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Hydrocarbon yield of pyrolytic graphite due to lowenergy hydrogen irradiation 

by Bnan Vernon Mech, Department of Aerospace Studies. University of Toronto 

submitted in conformity with the requirernents for the degree of Ph.D. (1997). 

Recent developments with gaseous divertors in tokamaks have led to prospects of 

less energetic ion bombardment (10's of eV) in the divenor region. Previous Iow-energy 

results indicate that an H-ion induced chernicai erosion process is occming which is 

distinct from that observed for high impact energies (300 eV - 3 keV). Furthemore, there 

is some discrepancy in the literature as to the magnitude of the isotopic effect due to 

and D' impact at these low energies. 

In the present experiments, mass spectrometry in the residual gas is used to 

perform a systematic study of hydrocarbon formation rates as a function of pyrolytic 

graphite temperature (300 - 1000 K) and ion energy (10 - 200 eV) For mass-analysed H+ 

and D' beams (10'~ ions/mZs). This provides a unique opportunity to also investigate 

isotopic effects. The resuits can be used to optimize operating conditions in a tokamak 

fusion reactor. 

The present results indicate that, as the ion impact energy is reduced, there is a 

reduction in the maximum chernical yield (Yrn) and that broadening of the temperature 

dependence for hydrocarbon formation does, in fact, lead to significant erosion for low- 

energy impact at room temperature. These room-temperature metlane and total chernical 



yields display maxima at about 50 eV and decrease as the ion energy is funher reduced. 

Within experirnental errors the isotopic effect on the chernical yield was not significant and 

was generally Iess than a factor of 1.7. Furthemore, there was strong evidence for 

changes in the dorninating erosion mechanisrn(s) as the ion eneru  was reduced below 100 

eV. 

A semi-empincd mode1 has been developed, based on previousiy identified 

atornistic processes, with sorne modifications and additional processes incorporated. In 

general, this mode1 agrees veiy weiI with the present results for methane production due 

to H+ and D' impact. The addîtional processes, which account for the kinetic effects of the 

energetic particles, can be used to explain many of the observed erosion features. 
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1. INTRODUCTION 

At current p w t h  rates the world-wide enerw dernands are expected to double 

every 35 years. Fossil £bels and nuclear fission currentiy provide most of the world's 

energy supply, but the former is not inexhaustible and both represent sources which are 

becoming less acceptable environmentdy, and so, much effort has k e n  investeci in the 

developrnent of alternative centraîized energy sources. Nuclear fusion, with its nearly 

inexhaustible fuel supply and significant environmental advanmges. has ken  investigated 

as an alternative energy concept for nearly five decades. Sipifcant progress has b e n  

made during that span so that controlled fusion as a source of elecnicity is within sight of 

current researchers. 

1.1 NUCLEAR FUSION 

Nuclear fusion is a reaction in which two Iight nuclei combine to produce a heavier 

nucleus while releasing a large amount of energy. It is the same process which powers the 

Sun and di stars. When two atoms approach very close together it is only their positively 

charged nuclei which take part in this reaction and so they are naturally repelled. In order 

to overcome this Coulomb barrier the atoms must be traveling at very high relative 

velocities. Heating the atoms to very hi@ temperatures. such that the tail of the 

Maxweliian velocity distribution coupled with quantum tunneling effects allow enough of 

the atoms to fuse, is one of the preferred methods of overcoming this barrier. This is called 

thenno-nuclear fusion. 

There are several candidate fusion reactions involving light isotopes. but D-T 

fusion is the one most intensely investigated mainly because it should be most easily 

achieved. This reaction proceeds as 

D + T =, 4 ~ e  (3.52 MeV) + n (14.1 MeV) 

In order to provide the incident atoms with enough energy so that enough of hem fuse 

they must be heated to temperatures in excess of 100 million OC. This poses several 

challenges but this reaction actudly has the highest cross-section for fusion at such 'low' 

temperanires. Furthemore, this reaction has a high power density and natural energy 

exhaust (via the neutrons) which are both advantageous. On the other hand, D-T fusion 



uses tritium which is both a rare and radioactive isotope of hydrogen and the high energy 

neutrons lead to activation of rnost materials in the neighbourhood of the fusing atoms. 

It is quite possible that, when D-T fusion wiU have k e n  fully developed, 

alternative fusion concepts will be explored including D-D, which avoids much of the 

tritium and activation problems [l], and D - ~ H ~  which produces only charged particles [2]. 

1.2 TOKAMAKS 

When a gas is heated to the temperatures required for D-T fusion it becomes 

nearly perfectly ionized forming a plasma of ions and elec~ons with very high thermai 

kinetic energies. These particles would escape the plasma in rnillionths of a second if not 

contained by some means. In the Sun this confinement is achieved by gravitational forces, 

but on Earth we are resticted to either inertial or magnetic confinement and much of the 

current research effort is concentrated on the latter. 

Fortunately. the ves, fact that the fuel atoms are M y  ionized means that they can 

be influenceci by extemally applied magnetic fields. A charged particle will orbit a 

magnetic field line under the Lorentz force with a cyclotron frequency of w,=eB/m. 

Along the field line the particle may move freely thus executing a net helical motion. 

Clearly, if all of thz magnetic field lines cm be forced to close on themselves then it 

should be possible, ideally, to nearly contain the plasma and prevent it fiom reaching the 

reactor vessel walls. 

Several confinement schemes have been proposed based on this principle, but that 

most comrnonly used is the tokamak. In this scheme the reactor vessel is shaped Iike a 

toms with many toroidal field coiis surrounding the vessel and mnning through its center. 

These constant current coils provide a magnetic field in the axial, or toroidal, direction of 

the toms. A set of transformer coils, using the plasma as the secondary winding, are used 

to generate an elecaical field in the axial direction by time-varying currents in the pnmary. 

This field induces an axial current in the plasma (while also heating it ohmically) which, in 

t m ,  produces a poloidal magnetic field. Thus the net magnetic field h e s  are helically 

screwed around the toms producing excellent confinement of both the plasma and its 

energy. 



Unfortunately, the confinement in a tokamak is not perfect. Self diffusion through 

Coulornbic collisions and anomalous transport through microinstabilities lead to escape of 

particles from the plasma Furthemore, the requirement for exhausting helium ash fiom 

the plasma to prevent dilution of the fuel necessitates active removai of some plasma from 

the core to a more remote part of the vessel. The question arises then; how good must - or 

should - the confinement be? 

Several criteria have k e n  developed in order to quanti@ the required confinement 

in a tokamak. Generally such critena arise from the balance of the energy given up by the 

helium in heating the plasma against the many rnechanisms of energy loss (conduction, 

difision, and radiation). Typically, n, the plasma density, T, the plasma temperature, and 

TE the energy confinement time are used to quant@ the result and the balance equation 

results in the foiiowing triple product critena for ignition [3] 

nTrE n 6 x 10'~ ~ " S K  

Progress in fusion research c m  be measured by the evolution of this factor achieved in 

various machines. In 197 1, an achievable triple product was 25,000 times smaller than that 

required, whereas in 1991 that factor had ken  reduced to just 6 [3]. This rate of 

improvement is remarkable, but there are several hurdles still blocking the route to 

ignition. 

1.3 [TER 

The International Thermonuclear Expenmental Reactor (ITER) is an international 

collaboration whose mission , "to demonstrate the scientific and technological feasibility of 

fusion power ...", emerged from the 1985 sumrnit meeting. To this end an immense effort 

has k e n  undertaken to design and eventually construct a D-T machine which cm 

demonstrate ignition and extended burn for penods of up to 1000 s while producing 1500 

MW of fusion power. 

The engineering design phase began in 1992 and will last until 1998. At that point 

construction rnay or may not be undertaken due to both technical and political issues. A 

brief review of some technological issues facing ITER, however, would help surnmarize 

the current state and focus of fusion research. 



1.4 TECHNOLOGICAL ISSUES 

Generally, the scientific challenges facing fusion research today can be classified as 

either plasma physics issues, or engineering issues, although many faI1 into both categones. 

Many of the pressing issues were raised by Sessler and Stix [4] and these include 

the tremendous structural damage that would ensue in the event of a dismption, 

rnicroscopic and macroscopic plasma instabilities, and the ability to produce the large 

superconducting rnagnets on site which wiU meet stringent field tolerances. Longer range 

issues brought up by the sarne authors included difficdties in profde control, burn control, 

heat exchange, steady-state operation and helium ash removal. 

Scill there are other pressing decisions which must be made. One is the rnethod of 

heating the plasma Ohmic heating can only provide a fiaction of that required since the 

plasma resistivity drops as temperature increases. Auxiliaiy sources include rf waves and 

energetic neutral beam injection both of which decrease the confinement time while 

representing engineering challenges in a reactor environment Also. the effects of the 14.1 

MeV neutrons and other radiation sources on the Fmt-wall and structure still need to be 

hUy assessed. A significant portion of the fusion energy produced will be deposited here 

and more matends research is required to develop a sound ITER fist-wall design. 

Most of the unresolved issues mentioned above are concerned with either the core 

plasma and its control or the macroscopic structure and its maintenance and feasibility. A 

whole new category of problems arise when one considen the interface of the plasma and 

the reactor vessel. 

1 -5 PLASMA-SURFACE INTERACTIONS 

As mentioned already the confinement in a tokamak is not perfect. Escaping 

particles can enter the region outside the last closed magnetic flux surface or scrape-off 

layer (SOL) where the magnetic field iines end on some part of the vesse1 wdl. Also some 

flux bundles are intentiondy diverted away from the main plasma to a more remote part 

of the machine where the resulting plasma flux impinges on a small area of material so that 

helium ash rnay be pumped away (divertor machines). In either case, plasma particles 



reach parts of the plasma facing components at fluxes and energies which can Vary greatly 

by location. 

Many processes occur in the plasma edge region and Reiter offers an excellent 

sumrnary of these [3]. Of principal concern here. however, is what happens when the 

plasma reaches the wall. 

Hydrogenic particles striking the surface can either be retlected or penetrate i t  

Typically, the hpinging particles can erode the plasma facing material. This eroded 

material may then enter the SOL and possibly be transported into the main plasma where it 

cm both dilute the fuel and cool the plasma through radiation. Irnpunty tolerance in the 

core plasma is a critical constra.int and may not exceed a few percent depending on the 

impunty Z. Hydrogenic particles rnay aiso be retained in the wall until saturation is 

reached when they subsequently begin to recycle. Recycling, whiIe reducing the energy of 

the ions reaching the wall, increases the ion flux. 

In the case of divertors, very large fluxes of particles are directed to relatively 

small areas on the divenor plates. Not only does this cause a large efflux of impurities in 

this region which miy reach the main plasma, but it also represents a high power load on 

the divertor material. ITER calls for average power ioads of S 1MW/m2 and peak loads of 

I 5MW/rn2 with particle impact energies of < 20 eV. None of the existing methods for 

reducing power flow to divertors cm meet these requirements and work is continuing on 

this aspect @as target divertors). 

Many of the processes occumng during the plasma-surface interaction are still not 

understood and so cannot be adequately controlled. Yet they cm have a tremendous 

impact on not only the plasma edge, but on the core plasma as well, and so identification 

and expenmental validation of many of these elementary processes is essential to the 

successfu1 design of ITER. Consequently, the role of plasma-surface interactions has 

becorne a principal focus. This represents one of the more pressing issues facing the design 

of ITER. 



1.6 OBJECTIVES OF THIS THESIS 

As the focus on plasma-surface interactions has increased, more effort has been 

expended in determinhg hydrogen retention in, and erosion of, various candidate plasma 

facing rnaterials. These are not simple tasks since it is diff~cult to determine these 

quantities in a reactor and impossible to tnily sirnulate a reactor environment in the 

laboratory. Nevertheless, since these interactions have a great influence on the core plasma 

performance, it is imperative that a clear understanding of the plasma-surface interface is 

developed in order to effect suitable materiais choices. 

Candidate ITER reference materials for plasma facing components include 

beryllium, tungsten, and carbon-based matenals, such as graphite and carboncarbon 

composites. The main advantage of Be and C is their low Z (reduced radiation losses) and, 

in the case of carbon, excellent thermo-mechanical properties. This thesis focuses on 

carbon as a candidate plasma facing matenal. One of the main disadvantages of carbon is 

its susceptibility to erosion under plasma particle bombardment reducing component 

Lifetirnes and increasing impurity levels in the plasma Graphite c m  be physically sputtered 

through momentum transfer from energetic impinging particles which cm eject lathce 

carbon atoms. This process has been studied extensively in both the laboratory 

environment and in existing tokamaks and severai reviews are available [5,6,7,8]. For 

temperatures exceeding 1200 K, radiation enhanced sublimation (RES) leads to erosion 

yields which increase monotonically with graphite temperature [8]. In addition to physical 

sputtering and RES, the erosion of graphite. under hydrogen ion and atom irradiation, is 

enhanced at temperatures between 300 and 1000 K due to the formation of volatile 

hydrocarbon molecules, producing maximum yields more than 10 times greater than those 

due to physical sputtering alone [5]. This phenornenon is called chemical erosion. 

Many studies of the chemical erosion of graphite by energetic hydrogen ions, in the 

range of 100 eV - 3 keV, and thermal hydrogen atoms have been conducted in laboratory 

environments. An extensive review of these results is beyond the scope of this forum and 

the reader is referred to recent reviews [9,10]. Briefly, the chemical erosion of graphite 

under energetic hydrogen bombardment is characterized by a pronounced temperature 

dependence with the hydrocarbon yield maxima CT,) occurrîng between 725 - 850 K (Tm). 



nie absolute magnitude of Y, depends on the ion energy and flux [Il]. Energy 

deposition, in the form of broken carbon bonds [12], and volatile molecule formation at 

the end of ion range (following themlalization) [ 13,14.15] play key roles in explaining the 

observed features 191. 

As the energy of the impacting hydrogen ions is decreased, the relative 

contributions of the heavier hydrocarbons, CzH, and C3Hy, to the total carbon erosion 

yield become significant [16,17]. For 3 keV H+ impact on carbon, methane comprises 90% 

of the total carbon yield. This drops to 50% for 50 eV impact [16,18] and only 5- 10% for 

thermal H atom impact [16,19]. Some discrepancies exist in these studies with regards to 

the magnitude of the C2H, contributions [16.17,20]. 

Recent developments with gaseous divertors have lead to the prospects of hi& 

neuual densities and consequendy low temperatures and ion energies in the divertor 

region. There has ken  a corresponding shift in research focus towards the interaction of 

lower energy hydrogen ions (10's of eV) with graphite (and other plasma-facing 

materials). Comparatively Little work in the field of chernical erosion of graphite has ken 

done for ion energies below - 100 eV. Some interesting features of this low-energy 

regime have k e n  observed, including significant chernical erosion of carbon even at roorn 

temperature (21,221, and a large isotopic effect on the carbon yield [22]. The remarkable 

feature of this observed low-energy chemicai erosion is that it occurs for hydrogen 

energies below the threshold (- 40 eV for and - 33 eV for D' [23]) for physical 

sputtenng of carbon which seerningly precludes the role of damage deposition used to 

explain the high-energy results. Producing relatively intense beams of low-enerw ions 

represents a challenge that has limited experimental research in this axa  and so it has been 

dificult to verify these results. 

It is the increased focus on the need for low-energy hydrogen erosion yieids of 

carbon-based materials like graphite that provides the motivation for the current work. A 

body of empùical data is required for engineering applications and furthemore an 

understanding of the underlying physical mechanisms is required in order to enable the 

selection of optimal materials for a machine like ITER. From this perspective the 

objectives of this thesis can be listed as: 



(1) Experimental detexmination of the hydrocarbon fields of pyrolytic graphite (including 

methane and heavier hydrocarbons) under low-energy hydrogen impact as a function of 

both energy (10 - 200 eV) and temperature (300 - 1000 K). 

(2) Experimental determination of the isotopic effect on the hydrocarbon yields of graphite 

due to protium and deuteriurn ion impact in the sarne energy range. 

