulating

a condition existing in the tokamak plasma edge. Such combined C+/H°

impact, in fact, leads to a synergistic enhancement of the chemical erosion

process, i.e., "Chemically-Enhanced Carbon Self-Sputtering". Although

synergistic erosion has been extensively studied by our group and Vietzke

et al in Julich for H+/H°, the results presented here are first for the case

of C+/H°. We found that for C+/H° flux ratios of less than about 10"1 the

chemical erosion yield (with peak temperature at ~800K) exceeds unity, a

condition which in a reactor could lead to runaway erosion. This is

especially important for actively cooled di vertors/1 irniters where

temperatures will span the range 300K to >1000K.

Our work on hydrogen retention was concentrated on the study of H+

trapping in different types of graphites as a function of flux and fluence

of incident H+. Our findings indicate that the amount of H trapped in the

near-surface region of graphite - corresponding to the ion range - reaches a

saturation level, which is a function of graphite temperature and impacting

H + energy. However, the amount of H trapped in graphite beyond the ion

range was found to increase with increasing fluence and varied for different

graphites tested. We propose the hypothesis that hydrogen diffuses through

grain boundaries and open porosity in the material until trapped by

available carbon bonds. We tested this hypothesis by studying graphites of

different densities and grain sizes and, indeed, observed higher H-retention

for the finer grain sizes. Our future work will include the investigation

of the effect of dope atoms on the trapping of H in doped graphites.



1. INTRODUCTION

The extensive experience gained from carbon's use in present-day

tokamaks has led to carbon being selected as the primary candidate material

for plasma-facing components in next-generation fusion reactors such as NET

and ITER. While carbon is a low-Z element and also has excellent

thermomechanical properties, it is prone to erosion and has a high hydrogen

retention capacity. Erosion affects wall lifetime and leads to the

production of impurities resulting in plasma cooling. Hydrogen retention

affects tritium inventory, recycling and plasma density control.

The primary objective of our study was to investigate the erosion and

H-retention processes occurring during the interaction of carbon-based

materials with the edge plasma in fusion devices. Controlled laboratory

experiments were performed in plasma simulation facilities consisting of

ultrahigh vacuum systems and plasma particle sources, including sub-eV H°/D°

sources, electron guns and a mass-analyzed low-energy high-flux ion

accelerator. A laser-induced thermal desorption apparatus was used for

outgassing and H/D retention studies. The Ontario-URIF grant enabled us to

extend the capability of our ion-accelerator to produce a carbon beam.

The work on erosion encompassed radiation-enhanced sublimation, chemical

erosion and angle-of-incidence dependence of physical sputtering. Our

chemical erosion studies included the effect of oxygen on hydrocarbon

formation due to combined HVO2 exposure, self-sputtering of carbon due to

combined C+/H° exposure, and chemical erosion of boron carbide. Our work on

hydrogen retention included measurements of inherent hydrogen/oxygen content

of graphite, flux/fluence dependence of H+ trapping in graphite, and

hydrogen retention via codeposition of C+ ions and thermal H° atoms.

Discussion of our results is presented below.

2. CARBON EROSION

2.1 Radiation-Enhanced Sublimation

For graphite temperatures >1300K, erosion due to energetic ion impact,

is dominated by radiation-enhanced sublimation (RES). The RES effect was

first observed by Roth et al [1] and Philipps et al [2]. Suggested

mechanisms involve the formation of carbon interstitials due to nuclear



energy deposition in the near-surface layer by impacting energetic particles

and subsequent diffusion of the carbon atoms to the surface [1-4]. An

important prediction of the model is a significant decrease of the C/Hf

yield with increasing flux. Previous experimental results showed good

agreement with model predictions of energy, mass and temperature dependence.

The objective of our work was to investigate the flux dependence of the RES

effect.

All experiments were performed in our ultrahigh accelerator facility. A

mass-analyzed H3 beam was used over the anergy range 50 eV/H+ - 1 keV/H+.

Pyrolytic graphite samples were used which could be heated resistively to

1600K in a continuous mode of operation. Pretreatment of the sample was

achieved by heating the sample to 2200K for pulses of 10-15s.