(3) Developrnent of a semi-empirical mode1 which wili fit the observed data and help to 

indicate many of the underlying mechanisms involved in the low-energy erosion of 

graphite by hydrogen. 

In the following section (Section 2) a brief review of the previous results obtained 

for the erosion of carbon matenais due to low-energy hydrogen impact is presented. 

A recently developed atomic hydrogen impact mode1 and it's applications to 

energetic hydrogen ion impact will be reviewed in section 3. In section 4, a revised semi- 

empirical mode1 is developed, based on these previous efforts. 

A significant amounr of design, construction, and characterization of the 

experirnental faciiity and its components was required for this thesis. Principally. a weU 

charactenzed compact source of low-energy ions which could be implemented in an ultra- 

high vacuum environment equipped with suitable diagnostics was required. The 

development and characterization of this system. and the experimentai procedure, will be 

discussed in detail in section 5. 

The results of the chernical erosion expenmenü are presented in section 6 followed 

by a detailed discussion of these results in section 7. 

In section 8, the revised mode1 developed in section 4 is fitted to our new 

experimental data for the methane yields of pyrolytic graphite due to H' and D+ impact 

The nature of the fitting parameters is discussed in detail. 

The conclusions and contributions of this thesis are then presented in section 9. 



2. LITERATURE R E r n W  

When discussing the chemical erosion of graphite due to low-energy hydrogen 

impact, it is important to consider the differences beween laboratory and reactor 

environments which cm affect the measured erosion yields and their interpretation. 

In a reactor there are severai species which will participate in the plasma-surface 

interactions. Of principal concern are the energetic fuel ion species which wiU have an 

impact energy of - 2kTi + 3kT. [24]. which, for the low electroon temperatures reported 

for ALCATOR C-mod [25] and the low ion temperatures found in ASDEX-U [26], may 

correspond to impact energies of a few 10's of eV. There are other edge species to 

consider, however. These include energetic impunty and heliurn ash ions. energetic charge 

exchange neutrals, Franck-Condon atoms with energies of - 3eV, as well as neutrons and 

electrons. AU of these edge species can play a role in the chemical erosion of graphite. In 

fact, the total chemical yield is not simply the Linear sum of the yields due to each species 

acting alone, but rather, the simultaneous impact of several edge species can lead to 

synergistic enhancement of the yield. Such enhancements have k e n  observed in 

laboratory experiments for simultaneous ion/H-atom impact [16,27.28.29,30,31] as well 

as other combinations of irnpacting species, e.g. C' and H+ 130, 321, or nonreactive He+? 

Ne* or Ar* with 100-eV H+ [32]. 

The fluxes of each species reaching reactor components cm vary by several orders 

of magnitude depending on the geometric location within the machine. For instance, fuel 

ion fluxes of - 3x10" H+/m's are expected at the divertor plates [33,34], whereas wall 

fluxes are expected to be in the range of 10" - 10" FI'/rn2s [7] and energetic neunal fiuxes 

are in the range of - 5 - 20x10'~ H/m2s [35]. 

Such a complicated plasma-surface environment cm only truly be reproduced in an 

experimental tokamak where only remote techniques are available for determinine both 

particle fluxes and erosion yields and it is very difficult to obtain well calibrated data. 

Furthemore, although information on the net erosion is obtained from a reactor, it is 

nearly impossible to separate the contributions of individual species and so identify the 

main reaction processes. In order to study the chemical erosion due to a single species, or 



iimited multi-species impact, experiments are camied out widiin better controlled 

environments like ion accelerators and plasma generators. 

In the following sections we WU briefly review the tokamak evidence for chemical 

erosion and the chemicai erosion observed for low-energy hydrogen impact in plasma 

experiments. A more detaiied discussion of the chernical erosion due to low-energy well- 

defined ion-bearn expenments will ensue. 

2.1 CHEMICAL. EROSIOIV IN TOKAMAKS 

Optical emission specmscopy (OES) has clearly demonstrated hydrocarbon 

formation in several tokamaks. CD Iine emission has k e n  observed for deuterium 

discharges in JET [36], ASDEX [36,37,38], DITE (391, TEXTOR [40], and TORE 

SUPRA 1411 under different plasma conditions. Despite the difficulties in ca l ib ra~g  

measurements and the differences in the discharges, the experimentally determined 

methane yields showed good agreement and were found to be between 0.01 - 0.05 C D m  

at the corresponding Tm. 

Sniffer probe experiments in TEXTOR [421, where the plasma in the SOL was 

diverted onto a rernotely located graphite specimen and hydrocarbon products were 

monitored in the residual gas, showed methane yields from deuteriurn impact at - 60 eV 

to be 0.01 CD& at room temperature (RT) and 0.02 C D m  at Tm. The same experiment 

showed evidence for heavier hydrocarbon production (-0.005 C?D4/D) although the 

spectrum anaiysis was only approximate. For higher impact energies (- 260 eV) the 

authors noted that the RT yield dropped while the yield at Tm (Y,,,) increased leading to a 

more significant clifference between the yields at these two temperatures. The authors 

further noted an isotopic decrease in the methane and total erosion yields of a factor of - 2 

for H' impact at the same energies. 

The arnount of carbon observed near the divertor strike points can be largeIy 

explained by physical sputtering suggesting that a strong flux dependence is reducing the 

chemicai erosion yield or that there is prompt redeposition of the hydrocarbons produced 

[7]. Nevertheless, there is strong evidence that chemical erosion occurs in tokamaks (at 



l e m  for lower flux regions) and so many laboratory studies of this phenomenon are in 

progress. For more comprehensive reviews of the chemical erosion observed in tokamaks 

the reader is referred to [7,9]. 

2.2 CHEMICAL EROSION IN PLASMA EXPERIMENTS 

Laboratory plasma experiments bridge the gap of fluxes avaiiable in ion-beam 

experiments (up to 10" r/m2s) and the highest fluxes expected in a tokamak iike ITER. 

Some controol is lost over the exact nature of the bombarding species. but as plasma 

characterization improves this becomes less of a concem [7]. 

Chemical erosion of graphite has k e n  observed in plasma faciiities k e  PISCES 

143,441. In an experiment where several different graphites (POCO, ATJ, and pyrolytic) 

were bombarded by 100 eV D' no differences were found in the chemical yield of the 

different graphites 1451 indicating that damage in the implantation zone leads to rapid 

arnorphization. These graphites were subjected to H' and D' impact between 50 and 200 

eV, at fluxes of 2x10" ions/m2s, and the hydrocarbon products were monitored by OES 

and mass loss. The authors found that, for the case of 100 eV impact of D' , Y, = 0.043 

C/D and YRT = 0.012 C/D where the yield at Tm was dominated by merhane production. 

Of course, since mass loss was used to determine these yields contributions from physical 

sputtenng are also included. For 100 eV D+ impact on carbon the physical sputtenng yield 

is - 0.01 C/D' [8, 231 and so the yield observed at room temperature may be entirely due 

to this process. The authors further noted an isotopic reduction of a factor of - 2 for H+ 

impact at the same energy and that the total yield. at room temperature, did not depend on 

the energy of the impacting species over the enerw range studied (50 - 200 eV). Since 

the contribution from physical sputtering drops dramatically for ion energies below - 100 

eV (- 1x 10" C/D'at 50 eV [8, 231) much of the yield observed at room temperature for 

ion impact at 50 eV must be due to chemical erosion processes. For 50 eV D* impact, Y. 

was reduced to 0.025 C D  and the chernical yield was observed to drop off quickly for 

T>T,. Comparing these results with those obtained in ion-bearn experiments at fluxes 



three orders of magnitude lower, the reduction in chernical erosion at the higher flux was 

only a factor of - 2 [45,46]. 

A more recent study conducted at the PSI-1 plasma generator for H+ fluxes of 

4x10'~ to 1.2~10~ ~ m ' s  and energies 5 30 eV used residual gas analysis (RGA) to 

detennine that the maximum total chemical erosion yields for carbon fiber composites 

(CFC's) were between 0.01 and 0.02 C/H* depending on the type of CFC [47]. The 

authors also found a much larger difference between YRT and Y, that exceeds a factor of 

16 and a constant ratio of hydrocarbon species CH.&&:C& z 85:11:4 independent of 

temperature and flux. The degree to which methane dominates and the fact that no other 

heavier hydrocarbons were observed for such low impact energies is in direct conaast 

with ion-beam expenments [l6.18.48]. This may be due to the different substrate. the 

much higher ion flux, or. more likely, dissociation of the heavier hydrocarbons by the 

plasma pnor to detection by RGA. 

Differences between chemical yields under high flux impact. such as found in 

plasma experiments and divenor regions of tokamaks (where rnulti-species impact also 

occurs), and the comparatively low flux and lirnited-species impact of ion-beam 

experiments raise questions about the validity of the latter for application to reactor 

design. Ion-beam expenrnents. however, are essential in that bey provide a relatively 

'clean' environment in which identification of specific physical mechanisrns becomes more 

redis tic. 

2.3 CHEMICAL EROSION IN LO W-ENERGY ION-BEAM EXPERIMENTS 

Regardless of the nature of the ion source used in an ion-beam expenment it is 

relatively mcult to extract a high flux of low-ener~ ions because the current density 

goes as the extraction voltage to the 3f2's power. Thus one is often forced to extract the 

ions at high energy and subsequentiy decelerate the beam. A significant amount of charge 

exchange may occur. however, seeding the beam with a quantity of energeuc neurrals 

whkh is difficult to masure. Synergistic erosion studies have aiready indicated that a 

small fraction of energetic particles cm sipificantiy enhance the yield due to thermal 

atoms [16]. Furthermore. deceleration of ion-beams c m  lead to rapid expansion, due to 



space charge effects, reducing the particle flux density. Thus it is dimcuit to produce a 

relatively intense bearn of low-enera hydrogen ions wiihout much charge exchang and 

so fewer lowenergy (c 100 eV) ion-beam studies on the chernical erosion of graphite 

have k e n  conducted. Here the findings of the Limited number of such investigations wiu 

be reviewed. 

Roth and Bohdansky [22] decelerated hydrogen ion-beams down to 20 eV/ion 

using a double cylinder arrangement surrounding the specimen to prevent secondary 

electron interference and reduce beam spreading. For H+ and D+ flux densities of - 5x10" 

ions/m2s they determined a beam neutral content of 1-2%. Using in situ weight loss and 

line of sight ( LOS ) mass spectrometry they measured both the methane and total erosion 

yields for pyrolytic graphite under low-energy hydrogen impm as a function of 

temperame and energy (see fig. 1). The key feature to note is the reduction of the peak 

yield and the broadening of the temperature dependence as the encra is reduced (fig. la) 

such that there is significant chernical erosion (methane and total yield) occurring, even at 

room temperature, which is nearly independent of the ion energy over the range of 20 - 80 

eV (fig- lb). For 50 eV D' impact. the total yield at room temperature is - 0.03 C D  and 

the methane yield is - 0.02 C D n .  The methane yield rises to - 0.05 C D n  at Tm (800 

K) which agrees well with the factor of 2 increase over YRT observed in the TEXTOR 

sniffer probe experiments [42] and in PISCES [45]. For al1 energies below 80 eV, methane 

comprises 50-70% of the total yield. In the case of H' impact for energies below - 100 eV 

there is a remarkable isotopic effect on the total erosion yield of about a factor of 5 

reduction over that due to D' impact which is considerably more than the factor of - 2 

observed in TEXTOR [42] and PISCES [45]. The source of this discrepancy is unclear. 

The authors observed that the reduction in Y, with enerm was a logical consequence of 

the reduced radiation darnage deposited in the surface layer, but that the increased yield at 

room temperature was inconsistent with this. They suggested that knock-on processes 

resulting in the ernission of hydrocarbon precursors from the near-surface were possibly 

occumng. 



Wu, Davis and Haasz 1491 investigated the chernical erosion of pyrolytic graphite 

for impact between 20 and 300 eV and fluxes of 3x10" to 4x10'~ H+/mZs. In this 

experiment the ions were sUnply exrracted at 10 keV md slowed at a deceleration stage 

resulting in the lower flux densities. The rnethane produced fiom the sample was 

monitored by RGA with the methane signai calibrated in situ against a known leak. The 

methane yield was determhed as a function of graphite temperature (425 - 1000 K) and 

ion energy (20 - 300 eV/ion). The authors again noted a reduction in Y, with enera, 

korn - 0.072 C&./I-I+ at 300 eV to - 0.014 CH4/H' at 50 eV. The authors also noted the 

broadening of the temperature dependence, but did not extend their results down to room 

temperature. Furthemore, they noted a pronounced dependence of Tm on energy. In fact, 

Tm shifted fiom 625 K to 775 K over the energy range of 20 to 300 eV. The authos 

further observed that Tm was tending towards the Limit expected for thermal atorns, - 500 

K [50], as the ion energy was reduced. This shift in Tm was not observed by Roth and 

Bohdansky and may be amibutable to the lower flux density. The authors aiso noted that 

Y,, Tm, and activation energies SM strongly between the 100 and 50 eV impact cases 

suggesting that there is a change in the dominating reaction mechanism for ion energies 

below 100 eV which may be due to the reduction in energy deposited in the near-surface. 

In a subsequent investigation [16], the contribution of methane to the total 

hydrocarbon yield was detemined as a function of energy down to 50 eV for H+ impact 

on pyrolytic graphite. The authors found that the methane contribution at 50 eV was 

slighdy greater than 50% of the total chemicai yield, in fair agreement with the results of 

Roth and Bohdansky [22], and this value increased to - 90% at 3 keV. They funher noted 

that, for sub-eV Ho impact, the total chemicai yield was dorninated by the contributions 

from C2H. and C3H, species and was only five times srnalier than that obtained at 50 eV 

impact. Spectrum analysis indicated that, for 300 eV impact which produces an 

arnorphous hydrogenated carbon layer with many C=C double bonds, C2H6 and C2& were 

the dominant heavier hydrocarbons while, for subeV impact on the polycrystahe 

pyolytic graphite with predominantiy single carbon-carbon bonds, C& alone was the 

dominant heavy hydrocarbon. in both cases the contribution from CrHz , presumably due 



to mple bonded carbon, was more than an order of magnitude lower than that of the 

dominant heavy hydrocarbons. The authors proposed a relationship between the bond 

structure of the graphite and the spectrurn of hydrocarbons produced. 

Garcia-Rosales and Roth [21] investigated the chemical erosion of pyrolytic 

graphite and boron-doped graphite (USBIS) for D' impact down to 10 eV. Using a 

sirnilar deceleration technique as Roth and Bohdansky [22] dong with in situ rnass loss 

and LOS they measured the total chemical yield and methane yield as a function of ion 

energy and specimen temperature for fluxes of - 2 . 8 ~ 1 0 ' ~  ~+/rn's (see figure 2). A 

reduction in Y, for methane with decreasing energy was again observed ( Y, at 200 eV - 
0.08 CD&' and Y, at 50 eV - 0.03 C D m 3  for pyrolytic graphite. This was 

accompanied by the broadening of the temperature dependence previously noted which 

may be associated with near-surface reactions favouring the out-diffusion of hydrocarbon 

molecules. For 50 eV D' impact, a room temperature methane yield of - 0.008 CD4/D+ 

was obsemed which is a factor of - 2.5 lower than that previously determined by Roth 

and Bohdansky (221. The maximum methane yield for 50 eV impact was a factor of - 3.5 

higher than the room temperature yield. The authors did not observe a strong dependence 

in Tm on ion energy for pyrolytic graphite, but did observe a 100 K shift ( 600 - 700 K ) in 

Tm for USB 15 as the energy was increased from 50 to 1 keV. They also noted that. for T 

5 600 K, the methane yields for USB15 and pyrolytic graphite were essentially the same, 

especially for low-energy impact. whereas the yield of the boron-doped graphite was 

significantly reduced at higher temperatures suggesting that dopants may have little effect 

on the chemical erosion at low temperatures. n ie  authors further noted that, between 10 

and 40 eV, the total chemical yield of USBIS is nearly energy independent (- 0.017 C D )  

at room temperature, and methane formation accounts for - 50% of the total yield in this 

energy range. Thermal desorption spectroscopy (TDS) experirnents were also performed 

which showed that, while erosion is obsemed at room temperature during ion irradiation 

below 100 eV, temperatures in excess of 600 K were required to desorb methane after 

low-energy irradiation. This indicates that the low-energy, Iow-temperature chemical 

erosion of graphite is radiation enhanced and involves some son of energy aansfer. 



2.4 SUMMARY 

The most obvious conclusion that can be drawn from the published data, with 

regards to lowenergy hydrogen impact on graphite, is that broadening of the temperature 

dependence as the energy is reduced leads to signifcant erosion even at room temperame 

(E < 100 eV). Both the room temperature methane and total erosion yields appear to be 

independent of the ion energy over the range of - 30 - 80 eV. 

Table 1. Experimentally Determined results for the erosion of Graphite by 50 eV 
Hydrogen Impact 

* T W O R  results obtained for 60 eV impact. 

in Table 1, data for the methane and total chemical erosion yields, fkom the 

experirnents outiined here for 50 eV H' and D' impact, is summarized. This table aiso 

includes the measured fraction of the total chemical yield which methane represents. The 

experimentaiiy determined yields of Roth and Bohdansky 1221 due to D* impact seem high 

and perhaps this is due to a synergistic contribution from the 1-2% estimated energetic 

charge exchange neutrals in their ion-bearn. If these data are excluded we note that there is 

good agreement, in generai for al1 of the results. For D* impact at roorn temperature, the 

methane yields Vary between 0.008 and 0.01 C D m *  and the total yields are in the range 

of 0.012 - 0.025 CD'. The values of Y, show sirnilar agreement (0.016 - 0.03 CDm' 

and 0.025 - 0.033 C/D3. That is, even for a flux which varies over 4 orders of magnitude, 

a.U of the experirnentally determined yields for D' impact agree within a factor of - 2. For 

H* impact at room temperature the methane yield was found to be 0.005 C M '  in 

Experimental Description 
Source 

I o n - h m  1221 
I o n - h m  [2 11 
Ion-beam [21] 

TEXTOR* [42] 
PISCES 1451 

I o n - h m  [22] 
Ion-ban [49.16] 
TEXTOR* [42] 

PSI-1 [47] 

Methane Yield 
Species 

D' 
D' 
D' 
D' 
D' 
H' 
H+ 
H' 
H' 

YRT 
0.02 
0.008 
0.009 
0.01 

0.005 

Methane 
Fraction 

65 

40 
60 
- 

50 
60 

Y, 
0.05 
0.03 
0.0 16 
0.018 

0.014 
0.0 1 

. 

Total Yield 
Sample 
pyrolytic 

pyrolytic 
USB15 

pyrolytic 
Poco 

pymlytic 
pyroly tic 

pyrolytic 
CFC's 

YRT 
0.03 

0.025 
0.0 17 
0.012 
0.005 

0.008 
4.00 1 

Flux rn"s-' 
5.0~10'~ 
2.8~10'~ 
2.8~10'~ 
l.lxld2 
2.0~ 1022 
5.0~10'~ 
3.0~ 10" 
5.0xld1 
1 . 2 ~ 1 ~  

Y, 
0.075 

- 
0.033 
0.025 

0.027 
0.0 17 

0.0 1-0.02 



TEXTOR [42] and the total chernicd yield was between 0.005 and 0.008 C/H+ (excluding 

CFC results). The experirnentally determined values for Y, of 0.01 - 0.014 C m *  and 

0.017 - 0.027 C/H+ also show good agreement. In generai, we observe that the room 

temperature yield (methane or total) is approximately 1R the vaiue of the corresponding 

peak yield and that the flux dependence, if it exists, appean to be quite small. We also 

note that methane composes between 40 and 60 8 of the total chemical yield for graphite 

under 50 eV hydrogenic impact. n ie  fact that consistent results cm be obtained by a 

number of different investigators is encouraging. 

There are a number of other key points to note. The exact magnitude of the 

isotopic effect on the total chernical yield is unclear. In PISCES. H* impact at 100 eV 

resulted in total chemical yields a factor of - 2 lower than those for D' impact at the sarne 

energy [45] and a similar isotopic factor was observed in TEXTOR [42]. Roth and 

Bohdansky. however. observed a total yield due to H' impact which was a factor of - 5 

less than that due to D* impact over the energy range of 20 - 100 eV [22]. The reason for 

this discrepancy is unclear and one would not expect such a large isotopic effect based on 

elementary chernical and kinetic considerations. Furthexmore, a dependence in Tm on ion 

energy was noted in some cases [ 16,491 and not in others [2 1,22,42,45]. The ion flux in 

the former case was between 2 and 4 orders of magnitude lower than those where no 

dependence in Tm on energy was observed, indicating a possible explmation for the 

disagreement. In generai, we note that there are significant changes in Y,, and the 

contributions fiom heavier hydrocarbons as the impact enerm is reduced below 100 eV. 

As well, TDS results indicate that the iow-energy room temperature chernical erosion of 

pph i te  is radiation induced which, along with the isotopic evidence, suggests that energy 

m s f e r  plays a key role, perhaps in knock-on ejection of weakly bound hydrocarbon 

precursors. 

It is remarkable that such consistent erosion yieIds have ken  determined by vasùy 

different experimental faciüties and yet there are some peculiar discrepancies. To date 

there has k e n  no systematic study of the chernical erosion of graphite due to low-energy 

H' and D' impact as a function of graphite temperature and ion energy and the 

contribution of heavy hydrocarbons over the energy range of 10 - 200 eV. Tokamak 



evidence indicates that erosion of graphite due to lowenergy fuel ion impact rnay be 

signifiant and so, such a systematic snidy is warranteci. 



3. A REVIEW OF RECENT MODELS 

There have been rnany efforts made at modeihg the chemical erosion due to 

energetic ion impact and t h e d  atom impact [IO, lS,35.5 1.52,53]. Generally, these semi- 

empincai models have k e n  successful ac explaining many of the experimentally observed 

feams.  Compmtively liale work has been done m modeliing of chernical erosion due to 

low-energy ion impact. Recently, however, there has k e n  a detailed experimental 

investigation [54-631 of the atomic erosion of arnorphous C:H films which has pr~vided 

insight into what rnay be going on in the case of more energetic impact. M o d e h g  efforts 

by those investigators [60,63] and others 1641, based on these results. have shown promise 

in explaining the chemicai erosion of graphite due to low-energy hydrogen impact. This 

body of work [54-641 will be reviewed here in some detail. 

3.1 THE ATOMK INTERACTlON OF HYDROGEN AND CARBON 

Küppers and CO-workers have undertaken an intensive analysis of the atomistic 

processes occumng under H-atom impact on amorphous hydrogenated carbon (a-C:H) 

nIms [54-631. F i s  of several monolayers in thickness were formed by ion-bearn 

deposition of 160 eV hydrocarbons onto a suitable substrate (typically platinum with a 

graphite interface). WC ratios for the films typicaily ranged fiom 0.3 to 0.5 as detennined 

by TDS. Various other spectroscopic methods were subsequently used to monitor the 

evolution of the films under thermal hydrogen atom impact and as a function of the film 

temperature. In particular, High Resolution Electron Energy Loss Spectroscopy 

(HREELS) was used to provide chemical information about the film surface. 

Amorphous C:H films formed in this rnanner exhibit essentially the same features 

as carbon imdiated by hydrogen. That is a carbon network partiaily terminated by 

hydrogen and are considered to be appropriate models for the study of the interaction of 

H atoms and surfaces of partially or fully hydrogenated carbon materials 1621. Using this 

mode1 system and spectroscopic techniques, Küppers et al. have ken  able to identiw five 

elementary processes, induced by heating the a-C:H films and exposing them to thermal 

H-atorns, which will be discussed below. 



3.1.1 Thermaiiy Activated Release of Hydrogen and Hydrocarbons 

In the absence of H atom inadiation the films were investigated by TDS [54,55]. 

It was found that Hz desorption began at 400 K and peaked near 910 K and 1150 K. As 

weil. desorption of hydrocarbons (both Ci and C2) occurred between 600 and 1040 K 

peaking near 850 K. Several hydrocarbons were observed, but methyl was the dominant 

radical and methane the dominant molecule. Furthemore, the CHEH4 ratio decreased 

with increasing nIm thickness suggesting that methyl produced at greater depths combines 

more effectively with hydrogen prior to escaping the film and that radical desorption 

occurs primarily at the surface. 

The temperature evolution of methyl and methane production were identical, as 

were those of the C2-containhg molecules and radicals suggesting the breaking of a 

carbon network-CiHj bond was the rate determinhg step. 

Subsequent vibrational anaiysis of the surface as a function of temperature [55,56] 

using HREELS revealed that the as-deposited fiirns exhibited about equal amounts of 

carbon in the sp2 and sp3 hybridization States with a much smaller component of carbon in 

the sp hybridization state. Carbon atoms in the sp2 hybridization state are part of the 

graphitic network with sp3 and sp groups attached as ligands [55]. As the temperature of 

the füm was increased, however, changes in the vibrational spectra were noted. The 

complet removal of sp carbon centers by 600 K was observed as was the subsequent 

removal of sp3 carbon centers between 600 and 1040 K. Removal of carbon in the sp2 

hybndization state was noted for temperatures in excess of 1040 K. The conclusion was 

that the sp3 hybndization s t m  was associated with the thermal desorption of Hz and most 

of the hydrocarbons (with some acetylene desorption above 1040 K atmbuted to carbon in 

the sp2 hybridization state). 

The authors proposed two rate equations for the thermal release of hydrogn and 

methane, in the absence of Ho irradiation, fiom these films: 

H2 release: d[sp3]/dt = -[sp3]k exp(-EiIJRT) 

CHI release: d[sp3]/dt = -[sp3]k exp(-EAT) 

where [sp3] 1s the concentration of sp3 carbon centers (m"). k is the frequency factor - 
10') s-', Eh is the activation energy for the thermal release of hydrogen - 264 kl/mol. and 



E, is the activation energy for the thermal release of methane - 234 ki/mol [63]. It is 

worth noting that these activation energies exhibit a fairly broad normal distribution of - 

40 kJ/mol. 

3.1.2 Hydrogenation 

In subsequent experirnents the authors exposed the a-C:H films to thermal 

hydrogen atoms [57-591. Again HREELS spectroscopy was used to examine the surface 

and the authors noted that there was a decrease in the concentration of sp2 hybridization 

States accompanied by an increase in the concentration of sp3 centers with inmasing atom 

exposure [57,58]. Furthemore, if a different isotope of hydrogen was used as the 

impacting ion, then the spectra showed that it was exclusively bound to carbon in the sp3 

hybridization state [57,58]. 

In another experiment they produced a film where all the hydrogen was exclusively 

bound to the sp' carbon centers (by flashing the Nrns to 1040 K). Subsequent exposure of 

the füm to deuterium atoms resulted in an increase in the v(CH) sp3 intensity and the 

appearance of a v(CD) sp3 stretch region. When this modified füm was subsequently 

flashed to 1040 K the network returned to carbon exclusively in the sp2 hybridization 

state, but now with both hydrogen and deuterium attached. 

The authors concluded that the exposure of a-C:H films to thermal hydrogen 

atoms results in the hydrogenation of unsaturated CH goups in the near surface region. 

They proposed a reaction whereby hydrogenation of an sp2 carbon center produces carbon 

in the sp3 hybridization s tate and a neighbouring carbon with a radical electronic structure 

(sp?. The rate equation is given by: 

d[sp2]/dt = -[sp2]o& 

where a~ is the cross-section for hydrogenation - 4.5 x 10''~ m' and 0 is the flux of 

thermal atoms to the surface ('/m2s). The radical sp' bond may be funher hydrogenated to 

produce another sp3 hybridization state according to the rate equation: 

d[spX]/dt = -[spX]afl 

where the value of a~ remains the sarne. 



3.1.3 Dehydrogenation 

The investigaton completely hydrogenated an a-C:H film by exposing it to 10 

monolayers of hydrogen atoms so that ody stretch modes due to carbon in the sp3 

hybridization state remained Upon subsequent exposure of these treated films to 

deuterium atoms they found that, not only did a v(CD) sp3 stretch mode appear, but the 

existing v(CH) sp3 modes were isotopically shifted. This suggested that a dehydrogenation 

reaction foilowed by hydrogenation was occumng [59]. 

This reaction involving hydrogen. where the gas-phase species reacts direcdy with 

the adsorbed species, showed a small activation. Furthemore. when hydrogen atoms 

irnpinged on a M y  deuterated a-C:D füm no isotopic effect on the abstraction process 

was noted, 

The authors concluded that an Eley-Rideal type abstraction process was occurring 

which produces a hydrogen molecule and a carbon in the intermediate radical electronic 

state with the rate equation aven by: 

d[sp3]/dt = -[sp3]~& 

where oo is the cross-section for dehydrogenation - 0.05 x IO-" m' [59]. 

3.1.4 Atom Induced Chernical Erosion 

In the same experiment the authors noted that when the remperature of the nIms 

was raised to 500 K in the presence of a thermal atom flux. auger electron specaoscopy 

(AES) revealed that the Nms were thinning. This effect was more pronounced at 600 K. 

Yet if the flux of atoms was halted the füms kept a constant thickness. They concluded 

that an erosion step, which is distinct from the thermaüy activated release descnbed in 

3.1.1. and proceeds by themial atom impact, is involved [59]. 

This phenomenon was investigated more thoroughly in a subsequent experiinent 

[60]. A fully hydrogenated a-C:H film was subjected to a flux of atoms at different 

temperatures. The investigaton found that the erosion was most pronounced at 600 K and 

had nearly stopped by 700 K. Using HREELS they anaiyzed the film surfaces. At 400 K 

they found that all of the hydrogen was exclusively bound to carbon in the sp3 



hybridization state indicating a M y  hydrognated surface. As the temperature of the 

surface was raised, still in the presence of atomic hydrogen, the concentration of sp3 

carbon centers was reduced and the concentration of sp' carbon centers Uiçreased until. at 

700 K, the latter hybridized States dominated. They conciuded that H" impact induces de- 

excitation of the radical carbon hybridization state (sp4 produced by abstraction, via spiit- 

off of the rnethyl goup attached to the neighbouring hybnàized carbon (sp3) producing 

two sp2 hybridized carbons. This process is endothexmic and the reaction rate is given by: 

d[spx]/dt = -[spx]k. exp(-EJkT) 

where k, is the fkquency factor - 1013 s-', and Ex is the activation energy for atom 

induced release of methyl - 142 kI/moI [63]. 

The authon also note that, if such a reaction is pennissible then. a similar de- 

excitation of the radical center (spx), produced by hydrogenation. via H-atom split-off 

h m  a neighbouring carbon in the sp3 hybridization state must also be ailowed. The 

reaction rate for this process is given by: 

d[spX]/dt = -[spx]k, exp(-E&T) 

where is the frequency factor - 10" s-' and EH is the activation energy for atom- 

induced H-atom split-off - 167 kI/rnol[63]. 

3.1.5 Summary of the Atomistic Mode1 

The key steps Ieading to the chemicai erosion of amorphous C:H füms by thermal 

atornic hydrogen are surnrnarized in figure 3. Starting from the bottom and working 

clockwise we note that hydrogenation of carbon in the sp2 hybridization state occun 

creating a radical spx hybridization state with a neighbouring hydrogen containing carbon 

in the sp3 hybridization state. At higher temperatures spiit-off of this hydrogen cm return 

the two carbon atoms to their original sp' electronic state. 

The radical and sp3 carbon centers can be further hydrogenated to form two 

carbons in t.?e sp3 hybridization state, some fraction of which will have a methyl group 

attached. Abstraction of a singly bound H can produce another carbon in the radical spX 

configuration with a neighbouring methyl containing carbon in the sp3 hybridization state. 