The sputtered/sublimated carbon was allowed to deposit on a collector

plate from which it was "immediately" removed by a large flux of sub-eV

atomic hydrogen, leading to the formation of hydrocarbons. The RES rate was

then established from the measurement of the production rate of methane and

other hydrocarbons.

The primary results are presented in Fig. 1 which shows the flux

dependence of the C-removal rate at 1500K, due to H+ ion impact [5]. The

results are linear on a log-log plot over the flux ranges studied. For the

1 keV/H+ case the flux range was nearly three orders of magnitude (1J13-1O16

H+/cm2s). The derived empirical relationship between H+ flux and carbon

erosion rate can be expressed as: 4> <= 4^+ * This result is in excellent

agreement with the flux dependence results of Philipps et al [2, 4] who

reported a power dependence of 0.93 for 5keV Ar+ impact on pyrolytic

graphite, see insert in Fig. 1. The experimental results, however, are in

disagreement with the flux dependence predictions of the model (<)> « $•" ).

Further work on model development is required.

While the flux dependence of C-erosion is similar for the three energy

cases studied, there is a strong dependence of the erosion yield, C/H+, on

the incident ion energy, see Fig. 2. This energy dependence is found to be

consistent with the proposed mechanism [3, 4] based on nuclear energy

deposition in the near-surface region.

An important aspect of the RES process, relevant to fusion reactor

applications, is whether the erosion yields measured in laboratory ion beam

experiments at fluxes below 1016/cm2s, will apply in a reactor environment



where fluxes at the limiters/divertors are ~10 1 8 - 1019/cm2s. In the

absence of an accurate model, extension of experimental results to

conditions more relevant to fusion reactors is essential. This was the

motivation for the second phase of our RES studies, which was a

collaboration with Sandia National Laboratories at Albuquerque (SNLA).

The plasma materials test facility at SNLA includes a high power

accelerator based on neutral beam injector technology [6]. The facility has

been primarily used for thermal shock testing of various fusion reactor

plasma-facing components. The present experiment was the first to directly

utilize the H+ beam for erosion studies. The basic procedure was to place

the sample in the beam path and allow the beam to heat the sample to a

temperature of ~2100K. After several thousand seconds of H+ exposure, the

erosion yield could be determined by mass loss measurements.

Post-irradiation surface analysis (PIXE) of the sample indicated the

presence of Fe and Cu, in amounts negligible with respect to the measured

weight loss. Species mix analysis of the ion beam gave an average of 2.2 H

per ion with an average H energy of ~3.5 keV; the effective flux density was

~2*10 1 7 H/cm2s. Running the experiment at 2100K for a fluence of 3.6><1020

H/cm2 resulted in the erosion of 3.3xlO19 C/cm2, giving a yield of 0.09 C/H

[7].

Comparisons with previously published RES data are difficult, since

different parameter ranges were used in the various experiments. Using

certain assumptions, however, projections based on the results above, and

previously published data [3-5], to conditions in the present experiment,

lead to an estimated yield of 0.09 C/H which is in exact agreement with the

experimental measurement. Because of the extrapolations required to make

the comparison, the close agreement is considered to be fortuitous; however,

it is supportive of previous experimental findings at lower fluxes [3-5],

and thus increases over confidence in making RES projections to tokamak

divertor relevant fluxes of ~ 10 1 8 -1019/cm2s.

2.2 Chemical Erosion: H+/0, -»• C

In present-day tokamaks oxygen and carbon are the major impurities. The

presence of oxygen might have some effect on the chemistry involved in

hydrocarbon production during H+ bombardment of graphite. For example, H2O

production might compete with hydrocarbon production, leading to reduced
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concentrations of available hydrogen, and therefore lower hydrocarbon

erosion yields. Similarly, the oxygen may enhance other types of reactions,

such as CO formation, which also could lead to a reduced hydrocarbon

formation rate. Due to the limitations of a single beam ion accelerator

facility, the present study was confined to investigating the effect of

molecular oxygen on the hydrocarbon formation rate during H+ impact on

pyrolytic graphite. Future work will involve a more extensive study, using

our new dual-beam ion accelerator.