Hydrogenation c m  r e m  the spx center to its previous sp3 state or, at higher 

temperatures, it can de-excite by split-off of the neighbouring methyl group producing two 

carbons in the sp2 hybridization state. 

Note that the purely themially activated release of hydrogen and methane is not 

included in this model diagram. In the presence of thermal hydrogen atoms, most of the 

release of methane has occurred before 700 K and the higher activation energies of these 

two processes means they will have a negligible effect 

Thus, at low temperatures, exposure of the film to thexmai hydrogen atoms results 

in the conversion of carbon from the sp2 to the sp3 hybridization state with sorne fraction 

of radical centers, determhed by the ratio of o&~. At higher temperatures (400 - 650 K) 

an equilibrium balance, between the supply of spX radical carbon centers fiom 

hydrogenation and abstraction and iheir loss through themial decomposition due to methyl 

and H-atom split-off, is established Ieading to measurable erosion rates. At even higher 

temperatures. however, the rapid decomposition of the radical States by H-atom split-off 

prevents sipficant hydrogenation to sp3. This. in tum. means there is Little or no 

abstraction occurring and so no significant production of carbon in the radical electronic 

state. Thus, chemical erosion is suppressed at high temperatures. 

Logistically and numencally, the model works very well at explaining the chernical 

erosion of a-C:H films by thermal hydrogen atom impact [60,63]. Given that, for energetic 

hydrogen ion impact on graphite. the ions must thermalize before forming hydrocarbons at 

the end of range. the question becomes whether or not this model can be applied to the 

case of more energetic hydrogen impact. At least two such attempts have ken  made 

[63,64] and these will be discussed next. 

3.2 APPWCATIONS OF THE ATOM MODEL TO ENERGE'TK ION IMPACT ON 

CARBON 

3.2.1 Application of the Atom Mode1 to ASDEX-U 

Wittmann and Küppers used this model to try to calculate the chemical erosion 

yields encountered in ASDEX upgrade 1631. In this case, one is forced to deai with a flux 



of ions and charge exchange neuaals both of which have distinct energy distributions and 

can be implanted to depths of severai 10's of nm. Since the model appües only to the 

reaction of therrnalized hydrogen with carbon, one may calculate the disiribution of 

thermaiized hydrogen as a function of depth in the carbon substrate. From this it is 

possible to extract the effective flux of thermal hydrogen as a function of depth and then 

apply the mode1 to successive layers of the carbon substrate. 

In the present application the authors selected a Maxwellian distribution of ion 

energies determined by a sheath potentiai of 150V and a distribution of neutral energies 

approximated by 1/E in order to simulate the energy distributions of hydrogen particles 

found at the target plates of ASDEX upgrade. The authors note that the presence of 

energetic particles will result in the production of an arnorphous carbon layer several 10's 

of nm in depth. Such a layer is weii modelled by an a-C:H film and so application of the 

model is justifieci. Using TRIDYN code, based on the binary collision model, they were 

able to calculate depth distributions of mono-energetic particles impinging on a carbon 

target at nomal incidence. Then, given the energy disnibutions of the particles outlined 

above and a total flux density, they were able to calculate the effective flux density of 

thermal hydrogen as a function of depth. For the case of a total flux density of 10" 

13'/rn2s, the effective flux of thermal hydrogen ranged fiom - 2 x 10~ '  H/m2s at a 2nm 

depth to - 1 0 ' ~  H/m2s at 50 nm. 

The carbon substrate was then mathematically analyseci, depth-wise, on the basis 

of 1 nrn layen parallel to the surface and, using the experimentally determined model 

parameters and the flux calculated from TRIDYN, the chernical reaction scheme outlined 

in sections 3.1.1 to 3.1.4 was applied. This involved forrnulating the complete set of three 

differential equations for the concentrations of the three carbon hybridization States (sp', 

sp3, sp3 and solving thern numericaliy using the Rosenbrock method. For several total 

hydrogen flux densities the set of equations was solved for each layer, over the 

temperature range of 500 - 1100 K at 10 K intervals, and allowed to mn to steady state 

where the concentrations of the three hybridized carbon species and the rate of methane 

formation were determined. The results of this calculation are shown in figure 4. It is 

important to note that no modification was made to the equations for the role of energy 



deposition in the substrate. Furthemore, no distinction is made between carbon in the 

radical hybridization state with neighbouring methyl tenninated, or hydrogen arminated 

carbons in the sp3 hybridization state. 

In figure 4a it is clear that the lower the effective flux of themial hydrogen (i.e. the 

greater the depth of implantation) the lower the temperature at which thermally activated 

processes become important. For example. at the surface where the flux of t h e d  H is 

1 0 ~  H/m2s the concentration of sp3 carbon centers equals that of sp2 at 900 K, however, at 

a depth of 40 MI where the flux of themial H is 1018 H/m% these two concentrations are 

equal at 700 K. In figure 4b, we note that the consequence is a rnethyl production rate 

which depends strongly on the thermal hydrogen flux. The nmximum erosion rate always 

occurs near the surface where the effective flux is highest, but the temperature at which 

the maximum occurs depends on the total flux. Tm for a total flux of 10" H/m2s was 870 

K and this rose to 1050 K for a total flux of 10'~ H/m2s. This latter value seerns too high 

since plasma expenments, at fluxes of up to 2 x 1 0 ~  H/mZs suggest that Tm never exceeds - 
950 K 1453. The authors note that it is impossible to give the absolute yields since the 

concentration of methyl groups neighbourùig a radical carbon atom is not known. 

Again, the authors note that. at low temperature, hydrogenation leads to a large 

population of carbon in the sp3 hybridization States. At high temperatures the thermally 

activated processes dominate and so the hctional concentration of sp2 carbon centers is 

nearly 1. The intermediate temperature range, which depends on the effective flux of 

thermal hydrogen, exhibits a smooth transition from sp3 carbon center dorninance to sp2 

carbon center dorninance. In order to have methyl production there must be a population 

of carbon in the sp3 configuration with attached methyl groups, but their release is 

thermaiiy activated. At the temperatures where this release becomes effective, this and 

other t h e d l y  activated processes serve to reduce the population of these sp3 hybridized 

carbon bonds. It is this made-off which results in the temperature optimum observed in 

theory and experirnent. 

Application of the atom mode1 works quite well at explaining rnany of the 

experimentally observed features of the more energetic impact of hydrogen on carbon. 

Unfomuiately, due to the limits irnposed by an unknown rnethyl group concentration, the 



authors can do Little to compare their yields to those observed in ASDEX-U and so it is 

difficult to quan* the accuracy of this model. Furthermore, although the authors have 

considered the effective flux of atoms introduced by energetic impact, they have not 

accounted for the effects of energy deposition which are Likely to be significant, and they 

have not distinguished between the two populations of carbons in the sp" hybridization 

state which clearly affects the methane yield since one population leads to themial release 

of methyl radicals and the other does not. Also, the lowenergy erosion of graphite at low 

temperatures is not explained by this model. Another modeiiing attempt, discussed in 

3.2.2. has considered these aspects. 

3.2.2 Application of the Atom Model to Energetic Ion-Bearn experiments 

Roth and Garcia-Rosales applied the model developed by Küppers et ai., with 

additional terms for radiation damage, low-eneqy erosion, and a modified flux 

dependence, to the erosion of graphite by mono-energetic hydrogen and deuterium ions 

[64]. The authors felt that this atom model was applicable since the energetic hydrogen 

does not react chernicdly until it is t h e d i z e d .  While they did distinguish between the 

two populations of sp* hybndized carbon centers they did not apply the model to 

successive layers as did Wittmann and Küppers. but, in effect. treated the entire deposition 

zone as one surface. Here we will review their formulation. 

The senes of steps which lead to chernical erosion of carbon, as described by 

Küppers et ai., are referred to here as the thermal process and the carbon yield due to this 

process is designated Y*=,. The authors, using the steps outlined in sections 3.1.2 to 3.1.4 

(i.e. excluding the purely therrnally activated release of methane and hydrogen), set up a 

system of four tirne based differential equations in the four unknown carbon center 

concentrations sp2, sp3, spXH, and spKa, where the latter two designations refer to the two 

radical carbon center populations; the first of which does not lead to atom-induced thermal 

release of methyl groups and the second which does. An additional equation is provided 

by the fact that the sum of the concentrations equals one. 



In steady-state, it is possible to set the differential equations equal to zero and 

solve for the analytic expressions which give the concentrations of the four carbon atom 

species. Doing so, one obtains for the thermal yield, 

where K, = k, exp(-EJkT) and KH = k~ exp(-E-H/kT). 

Now the authors argue that, since the absolute concentration of carbon in the sp3 

hybndization state with attached methyl groups is unknown, it is reasonable to use the 

values of k., k ~ ,  E,, E.H as adjustable fit parameters. The authors also note that the 

steady-state solution to the differential equations leads to a very weak dependence in Y, 

and a very strong dependence in Tm on the flux density, 0. Such dependencies are not 

observed experimentally and so they include a term accounting for the annealing and 

graphitization of carbon that occurs at high temperatures ( > 900 K ). Thus they obtain, 

where the activation energies are now in eV and E, = 1.7 eV, E.H = 1.8 eV. 

In addition to Y*em, a term is required which accounts for radiation damage 

resulting from energetic impact. For ions with energies above the threshold for physical 

sputtenng, energy deposition in the carbon substrate results in atomic displacements and 

C-C bond breaking which creates active sites increasing the chernical erosion yield. The 

authors argue that this enhancement can be well described by a multiplicative term which 

is proportional to physical sputtering such that the energetic chernical yield is aven by 

Ychan = Ythenn( 1 + DYpiyr) 



where D is a constant dependent on the mass of the irnpinging isotope and YphF is the 

physical sputtering yield given by the revised Bohdansky formula [23]. 

in the case of low-energy hydrogen ion impact on carbon, hydrocarbon production 

is observed at room temperature which is not explained by the atom impact model where 

higher temperatures are required The isotopic effect on the yield which has k e n  observed 

for this lowenergy impact [22], as weU as TDS results [21], suggest that physical 

sputtering of weakly bound sp3 centers with attached hydrocarbon ligands may be 

occurring at the surface. This seems reasonable since the concentration of these carbon 

atoms is high at room temperature. The authors argue that the dependence of this kinetic 

ejection process on energy should be simila. to physical sputtering, but shifted towards 

lower threshold energies in the range of 1-2 eV, and that, for hydrogenic impact at 

energies greater than - 90 eV, hydrogenation occurs at the end of range, away from the 

surface and so the erosion yield from this surface process is reduced. Furthemore, as the 

temperature of the carbon increases the sp3 hybridization state concentration drops, 

iimiting the effect of this surface process to temperatures below Tm. The authors propose 

an additional term, Y&, to describe this process such that 

where Y**,(E.) is the yield given by the modified Bohdansky equation with the lower 

threshold energies. Note that the term in the denominator restricts the process to energies 

below 90 eV. 

So the authors have incorporated radiation effects, low-energy impact, and a 

modified flux dependence into the atomic impact model in order to model the erosion due 

to energetic ions. The total chernical erosion yield for this case is given by 

Ychcm = Y d  + Y-( 1 + DYphyi) 

This model was used to calculate the yields of pyrolytic graphite under energetic 

hydrogn and deuterium ion bombardment as a function of energy and temperature, at 

fluxes of 3-6 x 1oi9 ~*/m's and the results are s h o w  in figures 5 and 6. It is notable that, 

for temperatures near Tm, an energy independent total yield is predicted for ion energies 



below the threshold for physical spu ttenng. At room temperature however, where Y 

dominates, the model preàicts a drop in the total yield at these low energies towards a 

threshold of a few eV. 

The tem C included in Y&- incorporates the suspected annealing of graphite at 

higher temperatures and has the effect of changing the flux dependence of Y,, and Tm as 

predicted by the atornic impact model. Y, now drops off more rapidly at higher fluxes and 

Tm increases less rapidly at higher fluxes and does not exceed 950 K. Note from the 

figures that, for a fixed flux density, Tm shows no smoong dependence on the energy of the 

impinging ion. 

Cornparison of the predicted yields to the experirnentally determined values, 

generally shows good agreement. There are some possible problems, however, with the 

implementation of the processes omitted from the Wittmann and Küppers model. Firsdy, 

the new tenns are outside of the framework of the atornistic model. The authors have 

chosen the forms of the equations to fit the data, radier than allowing the individual 

reactions to proceed in the model system. To illustrate this point, Yd clearly depends on 

the concentration of sp3 carbon atoms, but it also affects this concentration as the methyl 

groups are removed by kinetic interactions. Since this process is not included in the system 

of differential equations this effect is not represented. 

It seems that it rnay be possible to set up a system of equations within the confines 

of the model system as defined by Küppers et al. in which other processes, introduced by 

the energy of the irnpinging particles, may be accounted for. Such an attempt is made in 

this thesis and is discussed in section 4. 



4. A MODEL FOR THE CHEMTCAL EROSION OF PYROLYTIC GRAPHITE DUE 
TO LOW-ENERGY HC AND D' IMPACT 

Since energetic hydrogen ions do not form hydrocarbons in graphite until they 

reach the end of their range (i.e. after they have themalized), it seems that, in principle, it 

should be possible to apply the atom model developed by Küppers et al. to the case of 

energetic ion impact. Of course, modifiications to include the effects of energy deposition 

and low-energy kinetic ejection of near-surface hydrocarbon groups should be 

incorporated. preferably within the confines of the model system That is, the atomistic 

processes resulthg fiom energy deposition and low-enerey impact should be identified, 

and their effects on the populations of the four hybndized carbon populaùons determîned 

It should be possible then, to develop a set of differential equations which include the 

terms developed by Küppers et al., as weD as the new terms associated with energetic 

impact, which may be used to model the chemical erosion of pyrolytic graphite due to 

low-energy hydrogen ion impact 

In this section, such a serni-empincal model is developed for the methane yield of 

pyrolytic graphite under low-energy hydrogen irradiation. The new processes associated 

with the energetic irnpact of hydrogen will be introduced and their effects discussed. 

Modifications to the atornistic model of Küppers et ai. will dso be considered. Once the 

model has been fully developed, the system of equations will be solved, in steady state, for 

the methane yield of pyrolytic graphite under Iow-energy hydrogen impact. Fining of the 

mode1 to the present experimentally determined methane yields is Ieft until section 8, 

where possible extensions of the model to include heavier hydrocarbons and total chemical 

erosion yields will also be discussed. 

4.1 PROCESSES ASSOCIATED WITH ENERGETIC HYDROGEN IMPACT 

4.1.1 Energy Deposition 

One of the primary effects of the energy associated with incident hydrogen ions is 

the breaking of carbon-carbon bonds in graphite which, for ions with sufficient energy. 

leads to amorphkation of the graphite throughout the implantation zone. It is this process 



which renders the a-C:H films studied by Küppers et al. as suitable model systems for 

graphite under energetic hydrogen impact [57]. 

In the context of the atornisüc model aùeady developed, an energetic incoming 

hydmgen ion could break one of the double covalent bonds W n g  carbon in the sp2 

hybridization state, which has a bond strength of somewhat less than 5 eV [65], resulthg 

in a bond rearrangement producing sp3 and neighbouring sp" carbon centers. In this case, 

the net effect is the same as the hydrogenation of sp2 carbon centers to fom an sp3 and 

neighbouring radical spx carbon configuration described in section 3.1.2. Such a process 

should be independent of the graphite temperature and so a rate equation describing this 

process is aven by: 

d[sp2]/dt = -[sp2]a& 

where a~ is now the effective cross-section (m') for the breaking and reanangement of 

one of the double covalent bonds in the C=C network by an incident energetic hydrogen 

ion. Clearly, such a cross-section depends on the energy and isotope of the hydrogen ion. 

This cross-section will be used as a fit parameter in the model. 