Hydrocarbon production was measured for combined fluxes of 3keV Hj ions

(1 keV/H+ energy and ~6 x10 1 5 H+/cm2s flux) and O2 molecules. Two cases of

0 2 pressures were used: 2*10-5 and 2*10~4 Torr, corresponding to fluxes of

~7*10 1 5 and 7*1016 0 2/cm
2s, respectively. Control experiments, without

oxygen backfill, were also performed. The hydrocarbon reaction products

were monitored in the residual gas with a quadrupole mass spectrometer

(QMS). For all test cases the QMS was calibrated using CHi+, C2H4 and C3He

leak bottles.

The measured erosion yields for CH4 and the sums of all Ci, C2 and C3

hydrocarbons are shown in Fig. 3. The primary result from this experiment

is that the methane and the total hydrocarbon yields are only marginally

affected by the presence of oxygen. Ignoring the 500K data where the

signals are very small, the erosion yields, with and without 02 backfill,

are within 10%, except for the 1000K case, where the yields are 25-35% lower

for the combined H +/0 2 tests. As can be seen from Fig. 3, the erosion is

dominated by CH4 production for the most part.

2.3 Chemical Erosion of Boron Carbide

While graphite has many desirable characteristics for first wall use in

tokamaks, its major drawback is its erosion, chemical and RES, under plasma

exposure. Attempts at reducing carbon's erosion involve the development of

carbon based materials by the addition of low-Z elements. The present study

was undertaken as a first step in the development of boron doped graphites.

Once doping levels exceed the solubility concentration of boron in carbon,

the excess boron will precipitate in the form of B^C. Thus, the object of

the present study was to investigate the chemical erosion of B^C under

exposure to energetic H+ ions. Future work will include a comprehensive



study of B- and Si-doped carbon/carbon composites.

The specimen tested was made of sintered B4C (Tetrabor) supplied by

Elektroschmelzwerk Kempton GmbH. According to manufacturer's

specifications, the bulk carbon concentration was 19-21at %. The erosion

experiments were performed by exposing the sample to H+ ions in the energy

range of 1 keV to 10 keV/H+. The sample temperature was varied from

300-1000K. As with the other erosion experiments, the chemical erosion

products were monitored in the residual gas with a QMS. The methane yield

as a function of temperature, for the case of 1 keV/H+, is shown in Fig. 4.

During initial bombardment of the sample a gradual decrease in the erosion

yields with time was observed. The upper curve (x) represents the first set

of experiments. The lowest curve (o) shows the final set of data after many

days of experiments. A similar behaviour was observed for the 3 keV/H+

case. Compared with pyrolytic graphite, the chemical erosion yield of B^C

is about two orders of magnitude lower, see Fig. 4. Very large, and long

duration, transients in the CH4 production were also observed under some

conditions. For example, heating the sample to 1000K for 20 minutes,

followed by 3 keV/H+ impact at 650K resulted in an erosion yield initially

35 times larger than the steady-state value. The gradual decrease of the

erosion yield with continued bombardment perhaps is an indicator that carbon

is being depleted from the ion range, resulting in a boron-rich surface

layer. The fact that heating to 1000K is able to induce a large transient

erosion yield indicates a possible replenishment of carbon in the

ion-implantation zone.

The peak in the erosion yield for 1 keV/H+ impact occurs at ~700K (see

Fig. 4 ) , with a trend to lower peak temperatures with increasing ion energy,

see Fig. 5. There also appears to be an increase in the maximum yield for

the 10 keV/H+ case (present data) and the 20 keV/D+ results of Braganza et

al [8]. It is likely that these high erosion yields may be due to

transients; because of the deep ion ranges associated with high ion

energies, many hours of bombardment may be required to reach true

steady-state conditions.

Methane was the primary hydrocarbon product observed, with C2H,, and C3H,.

amounting to <10% of the total carbon removal rate. From the observed mass

spectra (Me < 45) there was no evidence of any B-containing reaction

products.

In summary, chemical erosion of B4C occurs throughout the temperature

10



range studied (300-1000K), however, the peek methane yields are about two

orders of magnitude lower than that of pyrolytic graphite [ 9 ] . No

boron-hydrogen compounds were detected in the residual gas. The low

chemical carbon erosion yield observed indicates that after suff icient

bombardment to remove transient effects, the chemical erosion of B4C wi l l be

small compared to physical sputtering, and in fact, may be rate-l imited by

physical sputtering of the boron component. This suggests that graphite

with B̂ C addit ives should result in a reduction of the material's erosion

yield in comparison with pure graphite.