4.1.2 Low-energy Hydrogen Ion Impact 

Roth and Garcia-Rosales postulated that the room temperature chernical erosion 

obsexved for low-energy hydrogen impact on pph i te  was due to the kinetic ejection of 

loosely bound hydrocarbons attached as Ligands to sp3 hybridized electronic configurations 

[64]. This seerns to be a reasonable conclusion considering that the observed yield 

depends on the hydrogn isotope [22] and that the surface concentraaon of these sp3 

carbon centen is high at low temperatures [63]. 

Such a process can be incorporated in the model system rather easily by allowing 

an energetic incoming hydrogen ion to kinetically eject a methyl goup which is attached 

to a carbon in the sp3 hybridization state creating an sp" radical configuration. In the 

Küppers model there are only two sp3 populations with attached methyl groups. one which 

is neighboured by another carbon in the sp3 hybridization state and one which is 

neighboured by a radical spxm carbon center. The incorporation of the kinetic ejection 

will, in the first case. lead to a reversal of the hydrogenation reaction. producing 



neighbohg carbons in the sp3 and spx configurations while, in the latter case, the 

neighbouring radical carbon centers will simply form another covalent bond to r e m  to a 

C S  state. These two processes can be described by their respective rate equations: 

d[sp3]/dt = -[sp3]o@ 

d[spxmJ/dt = -[spxol]oi@ 

where ai is the effective cross-section for kineric ejection of methyl groups by energetic 

hydrogen ions (m') and is both energy and isotope dependent. This cross-section will aiso 

be used as a fit parameter. 

Süictly speaking, it is not correct to use the entire concentration of sp3 

hybridization States in the h e h c  ejection reaction (or any reaction involving an sp3 center) 

since they do not aii contain attached rnethyl groups. It would be more correct to consider 

two populations of sp3 configurations, one with an attached methyl group and another 

with only hydrogen attached, but there are no data available on the relative concentrations 

of these two populations and so a fifth independent equation cannot be generated to solve 

for another carbon center population- An implicit assumption involved here (and dso in 

the work of Küppers et al. [60,63] and Roth and Garcia-Rosales [64]), is that the ratio of 

sp3 carbon centers with attached methyl groups to sp3 carbon centers without methyl 

groups is a constant regardless of the graphite temperature. It is not immediately evident 

that such an assumption must be me, though it does not seem unreasonable. 

This assumption, in essence. provides a fifth independent equation which is linear: 

[ s P ~ ~ ~ I  = m31 
where is the concentration of sp3 hybridized carbon with attached methyl groups, 

and f is a fraction which is 5 1. So the kinetic ejection reaction described above would be 

more comectly written as: 

d[sp3]/dt = -f[sp3]ai9 

The cross-section oi however, is simply a constant fit parameter and so the fraction, f, can 

be incorporated in one step, avoiding the need of a Wth population of carbon centers and 

the required use of another independent equation. 



This argument, which h g e s  on the assumption that the fraction f is independent 

of temperature, can be applied to aiI of the reactions involving carbon in the sp3 

hybridization state. The reader should be aware that this unknown constant is thus 

incorporated into the fitted cross-sections associated with these processes. Furthemore, if 

this fraction. f, is energy dependent, such a dependence would aiso be incorporated in the 

process of fitting these cross-sections to the experimental data 

In surnrnary, we propose the addition of two new processes associated with the 

energy of the hydrogen ion to the Küppers model: these are the breaking of one of the 

C=C double bonds, and the kinetic removal of a methyl group attached to a sp3 carbon 

center. These processes are descnbed, in the revised mode1 system, by their cross- 

sections, a~ and ai respectively, which are used as fitting parameters in the model. It is 

quite iikely that other processes are also occurring, but these two seem to be the most 

obvious, intuitively, for incorporating energy deposition and explaining low-energy 

erosion at room temperature. In the next section some modifications to the processes 

identified by Küppers et al. are suggested and discussed. 

4.2 MODIFKATIONS TO THE PROCESSES ASSOCIATED WlTH ATOMK IMPACT 

Küppers and his CO-workers identified many of the atomistic processes which 

occur for atomic hydrogen impact on amorphous hydrogenated carbon füms as discussed 

in 3.1. In order to incorporate these fundamental processes into the energetic impact 

model some small modifications are required. In general, these modifications are included 

because they will lead to better agreement between the energetic impact model and the 

present experimental results. but they are also justifiable on a mechanistic level. These 

modifications and their consequences are discussed here. 

4.2.1 Distributed Activation Energies 

It has k e n  found previously that the purely thermally activated release of methane 

and hydrogen (i.e. in the absence of atomic hydrogen impact) from a-H:C films was 

normally disaibuted about a central activation energy, with a distribution width of - 40 

IdIrno1 [55,56]. No such distributions were employed for the thermally activated processes 



induced by atomic hydrogen impact, namely methane release and H-atom splitoff, in the 

work of Wittmann and Küppers [63] or Roth and Garcia-Rosales [64]. Hom et al. argued 

that the heterogeneity of C-C bond strengths in the carbon network led to a precise 

activation barrier [60], but it is not clear why this matters. The same C-CH3 bond which 

must be broken for the purely thermal release of methane must also be broken in the 

release of methane which is induced by atomic exposure. Similarly, for H-atom splitoff a 

C-H bond must be broken. One would expect that these bond strengths are distributed. 

This precise activation barrier led to a very rapid reduction in the methane yield for 

temperatures below Tm in the modeiling of the ASDEX-U erosion results [63] described in 

3.2.1, while this problem was alleviated by the Y& term in the ion erosion mode1 

discussed in 3.2.2 1641. 

In the present expenmental results for energetic hydrogen impact on pyrolytic 

graphite no such rapid reduction in the methane yield was observed for temperatures 

below Tm because significant erosion levels occurred even down to room temperature. 

Furthemore, there was a smooth transition between Y, and YRS. Incorporating n o d  

distributions on the activation energies for the atomic hydrogen induced themal release 

of methane and hydrogen, Ex and EH respectively, allows for better modeiling of this 

smooth transition towards the room temperature yield. Since the activation energies for 

these processes ( E, = 142 W/mol and E.FI 167 kJ/mol ) are on the same order as those for 

the purely thermal release of methane and hydrogen ( 234 and 264 W/moI, respectively ) 

the use of sirnila. distributions would seem reasonable. In Our revised model the best 

results were obtained for normal distribution widths of 40 and 50 kJ/mol for E, and E-H, 

respectively. This is discussed further in section 8. 

4.2.2 Activated Abstraction 

Lutterloh et al. identifed the Eley-Rideal abstraction process using HREELS as 

described in section 3.1.3 [59]. They noted that, although this abstraction was slightly 

activated. it could be weli approxirnated by a constant cross-section of a~ = 5 x 10" m'. 

In Our revised model better agreement with the expenmental results is obtained, 

for temperatures below Tm, if this abstraction process is slightly activared. That is, instead 



of an abstraction process described by a constant cross-section, oo, an activated term 

described by kD and ED is used, where ko is the prefactor and ED is the activation energy 

for atom induced abstraction and is normally distributed. The two unknowns, k~ and ED, 

were used as fit parameters in the present model with the restriction that, for lowenergy 

impact (10 eV) at high temperatures, the value of k& exp(-E&T) approaches a 

constant which is close to the value of 00 used in the Wittmann-Küppee model 1631. We 

do not preclude the possibility that these parameters are functions of energy and thereby 

d o w  for a kinetic effect on this absaaction process. 

4.2.3 Surface Treatmen t 

The hydrogen atom impact model developed by Küppers et al. deals with 

processes that occur on the surface of a-C:H films. In their extension to energetic 

hydrogen impact, Wittrnann and Küppers mathematically divided the graphite bulk into 1 

nm layers and treated each as a surface which was exposed to an energy- and depth- 

dependent flux of thermal atoms [63]. Roth and Garcia-Rosales, however, do not go to 

this length, but rather, treat the entire implantation zone as one effective surface exposed 

to the total flux density of thermaiized ions [64]. Although the former method is more 

rigorous, the latter also has rnerit and is easier to use. 

Exposure of graphite to ions of sufficient energy results in the creation of an 

amorphous implantation layer which is saturated with hydrogen [9]. Such a layer has rnany 

intemal surfaces which are weii connected to the geometricai surface via ion induced 

damage pathways. So, for energetic ion impact, one can tak about an 'effective surface' 

which is greater than the geometric surface. The release of methane and hydrogen may 

occur at any of these intemal surfaces and, assurning instantaneous transport, this is 

equivalent to the release of these molecules at the geometric surface. Of course, for ion 

impact below Say 25 eV, this arnorphisation does not occur. Instead, aü of the reactions 

occur on or near the physicai surface and it is Likely that this graphite surface is still weil 

described by the mode1 system of Küppers. 

In Our model, this 'effective surface' approach has been adopted because it is 

easier to implement. As in the model of Roth and Garcia-Rosales. the total flux density, as 



determined by the geometric surface has k e n  used. Sirictly speaking, this is not the 

correct approach. The total effective surface area should be estimated so that a revised 

flux density rnay be detemined. This effective surface area depends on the ion impact 

energy and is difficuit to detemiine. Instead, we have chosen to use the total flux density 

as measured in the experiments, which was nearly constant for al1 ion energies, and use the 

fit parameters a ~ ,  ai, kD, and ED as characteristic of the total flux at which the fitting 

occurs (10" H?/mZs). It is not h e d i a t e l y  evident if these parameters are strong functions 

of ion flux. 

In brief, Our modifications to the atom model of Küppers et al. include (i) the 

introduction of distributed activation energies for the atom-induced themial release of 

hydrogen and methane, (ü) the use of a slightly activated abstraction process instead of a 

constant abstraction cross-section, and (iü) the treamient of the entire implantation zone as 

one 'effective surface'. In al1 other aspects the model is unchanged. Namely, the values for 

k., k ~ ,  OH, Ex, and EH as determined previously [63]. have k e n  used in the present 

model. In the next section Our revised model system is summarized and solved in steady 

s tate. 

4.3 MODEL SYSTEM FOR METHANE EROSION DUE TO ENERGETK HYDROGEN 

ION IMPA Ci? 

The model, induding the new and modified tems discussed in the previous 

sections is shown in figure 7. Staxting from the bottom and working clockwise we note 

that hydrogenation (oH) and energy deposition (oE) lead to a reduction in the surface 

concentration of sp2 hybridized carbon centers (state 1) while producing an sp3 and a 

ne ighbou~g radical spxH center (state 2). An activated release of hydrogen atoms (k~) 

may return the electronic configuration to state 1, or further hydrogenation (a) rnay 

occur leading to the formation of neighbouring carbon in the sp3 hybrîdization state, some 

unknown fraction of which will contain at least one attached methyl group (state 3). 

Energetic ion impact rnay kinetically remove a methyl group (a) retuming the sp3 carbon 

configuration to state 2 or, activated hydrogen abstraction (kD) may occur leading to the 



formation of a radical spxa carbon configuration neighboured by a methyl containing sp3 

center (state 4). Hydropnation of the radical bond (o~) m y  r e m  this carbon pair to 

state 3 or rnethyl rnay be released, either by an activated process (ka or an ion induced 

kinetic mechanism (a;), leading to a r e m  to state 1. 

Ali of these processes cm be descnbed by a set of four tirne-based differential 

equations in the four unknown carbon hybndization state populations. This system of 

equations is summarized in Table 2 below. 

Table 2. Revised Mode1 System of differential equations 

Reaction 
hydmgenation 
q2 spXH 
hydrogenation 
spXH + sp3 
h ydnigenrition 
spxm -, sp3 
hydrogen 
abstraction 
sp3 + SPM 
methyl ejection 
W' spXH 
methyl ejection 
spXa -) sp2 
energy 
deposition 
spZ + spk 
methyl r e l e  
spKa + SP' 

H release 
sp\ + sp2 

p .  

Parameters d [sp211dt dlsp'~]/dt d [sp3]/d t d [spxm]/dt 

In steady-state, these four equations can be set equd to zero and, using the 

additional equation: 

bp21+ [spXd + [sp31 + [sPMI = 1 

it is possible to solve for the unknown sudace concentrations of the four types of carbon 

centers in ternis of the experirnentally determined constants and fitting parameten. The 

resulting solution is presented here: 



Given these steady- state concentrations, the resulting methane yield is given by: 

YCHJ = p ( [sp3]oi + [spxal (ai + K J a )  1 

where p is a normalizing constant which is the surface density of carbon atorns. - 6x10'~ 
m-' . 

Using the fitting parameters described in sections 4.1 and 4.2 it is now possible to 

compare this methane yield mode1 to the experimentally rneasured methane yields due to 

low-energy hydrogen ion impact on pyrolytic graphite. This is discussed in section 8 

following the presentation and discussion of the experimentd results. 



5. EXPERIMENT 

Extensive design, developrnent and characterization of the experirnental facility 

and its cornponents was required before the low-enerm hydrogen impact erosion 

experiments could begin. Details of the experimental facility and its operational 

characteristics are provided here foilowed by a discussion of the experirnental procedures 

employed in the present chemicai erosion expenments. 

5.1 EXPERIMENTAL FACILITY 

Here we describe the main components of the experimental facility including the 

vacuum system ion gun and mass filter characterization, deceleration lens design and 

testing, graphite specimen properties, quadrupole operation and data acquisition, and a 

simulation of the tritium lab operation. 

5.1.1 UHV System 

AU experiments were performed in a ultra-high vacuum (UHV) facility depicted 

schematicaily in figure 8. The test chamber was equipped with four 203.2 mm ports, two 

152.4 mm ports. and twelve 69.85 mm ports. An ion gun was directed towards the center 

of the main charnber via a wien-type mass filter and a 5-element electrostatic deceleration 

lens. Gas was supplied to the ionization chamber of the gun via a variable leak valve. 

Pumping of the ionization chamber and differential pumping of the mass filter was 

provided by a SAES 50 U s  getter pump. The graphite specimen was positioned normal to 

the ion-bearn, 50 mm fiom the last electrode of the deceleration lens. The specimen, held 

in stainless steel jaws, could be heated resistively and its temperature was monitored via 

optical pyrornetry. AU reaction products produced at the specimen were monitored in the 

residual gas using a non-differentially pumped Extranuclear quadrupole mass 

spectrometer. 

The entire UHV facility was pumped by a 360 Us Leybold-Heraus turbo- 

molecular pump which was backed by a Leybold Trivac mechanical pump. After exposure 

to atmosphere the entire system was baked at 220 OC for at least 24 hours. If water levels 

remained high, a 'hot' (- 1800 K) tungsten ring füament producing HO-atoms in a 



hydrogen backfill of - 104 TOIT was operated for a further 24 hours. The pressure was 

monitored, both in the ionization chamber of the ion gun and the main charnber, via 

Bayard-Alpert type ionization gauges. This system routinely achieved ultirnate pressures 

of < 5~10-" Torr consisting mainly of H2 and CO, with much smaller contributions from 

H20 and CO?,. 

5.1.2 Ion Gun 

A compact SPECS IQE 12/38 electron-impact extraction type ion gun was used to 

provide a fairly intense ion beam This ion source utilizes an indium ring filament as a 

cathode which encloses an anode cage. The 100 eV electrons ernitted from the cathode 

traverse the anode cage several times producing a high density of ions in this region. These 

ions are extracted at selectable energies between 0.2 and 5.0 keV. Two lens elements 

aliow variable focusing of the beam. 

Following instdIation of the ion gun, extensive characterization was carried out 

using argon, h e h m  deutenum, and hydrogen. The available ion current for each gas was 

determined as a function of both the ion energy and the gas pressure in the ionization 

charnber. In figure 9, the available ion current as a function of energy, at the optimum 

source pressure, is shown for the three test gases. In the case of deuterium, - 37 pA was 

available at 5 keV and - 6 pA at 1 keV. The optimum source pressure depended on the 

gas, but was always in the narrow range of 2-5x10" Torr. 

A 12-pin probe, on an adjustable vertical feedthrough, was used to profüe the 

barn density and a typical profüe is shown in figure 10. In general. the bearn displayed a 

Gaussian profile which was slightly elongated in the vertical plane. In the defocused hi@ 

current mode, spot sizes were stillS 2mm. Finer focusing could be achieved at the expense 

of bearn current. For the proposed expenments. a higher ion current was advantageous 

and so further characterization was done in the defocused mode. 



5.1 -3 Mass Filter 

A SPECS wien-type rnass filter was installed between the ionization chamber and 

the dual lens elements of the ion $un. Düferential pumping of the fiter was provided by a 

SAES 50 Us getter pump. A wien filter is a velocity anaiyzer which uses an ExB force to 

select ions of a specific velocity. The filter hcluded a bend which acted as a neuaals stop 

so that, rather than a straight-through analyzer, only ions with a specific radius of 

curvature imparted by the ExB force exit the fdter. The removable rnagnet had a field 

strength of - 4060 G while the electric field was variable between O and l x ld  V/m. The 

equation goveming the mass selection is given by 

mie = (2rn')/EZ 

where U is the ion energy, and so the maximum aansmittable ion energy is detemined by 

the mass of the ion and the maximum availabIe electric field. 

Wiih the mass filter installed the transmission through the filter in the defocused 

mode was in the range of 25 - 30 % of the unfiltered current. For Lighter gases an upper 

limit was imposed on the ion energy by the equation given above. If we specify a minimum 

required current of 0.7 pA then it is possible to define usable energy ranges for both 

deuterium (900 to 1300 eV D23 and hydrogen (400 to 700 eV H33. Here the different 

molecular ion species have k e n  selected in order to maxirnize the ion beam current for 

each species. 

The resolution of the filter was also determined expenmentaily using nitrogen and 

carbon dioxide as test gases. In generai, the resolution improved as the ion energy was 

decreased. At I keV the resolution was &Am = 17 which was more than suficient for the 

proposed expenments (Le. resolution of HD' and Dg was possible). Profiling of the 

fütered beam showed a similar distribution to that of the unfiltered beam. Since the spot 

sizes remained about the same the reduction in ion current resulted in reduced current 

density. It was found that current densities of 2-4x10'~ ions/m2s were available for 

deutenum and protium. Unfortunately, the available energy ranges were still too high to 

perform lowenergy erosion expenments. characteristic of the plasma species in the 

divertor region of tokamaks. 



5.1.4 Electrostatic Deceleraiion Lens 

5.1.4.1 Background 

When working with intense beams of energetic ions it is often mcult to simply 

decelerate the bearn at the target since space-charge effects lead to rapid expansion of the 

beam and subsequent loss of bearn current and current density. A common approach used 

to overcome this problem is to transmit the beam through an electrostatic deceleration lens 

in front of the target in order to focus the bearn against space-charge forces. If it is not 

necessary to change the orientation of the target then it is often possible to use the target 

as the end electrode of the lens. If, however, target orientation will Vary, it is necessary to 

design a Iens system which will leave the target in a virtually field free zone [66]. Much 

work has been conducted on the design and characterization of electrostatic ion lenses 

and a discussions of commonly used lenses and their design are available [66,67]. 

EIectrostatic lenses need not be cornplex. The 3-element 'zoom' type lens was 

employed by Liebl et al. [68] and after decelerating a deutenum bearn from 6 keV down 

to 100 eV they obtained current densities of - 100 p4/crn2 . On the other hand. a 13- 

element lens, developed by Heman et al. [69], extended the energy range even lower and 

allowed for placement of the target in a vimially field free zone. Using this iens they were 

able to obtain current densities of 8 pA/cm2 down to 30 eV. More recently a 5-element 

lens using the target as the end electrode was developed by Foo et al. [70] which could 

decelerate argon from 3 keV to 10 eV while maintaining a current density of 10 uA/cm2. 

We concluded that such a 5-element system was a good starting point in the design of an 

elecaostatic lens capable of decelerating 600 eV H3' and 1300 eV D2' down to 10's of 

eV. 

A further concem in the present expenments was the possibiiity of charge 

exchange in the lens leading to a significant arnount of energetic neutrals in the beam as it 

saikes the target The equaûon goveming the fraction of hydrogen ions undergoing 

charge exchange is given by [7 11 

fa = 1 - exp(-nmoCEx) 



where nm is the density of the background hydrogen (mm3)), am is the cross-section for 

charge exchange due to energetic hydrogen impacting on neutrd H2 (mZ), and x is the 

distance the ions travel through the hydrogen background (m). This fraction would have 

to be calculated for any lens design and kept below - 0.001 in order to rnake synergistic 

effects negügible [ 161. 

5.1 -4.2 Design 

In general, the design of an electrostatic deceleration lens is aided greatiy by 

software which, given the lem geometry and applied voltages, calculates ion trajectories 

through the lens system. One such available program is Sirnion which uses a technique 

called successive displacement with over-relaxation [72] to solve Laplace's equation for 

the potential field distribution in the ion optical array given the required boundary 

conditions. This code has k e n  modified by Tanner [73] to include space-charge effects in 

an iterative procedure. The space-charge is calculated from the ion density map and 

m ~ ~ c a t i o n s  to the potential field distribution are incorporated. The new ion trajectory is 

then calculated and the procedure is iterated until the calculated trajectory converges to a 

solution. This software was used to assist in the design of a deceleration lens for the 

present experirnents. 

A 5-element cylindrically syrnrnemc lens using the target as an additional end 

electrode, based on the one developed by Foo et al. [70] with similar lens element 

dimensions, was chosen as a staning point for Our design. For such a design the final ion 

energy is determined by the difference between the beam energ-y of the source and the bias 

voltage applied to the target. Ion trajectones. through the lens may. for 1500 eV T2+ ions 

were calculated, using the space-charge comected Sidon software, for several applied 

fields and end ion energies, and a typical trajectory calculation is included in figure 1 1. 

Sirnilar trajectory calculations could not be made for Dz' and H3' due to limited availability 

of the cornputer used for these rials. Several hundred cases were run in order to optimize 

the lens design with respect to the electrode dimensions and the applied voltages so that 

maximum transmission at a reasonable current density (> 5 p~/cm') could be achieved 

without exceeding any applied element voltage of 3 kV. 



The final design settled upon showed strong transmission characteristics and is 

s h o w  in figure 12. The transfer end of the lens sits just downstream (3mm) of the exit 

aperture of the ion gun and is designed with a bulky support structure which d o w s  

mounting and aügnment on the inside of a 152.4 mm conflat flange (I.D. = 97.3 mm). 

h s d a ~ g  gaps of 5 mm (Macor) were chosen to prevent dielecmc breakdown. A high 

voltageflow current voltage divider circuit was designed so that voltages for all6 elements 

(including the target) could be supplied by just 2 power supplies. In gened, this lens 

system accelerates the ions emerging from the gun over the fust half of its length and then 

strongly focuses them using nearly parallel potential fields over the last half. 

No exit aperture was used on the lens because no ion current loss could be 

afforded. This has the drawback of allowing some of the secondary electrons produced in 

the lens to reach the target specimen making the measurement of ion current more 

complicated. On the other hand, due to the large conductance of the lens. the volume 

inside cm be maintained at pressures near those of the test charnber, - 1x10-~ Torr for 

typical source pressures of 2 x 10" Torr in the gun ionizer, which reduces the amount of 

charge-exchange in the lens. For example, for 600 eV H3+. QCE - 4 x 10-l9 mt [71], x = 

0.2 m, n~ = 8 x 10'' ni3, and so the fraction of the bearn undergoing charge exchange in 

the lens is 

fCE = 1 - exp(-no-x) 

fCE= 6.5 x l oJ  
This vdue represents an upper iimit since neutrals created by charge exchange will 

continue in the direction they were traveling at the time of creation and, hence, only a 

fraction of the charge exchange neutrals created will actually saike the specimen. This 

upper value of 0.07% energetic neutral content in the b a n  should make synergistic 

effects negligible [ 161. 

5.1.4.3 Characterization 

The lens was installed between the exit aperture of the ion gun and the graphite 

specirnen and was characterized using deuterium and protium. hitially the voltages 



applied to the 5 lens elements were based on the results of the Sidon calculations for 

tritium. A singie pin probe was used to profile the transrnitted beam as a function of the 

applied voltages, and the location of the specimen downstream h m  the last lens element, 

for several final ion energies. Typical profiles are shown in figure 13. It should be noted 

that electron-impact ion sources of the type used here have energy spreads of < leV [66] 

and so the decelerated bearn was not energy analyzed h general, voltage settings needed 

to optirnize the transrnitted beam cwent  whiIe rnaintaining spot sizes < 4mrn were 

detemiined using the single pin probe. Subsequent secondary electron corrections 

(originating from the lens elements) to the measured ion cumnts were made on the basis 

of the negative background observed in the ion beam profdes. 

The lens performed very well. Transmission characteristics were good with 100% 

transmission of the mass-filtered beam at 200 eVD' and 80% transmission at 10 eV/D'. 

Sirnilar resuits were obtained for hydrogen transmission. This performance meant that the 

obtainable current densities were - 1- 3 x 1018 (H+ or ~')/m's. 

5.1.5 Graphite Specimen 

A single graphite specimen was used for al1 of the low-energy erosion experiments. 

The as-deposited pyrolytic graphite specimen, HPG99, was manufactured by Union 

Carbide. This polycrystalline graphite exhibits both micro and macro porosity. has a 

mosaic spread of - 30°, and a density of 2.2~10" g/m3. The specirnen was held normal 

to the incident low-enerm beam in stainless steel jaws and could be heated resistively. The 

graphite temperature was monitored with an Ircon optical pyrometer which was calibrated 

against a type-C tungsten-rhenium thennocouple. 

5.1.6 Quadrupole Mass Spectrometer and Data Acquisition 

An Extranuclear quadrupole mass spectrometer equipped with a channeltron 

electron multiplier was used for al1 of the lowenergy experirnents. The quadrupole was 

used to monitor hydrocarbon products in the residual gas (RGA) and was attached to the 

main UHV chamber via a hightonductance orifice. The quadmpole was not diffe~ntially 

pumped and so care was taken to ensure that the background hydrogn pressure in the test 



charnber. and hence the quadrupole sensitivity. were kept nearly constant during erosion 

experirnents. The quadrupole was calibrated in situ with known leaks of CR, C& C3&. 

CD4, C2D4, and GDs. The quadrupole sensitivity to other hydrocarbons was not rneasured 

explicitly, but was calculateci. This is discussed M e r  in section 5.2.1. 

Data acquisition was done by cornputer (486 DX33) which employai a 16-bit 

National Instruments ATM10 data acquisition card. Using software developed in the 

LabWùidows user interface environment it was possible to select the quadmpole rnass and 

read the signal intensity at that mass. The software aüowed display. handling, and storage 

of al1 of the acquired data and this is discussed further in section 5.2. 

5.1.6 Tritium Lab Simulation 

One of the reasons that a compact ion gun was chosen for the present investigation 

was that it could subsequently be installed in the University of Toronto's tritium lab [74] 

so that the erosion experirnents could be continued with tritium. The tritium lab is an oil 

free facility which uses cryosorption and cryocondensation pumps to provide the vacuum, 

whiie getter pumps, which pump isotopes of hydrogen reversibly, are used to control the 

tritium inventory. Tests which would simulate operation of the gun in the tritium lab were 

can-ied out prior to installation of the deceleration lens. 

In order to simulate the tritium lab, the turbomolecular pump was isolated. and a 

source getter (SAES ST. lOI/CTAM 4.4D) was loaded with a fuced amount of hydrogen 

(0.4 TorrL) corresponding to - 2 pCi of tritium. This was done by filling a known volume 

(0.24 L) with a fwed hydrogen pressure, which was measured by a pirani gauge caiibrated 

against a capacitance manometer. A valve between the fuced volume and the source getter 

chamber was then opened and the source getter was loaded. This getter was then 

activated (5 to 11 A) to supply the ionization charnber of the ion gun with hydrogen at a 

pressure of about 5 x 104 Torr. A getter pump (SAES ST707-50) was used to pump both 

the test chamber and the differential stage of the wien füter. thus retrieving most of the 

hydrogen. Following operation in this mode, the hydrogen on the getter pump could be 

regenerated back ont0 the source getter through a connecting valve. This process could be 



repeated untii the hydrogen losses in the system (due to wall pumping and getter pump 

equilibrium pressure) becarne too great 

Tests were performed according to this procedure and it was found that a 0.4 k 

0.2 TorrL load resulted in stable gun operation at 0.85 to 1.00 FA Dz* for up to 100 

minutes at a tim. It took - 80 - 120 minutes to regenerate the hydrogeen back ont0 the 

source getter and subsequent operation yielded run times - 10% shomr. Even though dus 

performance rneant experirnents would take a long time it was considered acceptable for 

application in the tritium lab. 

5.2 EXPERiMENTtK PROCEDURE 

AU of the experiments were perîormed in the UHV facility described in 5.1.1. The 

graphite spechen used in all of the experirnents was the sarne and was positioned normal 

to the incident bearn. Followîng exposure to air, the specimen was baked at 1100 K 

overnight Annealing at 2000 K for 30 seconds was performed between experiments of 

different ion energies in order to remove ion induced damap resU.i~g fkom pnor 

irradiation [753. 

Typicaüy, a set of experirnents was conducted at each of the selected ion energies 

(10, 15. 25, 50, 100. acd 200 eV), where temperature profües for the methane and heavy 

hydrocarbons (C2H2, C2&, C&, C&, C3H8) yields were determined. The ion energy 

was determined by the ciifference between the enerey of the exuacted beam and the bias 

potential of the sarnple. Since the îransmitted ions are molecular this energy is divided 

among the atoms in the molecule. Here we refer to the incident bearn particles as or D' 

even though not ail of the atoms in the molecular ion (H3' or D23 are charged. It is also 

recognized that when low-energy molecular ions break up, upon saiking the graphite 

surface, there may be an uneven sharing of energy between the atoms, on the order of the 

binding energy. a few eV [76]. Furthemore, it is also possible that, for low-energy impact 

the atoms in the molecular ion do not act independently as they interact with the surface 

atoms. which may affect their chernistry and the hydrocarbon formation process. 



At the beginnulg of each experiment the quadrupole sensitivity was calibrami 

against in situ known leaks and the graphite specimen was heated to 1200 K for - 10 

seconds in order to release îrapped hydrogen. For a given ion energy, the graphite 

specimen bias voltage and deceleration lens element voltages were selected and verified 

wiîh a high impedance voltage probe. When the ion-beam was tumeci on the ion current 

was rneasured at the specimen with srnail corrections made for the contribution £kom 

secondq electrons, originating in the deceleration lens, which reach the specimen. 

A typical chernical erosion experiment began with the graphite specimen at room 

temperature and the temperature was subsequently increased in - 100 K incrernents up to 

the final temperature of 1000 K. For each graphite specimen temperature the ion-beam 

impact proceeded for more than an hour pnor to signal measurement. Thus the achieved 

fluence (- 4x10" HL,D'/~') was near the value of - 1 0 ~  H+,D*/~' required for steady 

state erosion signals for energetic hydrogen impact [77-791. 

Once steady state was achieved the data acquisition system was used to scan and 

record the QMS signais for masses 15, 16, 24, 25, 26. 27, 28, 29, 30, 39, 41, 42, and 43 

a.m.u in the case of H* impact, and 18, 20, 26, 30, 32. 34, 36, 46, 48 êm.u in the case of 

D+ impact For each individual mass the quadrupole peak was scanned in a step-wise (150 

steps) rnanner. The peak value was then selected and displayed in a rd-tirne plot as the 

measured signal for that mass. This peak scan was repeated 10 times for each rnass and 

the average of the 10 peak values was stored as the measured sipal for that rnass. The 

ion-beam was subsequently turned off and a plot of the QMS signai intensity st mass 15 

for impact (mass 20 for DC impact) was observed to determine when the background 

steady-state was achieved. Other masses were also observed to ensure that steady-state 

was achieved for the heavier hydrocarbons. The same selected masses were again scanned 

and stored by the data acquisition system Typical mal-tirne spectra produced by this 

technique are s h o w  for 10 and 200 eV D'impact in figures 14 and 15, respectively. The 

differences in the average peak values of the beam on signals and beam off sipals was 

stored on disk as the measured erosion signds. 