2.4 Angie-of-Incidence Dependence of Physical Sputtering of Graphite

Even in the presence of very strong magnetic f ie lds , plasma particles

w i l l str ike reactor f i r s t wall components with a variety of incidence

angles. In some situations this may result in enhanced physical sputtering

of carbon components. In the present work we have investigated the physical

sputtering of various types of graphites as a function of H+ and He+

incidence angle and ion energies ranging from 50-3000 eV.

The experimental technique employed was very similar to that used in our

previous study on radiation-enhanced sublimation of carbon, see Section 2 .1 .

Sputtered carbon atoms were collected on a gold-plated cyl indrical shield

which surrounded the sample. The deposited carbon was removed by exposing

i t to atomic hydrogen, leading to the formation of hydrocarbons, primarily

methane. The hydrocarbons were detected in the residual gas using a

calibrated QMS.

Several types of graphite were used in the experiments: highly-oriented

polycrystal l ine pyrolyt ic graphite (Union Carbide ZYH), a less-well

oriented form of PyG (Union Carbide HPG99) and a fine grain isotropic

graphite (Ringsdorff EK98).

In order to suppress chemical reaction at the sample, the samples were

cooled by f lowing N2 gas through a methanol slush bath (~175K). This

resulted in sample temperatures of 250-325K; temperature s tab i l i t y in a

given run was within ~25K. Overcooling had to be avoided in order to

prevent pumping of hydrocarbons through condensation on cold surfaces.

For the highly oriented PyG samples, the normalized sputtering yields

show a very strong dependence on beam angle of incidence and ion energy, see

Fig. 6. As the io rgy is increased, a clear enhancement in the angular

11



dependence is observed; factor of 2 at 50 eV/H+ compared with a factor of

>10 at 3 keV/H+ [10]. There is also a noticeable shift in the position at

which the maximum yield occurs. For the lowest energy studied, 50 eV, this

was at -65°, while for energies >1000 eV/H+, the peak is shifted to >80°.

This shift is attributed to differences in the reflection of ions at

different energies. Results for He+ are similar to those obtained for H+,

see Fig. 6b. The observed results and trends are in agreement with the

Monte Carlo computer modelling of Eckstein et al [11].

For graphites which do not have a highly-oriented surface structure, the

variation in sputtering yield as a function of angle is reduced with

increasing surface roughness. For the roughest surface, EK98, the

sputtering yield increases at large angles only by a factor of <2.5, even

for relatively high-energy H+ impact, see Fig. 7.

After bombarding the highly-oriented PyG (ZYH) sample with 3keV Hf ions

to a fluence of ~6*10 1 9 H+/cm2 (at 75° incidence), the angular dependence of

the sputtering yield was reduced by a factor of two for subsequent 300 eV/H+

impact at large angles, see Fig. 7b. The angular dependence is now more

similar to the HPG99 sample, and indicates a degradation of the surface

orientation.

The dramatic difference between the behaviour of technical grades of

graphite and the highly-oriented graphite should have a positive implication

for fusion reactors. It will be possible to spread the heat flux over a

much larger surface area, factors of 3-5, while only increasing the

sputtering yield by a factor of ~2 at angles of peak erosion.

2.5 Chemical Erosion: C+/HQ -> C

Carbon, being one of the major impurities in tokamaks with graphite

first-walls, causes concern regarding carbon-induced erosion. While the

self-sputtering yield of carbon at normal incidence is less than unity, at

grazing angles of incidence sputtering yields could exceed unity [12]. The

purpose of this project was to study the effect of thermal atomic hydrogen

on the chemical erosion of graphite during simultaneous bombardment by C+

ions and H° atoms. The thermal H° atoms simulate the Franck-Condon neutrals

produced by the dissociation of recycled H2 in the plasma edge.

By running CO in the duo-plasmatron of our ion accelerator we were able

12



to generate a mass-analyzed carbon beam. Experiments were performed for

C+/H° flux ratios of 10"2 to 1. A pyrolytic graphite sample (Union Carbide

HPG99) was resistively heated to achieve temperatures in the range 500 -

HOOK. H° atoms were produced by contact dissociation of H2 on a hot W

filament. The hydrocarbon reaction products were monitored in the residual

gas using a QMS.