The caiculation of the erosion yields for the hydrocarbon products monitored in 

these experiments is complicated by the variance in QMS sensitivity to each of the 



hydrocarbon species and the QMS convolution of the rneasured signals due to 

hydrocarbon cracking in the ionizer. Furthemore, contributions from hydrocarbon 

formation on the walls due to reflected hydrogen ion incidence must also be detemiinai 

and subtracted from the calculabxi yields. The data analysis required for these experiments 

is discussed next. 

5.2.1 Matrix Analysis of Measured Erosion Signals 

When detexmining the erosion yields for several hydrocarbons one must consider 

the relative QMS sensitivities to each of these species as weLi as contributions to the 

rneasured erosion signal at a certain mass which may arise fiom cracking of heavier 

hydrocarbons in the quadrupole ionizer. One relatively simple way to do this is by the use 

of matrix analysis of the erosion signals such as that descnbed by Davis et al. [Ml. 

Such a maaix analysis requks an assignrnent of each hydrocarbon species to its 

principal analysis mas. The assignments used here for i-I+ and D' are sumrnarized in Table 

3 below. 

Table 3. Principal Analysis Masses 

Hydrocarbon Product 1 Analysis Mass (a.m.u.) 

R impact D+ impact 

15 20 

26 26 

27 30 

30 36 

41 46 

29 34 

In order to account for cracking of heavier hydrocarbons it is necessary to determine the 

contributions fiom cracking to each of the six principal analysis masses. Since only three in 

situ leak bottles were used for the experiments it was only possible to determine exact 

cracking pattems for three of the hydrocarbons. the other three cracking patterns were 

inferred from the resuits of Davis et al. [16]. In this way it is possible to fonn a 6x6 



cracking pattern rnatrix, C ,  where the rows are the principal analysis masses in ascending 

numerical order and the columns are the hydrocarbon species in ascending mass order. A 

typical example of the cracking pattern matrix for hydrogen ion impact is shown below. 

The cracking patterns for the thme in situ leak bottles were measured pnor to each 

erosion experiment and the variance was. in general. < 3%. The cracking patterns for the 

other three gases were not changed. 

m:gm CH, C 2 H ,  C2H4 C,H,  C 3 H 6  C3H8 
15 1 O 0.01 1 0.21 0.073 0.06 

26 O 1 0.974 1 0.158 0.083 

27 O O 1 1.47 0.58 0.38 

29 O O 0.031 1 0 . 0 1 1  1 

30 O O O 1 O O 
41 O O O O 1 0.095 

Using the three in situ leak bottles it was possible to determine the relative QMS 

sensitivities for ethylene and propylene with respect to methane. Once again, the other 

three relative sensitivities were estimated based on the results of Davis et al. 1161. A 

typical set of QMS sensitivities relative to methane for hydrogen ion impact is shown in 

Table 4 below. 

Table 4. QMS Sensitivihes relative to methane. 

Mass (amou.) Relative 

Sensitivity 



The relative sensitivities for the two in situ heavy hydrocarbon leak bottles were measured 

pnor to each erosion expenrnent. Alihough. these values did not change sisnificantly (< 5 

%) from &y to day, long term mnds in the QMS sensitivity were observed. Typically. the 

measured sensitivities relative to methane for ethylene and propylene were used in the 

calculations and small adjustments to the other relative sensitivities were made on the basis 

of their masses. 

Given the cracking ma&, C ,  the measured signal vector divided by incident ion 

flux, 5, the relative sensitivities in a diagonal ma&. R, and the constant, -4, which is 

the QMS sensitivity to methane, then the following equaiity is mie; 

mH4Rs = Cy 

where y is the erosion yield vector. Rewriting this one obtains; 

m ~ H 4 c " @ s )  = y 

It is possible then, given the measured erosion signals at each analysis mass, to determine 

the hydrocarbon erosion yields by solving the left hand side of this equation. This was the 

method employed in the present data analysis. It should also be mentioned that previous 

studies show little evidence of significant contributions from even heavier hydrocarbons 

( C a k  etc.), even for thermal atom impact where the relative contributions of these species 

should be greatest 180.8 11. 

5.2.2 Wall Contribution to Erosion Signals 

In general, a fraction of the hydrogen ions incident on graphite are reflected from 

the specimen to the walls of the vacuum chamber where they can form hydrocarbons 

which rnay subsequently be desorbed and detected by RGA. This rnay be called the wall 

contribution to the erosion signal and should be subtracted to obtain the tme chemical 

erosion yields. In practice, it is not always necessary to make this correction since. for high 

energy H> D' impact, the reflection coefficient is small[82] and the chemical erosion yield 

of graphite is high and so the wail contribution to the total signai is negligible. In the 

present experiments, however, the opposite is m e .  For low incident ion energies the 

reflection coefficient is relatively higher [82] and the erosion signals are relatively lower so 

that the wall contribution rnay actually dominate the measured signal. It becomes 



necessary then to quantiQ and subtract the waU contribution in order to obtain the m e  

erosion yields. 

In the present experiments the waii contribution was detemiined in the foiiowing 

manner. The graphite specimen was annealed at 1200 K for - 10 S. in order to thermaUy 

desorb the hydrogen in the specimen, and then aiiowed to cool to room temperature over 

a period of - 45 minutes. The ion-beam was then turned on while the data acquisition 

system monitored the methane signal fkom the QMS. As is shown in figure 16, typically, a 

very fast rise in the methane signal was observed with a time constant of - 3 s followed by 

a long slower increase with an energy dependent time constant of -- 20 - 100 S. 

For energetic hydrogen impact on graphite there is essentiaiiy 100% retention of 

the non-reflected particles until a fluence corresponding with the saturation of the 

implantation zone is reached. For 1 keV deutenum impact on carbon this fluence is - 1.5 

x 10" ~ + / m '  [83,84]. Of course this saturation fluence depends on the ion energy since 

the depth of the implantation zone is reduced at lower energies. For instance, the 

saniration fluence for 50 eV D+ impact on carbon is - 1.4 x 10~' D'/rn2 [83]. if we 

consider 10 eV D' impact, the implantation zone is about 3 monolayers and using a D/C 

ratio of - 0.4 we determine that a fluence of - 3.5 x 1019 D'lm' is required for saturation. 

For the fluxes employed in the present experiments (10" D+/~'s),  this corresponds to a 

saturation time of about 30 seconds which is confmed. approximately, in figure 16.a. For 

higher energy bombardment , longer saturation times are expected (fig. 16.b). 

Thus, inunediately after the bearn is turned on the graphite specimen is not 

hydrogenated and the initial steep nse cannot be due to methane desorbed from the 

specimen. There is however, an abundance of hydrocarbon precursors found on the 

vacuum wails, due to the history of particle bombardment resulting in carbon sputtering, 

and this initial steep rise can be attributed to methane formation resulting from the 

interaction of the reflected particles with the wails. The subsequent long steadily 

Uicreasing signal is due to methane originating from the specimen as its hydrogen 

inventory approaches steady state. It should be noted that this steep signal increase was 

also observed, to vaiying degrees, for the heavier hydrocarbons. 



Since the reflection coefficient increases and the chemical emsion yield decreases 

as the hydrogen ion energy is reduced, the w d  contribution to the total chernical erosion 

signal increases. The experimentally detemllned values for the waii contribution to the 

methane production as a percentage of the total rneasured Mass 15 (H+ impact) signal at 

Tm are summarized in Table 5. 

It is clear that, at low energies, the red methane erosion signal (and that due to 

heavier hydrocarbons where similar ratios apply) is a smaU signal on a large background. 

This is especially true at temperatures removed from Tm where the real methane erosion 

signals are smaller. The reader should be aware that any systematic errors in determining 

this wall correction could result in significant errors in the reporteci yields. 

Table 5. Wall Contribution as percentage of Measured Methane Signal at Tm for 

H' impact 

Enerw (eV) % of Total Signal 

10 75 

15 69 

25 61 

50 50 

100 45 

200 30 

It should be noted that the magnitude of this waU contribution is independent of 

the graphite specimen temperature within expenmentai error. That is. even for graphite 

temperatures of 1100 K, where no significant chemical erosion is expected, the total 

measured methane signal (and those for heavier hydrocarbons) obtained by turning on the 

ion-beam was within 5 % of the wall contribution as detemined at roorn temperature. 

Although heating the specirnen induces warming of the vacuum walls, the release of 

hydrocarbons from the walls seerns to be dominated by the kinetic interaction of the 

reflected bearn ions and is not t h e d y  activated for the waU temperatures achieved in 

these expenments (room temperature to - 60° C). 
Using the experimental procedure and data analysis techniques descnbed here, 

total chemical erosion yield expehents for H* and D' impact on pyrolytic graphite were 



conductecl for ion energies between 10 and 200 eV and the results of these experirnents 

are presented in section 6. 



The main objective of this thesis is the study of the chemicai erosion of pyrolytic 

graphite due to low-energy hydrogen ion impact. The snidy includes. principdy, the 

experimental measurernent and determination of methane and heavier hydrocarbon erosion 

yields as a function of graphite temperature (300 - 1000 K) and ion energy (10 - 200 eV). 

The use of borh protium and deuterium as the impacting ion species also ailows an 

investigation into the isotopic effect on the low-energy chemicai erosion of pyrolytic 

graphite. 

In this section we will present the basic data obtained h m  the present chemical 

erosion experiments and indicate the significant feanues. Discussion of these results is. 

however, left until section 7. Fitting of the revised model, developed in section 4. to the 

present experimental data for the methane yield of pyrolytic graphite is undertaken in 

section 8. 

Chernical erosion experirnents were performed for H+ and D' impact energies 

between 10 and 200 eVhon. The presentation of the experimentally detennined erosion 

yields will be divided in to methane, heavy h ydrocarbon, and to ta1 chemical eros ion yields. 

The reader should be aware that previous expenmental results on the total chemical 

erosion of pyrolytic graphite due to H* [48], and the methane erosion due to D* [48, 851 

have k e n  published. The present expenments have k e n  conducted with a more accurate 

quadrupole mass spectrometer and so these data supersede those previously published. 

6.1 Methane Erosion YieIds 

The methane erosion yields due to HC and DC impact are show as a function of 

temperature for the six selected ion energies in figure 17. In general. it can be seen that the 

temperature profiles are more peaked at the higher energies and this leads to a strong 

dependence in Y, on energy. For impact at 200 eV a maximum yield of - 3.6 x 10'~ 

was determined. As the enera is reduced, however, Y, is also reduced so that a 

maximum yield of - 7.7 x 10" is observed for 10 eV impact. For D' impact a 

maximum methane yield of - 6.1 x IO-' C D n '  was found at 200 eV and this was 



reduced to - 8.9 x IO-' C D n '  at 10 eV. We note that the methane yield due to 10 eV Df 

impact appears to exceed that due to 15 eV impact above Tm, but within experirnental 

error these yields are considered to be similar. 

For both H? and D+ impact, below Tm the temperature dependence c w e s  broaden 

as the ion energy is reduced so that significant erosion Ievels are seen at room-temperature 

for low-energy impact. Furthemore, there is a downwards trend in Tm with decreasing 

energy kom - 710 K for energies 2 100 eV down to - 600 K at 10 eV. Both die 

broadening of the temperature profile [21,22,49] and the shift in Tm (for sirnilar ion fluxes) 

[16,49] have been noted b e f o ~ .  

In figure 18, the rnethane erosion yield dependence on ion energy for severai 

isotherms is show with error bars on selected data. For both H* and D' impact at 300 K. 

the methane yield exhibits a shallow peak at - 50 eV (- 6.6 x 10;' and - 9.5 x 

1 o5 CD&+) and decreases as the energy is reduced (- 1.4 x IO-' and 3.3 x 

CDdD* at 10 eV), suggesting that the methane yield is not energy independent at room- 

temperature, for ion energies below 100 eV. At 500 K, although the methane yield 

appears to be increasing between 10 and - 50 eV it is relatively insensitive to ion energy. 

It is noteworthy that the 500 K yield is consistentiy higher than that observed at room- 

temperature. For temperatures near the peak for the rnethane yield due to energetic ion 

impact (- 700 K for > 100 eV) a dramatic decrease in the methane yield of a factor of - 8 

for H+ and - 9 for D' is observed as the ion energy is decreased from 200 to 10 eV. At 

1000 K, the methane yield for impact appears to increase with ion energy over most of 

the energy range while the D+ induced methane yield exhibits a peak near 50 eV. 

However, within the error bars this ciifference is not significani. We note that below - 100 

eV for H* and - 50 eV for D' the methane yield is smaller than that observed at room- 

temperature by a factor of up to 3. 

6.2 Heavy Hydrocarbon Yields 

The hydrocarbon spectra presented in figures 19 to 24 show that, over the energy 

range of 10 to 200 eV. heavier hydrocarbons do contribute signifcantly to the total 



chemical erosion yield It should be noted that the achial heavy hydrocarbon signals are a 

factor of - 3-70 smaiier than the methane signals leading to greater relative errors in the 

data. in general, it can k seen that the CzHz and C3Hg contributions to the total chernical 

erosion yield are the srnailest throughout most of the temperature and energy range 

investigated while the contributions from the other heavy hydrocarbons (Ct&, CZ&, and 

C&) are more significant The srnd C2H2 yield may be due to a relatively s d  

concentration of triply bonded carbon atorns in the implantation zone while the relatively 

mùior C3Hg contribution may be due to the size of the molecuie or preferentiai formation 

of other hydrocarbons. Methane is aiways the dominant reaction product, but one must 

consider the number of carbon atoms in each molecule when determinhg the relative 

contribution to C erosion. 

The temperature profdes for the C2-containing hydrocarbon contributions 

[%(Y- + Y O H ~  + YOH6)] to the totd chernicd erosion yield for H' and D' impact are 

show in figure 25. In general, the behaviour of the Czcontaining hydrocarbon yields is 

similar to that of methane. Narnely, there is a decrease in Y,, - 0.01 1 at 200 eV to 

- 7.0 x 105 C/H+ at 10 eV for H* impact and - 0.021 C/D+ down to 8.3 x 10'~ C/D+ in the 

case of deuterium impact at the same respective energies. White Tm shows the 

characteristic shift downwards with ion energy for D+ impact (- 670 K at 200 eV down to 

- 580 K at 10 eV) there is Little variation in Tm with H+ energy. It is curious to note that 

the contribution from C2containing deutero-hydrocarbons at 50 eV exceeds that at 100 

eV over most of the temperature range. Equally important, however, is the fact that even 

for lowenergy impact below Say 25 eV, sigiuficant production of heavy hydrocarbons is 

obselved even though there is Little darnage deposition resulting in carbon-carbon bond 

rearrangemen t. 