A very interesting result was observed: in the presence of thermal H°,

carbon self-sputtering can exceed unity, even at normal incidence, for

temperatures in the vicinity of 800K where the chemical erosion maximum

occurs, see Fig. 8. The occurrence of >1 erosion yield is a function of C+

energy, C+/H° flux ratio and graphite temperature, see Fig. 9. For flux

ratios above 10"1, some evidence of net carbon deposition was observed.

Figure 9 also shows our previous results on H+/H° synergistic erosion [13]

and the Ar+/H° results of Vietzke et al [14]. It is clear that a

synergistic effect occurs for all of these cases. The impacting ions lead

to the formation of dangling carbon bonds in the near-surface region of

graphite and thus an increased reactivity of carbon with H°. For the case

of C+/H° impact the observed synergism manifests itself as an enhancement in

self-sputtering (i.e., Chemically-Enhanced Carbon Self-Sputtering), and thus

yields greater than unity can lead to runaway erosion in a reactor. This

effect is critical for actively cooled divertors/limiters where surface

temperatures can range from 300K to >1000K.

In contrast to physical sputtering, chemical erosion due to C+/H° impact

does not appear to depend on the angle of incidence, at least for the HPG99

PyG studied here. This implies that while more extensive damage could be

produced in the near-surface region at grazing angles of incidence, the

chemical reactions are limited to the very near surface which is accessible

to the H° atoms.

3. HYDROGEN INVENTORY IN GRAPHITE

3.1 Inherent Hydrogen/Oxygen in Graphites

The inherent hydrogen content of graphites, introduced during

manufacture, could affect the long term tritium inventory and fuel recycle

via isotope exchange over prolonged plasma exposure in tokamaks. The

presence of other inherent species in graphite - for example, oxygen - could

13



also have adverse effects on plasma discharge perfc-mance. Since graphite

is extensively used for plasma-facing components in fusion reactors, we have

performed experiments to determine the hydrogen/oxygen content of different

types of graphite materials, eg. pyrolytic graphite, isotropic fine-grain

graphite and carbon/carbon composites.

The experiments were performed in an ultra-high vacuum system where 10~8

Torr base pressures could be readily achieved after normal system bakeout at

500K. Specimens were in the form of strips which could be resistively

heated to temperatures as high as 2400K. Measurements of the near-surface

hydrogen/oxygen concentrations were made by a Laser Release Analysis (LRA)

technique. During the LRA process, a small area on the sample was heated

with a laser pulse resulting in the release of near-surface gases. The

released gases were analyzed using a QMS.

Inherent gas concentration measurements were made for samples

conditioned by baking at progressively higher and higher temperatures,

500K-2400K. Subsequent to baking at 500K for one or two days, the main

species remaining in the samples were hydrogen and oxygen, 0.1% - 1% H/C and

0/C, see Figs. 10 and 11 [15]. Oxygen was detected as CO in the released

gas due to the fast reaction of 0 with C during the laser pulse during which

time surface temperatures reach 3000K. High temperature bakeout (>1700K)

leads to a reduction of about two orders of magnitude with respect to the

500K case. Similar results were observed for the different types of

graphites studied. While the chemical form of the H and 0 in graphite

cannot be identified, the similar LRA levels for the two species suggest

that water or hdroxyl molecules might be involved. These molecules could

have been introduced during manufacture or subsequent exposure to

atmosphere. Similar qualitative correspondence between H~ and 0" secondary

ion signals for SIMS profiling was observed by Bastasz [16]. Based on our

findings, considerable reductions in graphite-source hydrogen and oxygen in

tokamaks could be achieved by prebaking the graphite tiles and limiters.

In-situ baking may also be necessary in order to reduce re-adsorbed water

during atmospheric exposure.

3.2 Flux and Fluence Dependence of H+ Trapping in Graphite

The source of hydrogen in graphite first-wall materials is twofold: (i)

inherent hydrogen introduced in the material during manufacture - see Sec.

14



3.1 above - and (ii) hydrogen trapped by graphite during plasma exposure.

Both sources could affect tritium inventory and H-recycling. For hydrogen

originating in the plasma, four trapping mechanisms have been identified:

(i) Energetic hydrogen implanted into graphite can become trapped within a

saturated near-surface layer extending to the ion range depth, (ii) hydrogen

can undergo surface diffusion along interconnected porosity throughout the

material, and (iii) implanted hydrogen can undergo bulk (or lattice)

diffusion and trapping, (iv) In addition, plasma interaction with graphite

can lead to hydrogen trapping via codeposition whereby eroded carbon

combines with plasma hydrogen to form a deposited hydrogenated carbon film.

First results on this latter mechanism (iv) will be presented in the

following section. Here we will concentrate on H-trapping in the

ion-implantation zone, (mechanism (ii)) and trapping along grain boundaries

and interconnected porosity (mechanism (iii)), as a function of flux and

fluence of the impacting H+ ions.

Controlled experiments were performed with different types of graphites:

pseudo-monocrystal, pyrolytic and fine grain isotropic graphites. Specimens

(heated to 300-900K) were exposed to H+/D+ ions (1 keV/H+ energy) with

fluxes and fluences in the range 1011* - 1016 ions/cm2s and 1017 - 10 2 1

ions/cm2, respectively. The amount of hydrogen retained in the specimens

was measured by Thermal Desorption Spectrometry (TDS) and Nuclear Reaction

Analysis (NRA). The latter was performed by Dr. D. S. Walsh at Sandia

National Labs, Albuquerque. NRA measurements indicated that the amount of

hydrogen trapped in the near-surface region of graphite initially increases

with fluence and then reaches a saturation level. At 400K, saturation is

reached for incident fluences of >2*1018 D/cm2 and the retention level is

~2xlO17 D/cm2, see Fig. 12 [18]. These findings are consistent with

previous results for H-retention in the implantation zone, e.g., Ref. 17.

While our NRA and TDS results are in good agreement for fluences below

which saturation sets in, the TDS measurements continue to increase with

increasing incident fluence. We therefore propose the hypothesis that

during H+ impact, some of the "mobile" hydrogen existing in the implantation

zone diffuses "deeper" in the material through grain boundaries and

interconnected porosity until trapped by available carbon bonds. We tested

this hypothesis by studying graphites of different densities and grain

sizes, and indeed, observed that H-retention decreases for increasing

density and crystal size, see Fig. 13 [18].
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The above hypothesis was further tested by performing TDS on a sample on

which the implantation zone was eroded by He sputtering subsequent to H+

beam exposure. Such TDS measurements showed that the H-retention in the

sample was reduced by an amount corresponding to what is expected to be in

the implantation zone. NRA of D+-loaded/He+-sputtered specimens also showed

the presence of D. However, the NRA values were found to be much lower than

the TDS ones; resolution of the difference will require further

consideration.

Although similar fluence dependence was observed for different graphite

temperatures, the absolute level of retained hydrogen dropped by about an

order of magnitude as the temperature increased from 300 to 900K, see Figs.

12 and 14. Within the errors of the experiment, no dependence on the

incident flux density was observed for the amount of retained hydrogen.

3.3 Hydrogen Trapping via Codeposition of C + and H°

The hydrogen content of codeposited films, produced by simultaneous

impact of 3 keV C+ ions and thermal (sub-eV) H° atoms on a W substrate, has

been studied as a function of C+ and H° fluence. The C + flux density was

~1.75xl01't C+/cm2s. The hydrogen content of the films was measured by
desorbing the sample at 1600K. Figure 15 shows the H content of the film as

a function of H° fluence for two flux ratios <|>.,0/4>c+: 2.3 and 8.3.

Already, at a fluence of 10 1 9 H°/cm2, the amount of retained hydrogen is

about an order of magnitude larger than H° retention in pyrolytic graphite

during H°-only bombardment to fluences >1020 H°/cm2 [19]. Clearly, a

codeposited layer was being formed and the amount of trapped hydrogen was

found to vary with the Quo/$r+ ^ u x rati°«

The cedeposition process will be further investigated with our dual-beam

ion accelerator which will allow us to study the combination of energetic

C+, H+ and thermal H° species.
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