In figure 26, the energy dependence of the C2-containing hydrocarbon yield due to 

H+ and D' impact is show for four isothems, with error bars on selected data. For II+ 

impact we note that the room-temperature yield increases between 10 eV (- 8.0 x 104 

C/H3 and 50 eV (- 2.7 x 10" CH'),  but levels off between 50 and 200 eV, while for D* 

impact at this temperature the yield does not drop off at energies below - 50 eV resulting 



in a CI-yield which is relatively independent of energy ( < a factor of 2 ) over the range of 

10 to 200 eV. At 500 K, the profiles are ~latively independent of energy, although the 

yield due to H+ impact does increase between 10 and 50 eV by less than a factor of 2. At 

700 K. we observe an increasing yield with energy, but now the increase berneen 10 and 

200 eV is less than a factor of 2 for impact and - 4 for D' impact, whereas with 

methane these factors were nearer 8 and 9, respectively. At 1000 K. the yields are peaked 

in the region of 50 eV and fa11 off sharply as the ion energy is reduced 

The temperature profiles for C3containing hydrocarbon contributions [3x(YaH6 + 
YaH8)] to the chemicai erosion yield for H* and D' impact are shown in figure 27. Again, 

for H* impact, we observe a reduction in Y. with decreasing ion energy from a value of - 
8.5 x 10-~ C/H' at 200 eV impact to - 4.3 x 10" C/H* at 10 eV impact. For D', the 

maximum yields for 50, 100 and 200 eV impact are nearly indistinguishable, Y, - 9.0 x 

10" C/D+ and this fails to - 5.5 x 10') CD' for 10 and 15 eV impact. W e  there is linle 

discernible SM in Tm wiîh ion energy for H* impact there is a downwards shift in Tm for 

D' impact from - 660 to - 600 K as the energy is reduced from 200 to 10 eV. Similar 

behaviour was noted for the Cz molecular yields due to H+ and DD+ impact 

In figure 28, the energy dependence of the C3-containing hydrocarbon yield is 

show for four isothenns, with error bars on selected data. As was the case with the Ct- 

containhg hydrocarbon yields we note different behaviour for H' and D' impact at roorn- 

temperature. For protium impact at 300 K the yield increases between 10 and 50 eV 

where it levels off while for deuterium impact the yield is nearly independent of 

temperature. The 500 K yields are st2.i relatively energy independent. At 700 K the H* 

induced yield increases by a factor of about 2 between 10 and 200 eV while for D' impact 

the yield increases by a factor of - 3 between 10 and 50 eV after which it levels off. At 

1000 K, again there is evidence of a peak near 50 eV for both and D' impact. Except 

for D' irnpact near - 60 eV these yields are smaller than those at room-temperature 

throughout the energy range . 



6.3 Total Chernical Erosion Yields 

The temperature dependence of the total chemical erosion yield due to H+ and D+ 

impact is show in figure 29. Here we note a net behaviour which is similar to that of 

methane alone in that the profiles broaden and Y, and Tm decrease as the ion energy is 

decreased, but is also moderated by the heavy hydrocarbon contibution which is genediy 

less dependent on impact energy than the methane production is. The highest chemical 

yields are - 0.056 C/H+ for 200 eV H+ impact near 700 K and - 0.089 C/D' for D* 

impact at the sarne energy and temperature, whiie 10 eV impact resuits in Y, - 0.018 

CM? and 0.023 C/D+. Furthemore, Tm shifis downwards with decreasing ion energy f h m  

- 700 to 640 K for H+ impact and - 700 to 600 K for D+ impact. For protium impact this 

shift is only due to the shift observed in the methane yields since for the heavier 

hydrocarbons no such variation in Tm was evidenced. For deuterium impact this shift was 

observed for methane and the Cz- and C3- containing hydrocarbon yields. 

In figure 30, the energy dependence of the total chemical erosion yield is shown 

for 4 isotherms and error bars are shown for selected data. For both H+ and D' impact, the 

room-temperature yield is peaked near 50 eV and 40 eV respectively. This yield decreases 

by a factor of - 3.5 for H' impact and - 2 for D' impact as the ion energy is reduced 

down to 10 eV. n i e  500 K profiles are quite broad, and exhibit only a slight energy 

dependence over the energy range investigated. The energy profües at 700 K are 

increasing over the energy range so that the yield at 200 eV is - 4 times that at 10 eV for 

impact, while for D+ impact this factor is about 5.5. At 1000 K the yields exhibit a peak 

near 50 eV. For protium impact this energy cuve  is similar ui shape to that observed at 

room-temperature, but is smaller by a factor of 1.4 to 2. For deutenum impact the 1000 K 

yield approaches that observed at room-temperature near 50 eV. Below this energy it falls 

off drarnatically so that it is - 4.5 times smaller than the room-temperature yield at 10 eV. 

Having presented the these data on the chemical erosion of pyrolytic graphite due 

to H* and D* impact we will discuss, in section 7. the significance of the results. 



7. DISCUSSION OF RESULTS 

In this section we undertake to explain many of the key feaaires of the 

experimental resulu for the chemical erosion of pyrolytic graphite by Iow-energy hydrogen 

and deuterium ion impact. In rnany cases, we will invoke the concepts introduced in the 

modets of section 3 and those used to develop our revised model of section 4 in order to 

formulate a coherent physical picture. This discussion will be divided into methane, heavy 

hydrocarbon and total chemical erosion yields based on the data already presented. 

Subsequently, we wiU present the data in new ways in order to conduct a more general 

discussion on the chemical erosion process. Fmally we will discuss the isotopic effects on 

chernical erosion and compare the present experirnentally determined erosion yields to 

previously pubLished low-energy data. 

7.1 METHANE EROSION Y I E U S  

Here we discuss the key features of the methane erosion yield of pyrolytic graphite 

due to I-I+ and D' impact 

In figure 17 a and b we noted a charactenstic increase in Y, with ion energy, 

between 10 and 200 eV. by a factor of - 4.7 for H' and - 6.8 for D' . This likely indicates 

the role that darnage deposition plays in enhancing the methane yield. In Our model this 

process is described by GE, the cross-section for breaking one of the carbon-carbon double 

bonds in the graphitic lattice, which we expect to increase with ion enera. The increase in 

damage deposition leads to a higher concen~ation of rnethyl groups attached as Ligmds to 

the graphite network and, hence, a greater methane yield. We m u t  also acknowledge the 

possibility that the abstraction process, described by k~ (the prefactor for this low- 

activation thermal process), may be enhanced at higher energies which would also lead to 

higher methane yields. 

We funher observed an increase in Tm with ion energy which suggests that damage 

deposition andfor an enhanced abstraction process delay the effect of the thermal process 

which reduces Our concentration of carbon atoms in the spX and sp3 hybridization States 

(ultimateiy required for methane production), namely t h e d  H-atom splitoff descnbed by 

kH. It is not readily apparent fmm the model equations developed in section 4 that this 



must be me and we leave M e r  discussion u n d  section 8 where the model is fitted to 

the present experimentai results. 

If we consider the methane yieM as a function of energy (figure 18 a and b) we 

note a moderate peak in the area of 50 eV for both H' and D' impact at room 

temperature. Certainly at low energies. say c 25 eV, where we expect iittle or no darnage 

deposition, and at 300 K. where themial release of methane is not signifiant, the observed 

methane yield must be due to khetic ejection of near-surface methyl Ligands formed via 

hydrogenation of the sp' hybridized carbon to sp3. Within our model system this process is 

described by the cross-section for kinetic ejection, ai. One rnight expect an inmase in the 

rate of kinetic ejection with ion energy as more energy is msferred to these surface 

methyl groups. As the ion energy is funher increased, however. it seems likely that 

implantation of the ions reduces their interaction with these surface groups. This offers a 

possible explanation for the energy optimum observed in the roorn-temperature methane 

yield observed for low-energy impact. Of course, for higher energy impact, damage 

deposition occurs which should enhance the methane yield. but tnis does not seem to 

compensate for the reduction in energy transferred to the surface groups. 

At 700 K we noted a reduction in the methane yield of a factor of - 8 for H* and - 
9 for D+ as the ion energy was decreased from 200 to 10 eV (fig. 18 a and b j. Such results 

have k e n  viewed previously as an indication that the high-temperature methane erosion 

mechanism, which dominates for energetic ion impact ( > 100 eV ), is nearly suppressed at 

lower energy incidence [9] and have led investigators to postdate a new erosion 

mechanism which dominates for hydrogen ion impact below 100 eV [49] at graphite 

temperatures approaching room temperature or lower [9]. Based on our model this low- 

energy, low-temperature process is simply the kinetic ejection of near-surface methyl 

groups formed as a consequence of hydrogenation. At 700 K, however, this is not the only 

process resulting in methane production for low-energy hydrogen impact. We note that 

the methane yields are greater than those at 300 K even for 10 eV impact. Clearly the 

thennaüy enhanced abstraction process leading to greater thermal release of methyl also 

plays a very important role. We may Say that low-energy H+ and D* ions kineticaliy eject 



surface methy 1 groups and, for higher temperatures, en hance the thermal release of these 

groups whose concentration depends almost solely on temperature. 

Of course, as the ion energy is increased we must also consider the effects of 

increased damage deposition, O&), and possibly enhanced abstraction. k&Z), which wiU 

serve to increase the concentration of methyl Ligands, for a fixeci temperature. over the 

low-energy case. At 700 K this concentration is stiII relatively high, the t h e r d  release of 

these groups (ka is effective, and the thermaiiy induced H-atom splitoff (b) has not yet 

served to dramaticdy reduce the population of sp3 carbon centen. That is. dthough the 

energetic ions are kinetically ejecting methyl groups at this temperature, it is the energy 

deposition and abstraction processes which lead to an enhancement of the methyl 

concentration and its thermal release. This results in a larger methane yield than is the case 

for low-energy impact 

For graphite temperatures of 1000 K. the thermaiiy induced splitoff of H-atoms is 

dominating and restricting the concentrations of the spx and sp3 carbon centers which are 

required for methyl formation. Consequentiy the methane production rate is dramaticaily 

reduced. This is especiaily m e  at low impact energies where the methane yield is 

measurably smaller than that determined at room-temperature (fig 18). Damage deposition 

at higher energies seems to offset this effect slightly. 

The various kinetic and chernical processes outlined in sections 3 and 4 can be 

used to explain most of the observed features of the methane yield of pyrolytic graphite in 

the range of 10 to 200 eV and 300 to 1000 K. For low-energy impact at room 

temperature it is oi and oli which largely determine the methane yield, but for higher 

ene ra  impact at elevated temperatures it is the cornplex interaction of CH , GE, k ~ ,  k, and 

kH which govem the methane erosion yield. 

7.2 HEAVY HYDROCARBON EROSION YIELDS 

Here we discuss the main features of the heavy hydrocarbon production resulting 

from H+ and ~*irnpact on pyrolytic graphite. This discussion will cover both the Cz- and 

C3-containing hydrocarbon yields shown in figures 25 to 28. 



The temperature dependence of the heavy hydrocarbon (HHC) yields show in 

figures 25 and 27 shows that, as with methane. Y, increases with ion energy. The increase 

in Y, between 10 and 200 eV, however, is more modest than that observed for methane. 

For instance the Czcontaining hydrocarbon yield increases over this energy range by a 

factor of - 1.5 for H* and - 2.5 for D*. This implies that the ion energy does not play as 

important of a role in deteminhg the heavy hydrocarbon yield as it does for methane. 

There are three processes in our mode1 system which depend directly on ion energy, 

namely, physical ejection (a), damage deposition (cE). and abstraction (kD). It rnay be that 

one, two or ail three of these processes are responsible for the reduced energy 

dependence. 

A peculiar feature of the HHC yields shown in figures 25 and 27 is the shift in Tm 

with ion energy obsented for deutero-heavy hydrocarbon production and a Tm which is 

apparently energy independent for H' induced hydrocarbon production. Apart from 

experimental errors we c m  offer no explmation for this behaviour. 

For ion impact below 25 eV, where there is Little damage deposition occurring. we 

see ~ i ~ c a n t  heavy hydrocarbon production for nearly ali temperatures suggesting that 

there is a complex specmun of hydrocarbons attached as ligands to the graphitic network. 

The removal of these complexes, by kinetic ejection or thermal release. is govemed by 

their concentrations which, for a f d  temperature, are detemined by ion energy and 

mass. In figures 26 and 28 the energy dependence for the heavy hydrocarbon production is 

shown. If we consider H+ impact at 300 K (figs. 26a and 28a), we note an increase in the 

heavy hydrocarbon yield between - 15 and 50 eV which would suggest that damage 

deposition plays a role in detennining this yield. For D' impact however (figs. 26b and 

28b). the heavy hydrocarbon yield is relaiively high already at 10 eV so that no such 

transition is observed. This would seem to refute the role that damage deposition plays at 

300 K. Instead, we rnay infer that. as was the case for methane production, it is kinetic 

ejection which is pnncipally responsible for the heavy hydrocarbon production at room- 

temperature and that this process is less efficient for low-energy (< 25 eV) protium 

impact. 



At 700 K (figs 26 and 28), we observe that the heavy hydrocarbon yields are 

increasing between 10 and 200 eV by a factor of - 2 for H* and - 3 - 4 for D' impact 

Such increases are more rnodest than those observed for rnethane at the same temperature 

which were closer to factors of 8 and 9 for H? and D', respecrively. This raises severai 

possibilities; i) the kquency constant for the thermal process leading to the release of 

heavy hydrocarbons, k, is different for each hydrocarbon group (Le. generaily lower for 

heavier hydrocarbons), ii) the heavy hydrocarbon groups produced at greater dep ths are 

broken up as they move to the surface and/or fractions of these groups are kineticdiy 

ejected (Le. a methyl radical is removed ffom a C3H7 ligand) or 5) darnage deposition 

leads to preferentiai formation of methyl ligands cornpared with hydrogenation alone. 

Each of these three possibilities. or some combination of them. may account for the more 

moderate energy dependence observed in the heavy hydrocarbon production compared 

with rnethane. 

At 1000 K (figs. 26 and 28). we see again that thermal H-atom splitoff has resulted 

in a dramatic reduction in the heavy hydrocarbon yields. The yields, however, also exhibit 

a peculiar maximum near 50 eV so that they approach the room-temperature yield near 

this energy. This maximum is difficult to reconcile since both hydrogenation and darnage 

deposition. resulting in the production of carbon in the spX and sp3 hybndization States, are 

rapidly negated by the H-atom splitoff which returns the carbon bonds to their gmphitic 

sp2 form and so we expect very srnall yields regardless of the hpacting ion energy. This 

behaviour may indicate that the distributions of both the darnage deposition and the 

implanted ions play a role in hydrocarbon production. For ion energies producing the 

greatest overlap of these distributions. significant HHC formation and release may s t i l l  be 

possible, evcn at 1000 K. We note that such an effect is not included in the mode1 

developed in section 4 which assumes a constant hydrogenation cross-section regardless 

of the distribution of thermalized ions. 

Once again. rnost of the heavy hydrocarbon erosion features observed for the 

impact energies and graphite temperatures employed in the present experirnents can be 

weii descnbed by the kinetic and chernical processes outlined in sections 3 and 4. 

Although kinetic ejection and hydrogenation govem the behaviour at low energies and 



temperatures, darnage deposition, activated abstraction, and thermal release of 

hydrocarbons and H-atoms become important at higher energies and temperatures. In this 

latter regard we infer that, for heavy hydrocarbon production, GE and possibly kD. are less 

dependent on ion energy than they are for methane production. 

7.3 TOTAL CHEMICAL EROSION YlELDS 

Of course, the total chemical erosion yield is just the sum of the methane and 

heavier hydrocarbon yields and, having thoroughly exarnined these two contributions, we 

comment here only bnefly on figures 29 and 30. 

In figure 29 we note that the net behaviour of the total chernicd yield as a function 

of temperature is very much like that due to methane in that we have a shift upwards in Y ,  

and Tm with increasing ion energy. Both of these shifts are largely due to an increase in 

damage deposition, and possibly abstraction, with ion energy. By increasing the 

concentration of sp" and sp3 carbon centers these two processes delay the effect of the 

thermal H-atom splitoff which serves to reduce the yield at high temperature. When 

compared to methane, however, the total chemical yield cuves are moderated by the 

contributions from heavy hydrocarbons which exhibit less of a dependence on ion energy 

than those of methane (see fig. 30). 

The consequence, from a reactor point of view, is that over the energy range of 10 

to 200 eV the temperature of the graphite plasma facing material will, in general, have 

more of an effect on the net erosion yield than will the impacting energy. If it is desirable 

to have chemical yields of S 0.01 C/H(D)' then one is better served to keep the plasma- 

facing graphite at room temperature or near 1000 K than in striving to reduce the ion 

impact energy. Of course, there are still gains to be made in reducing ion energy. For 

example, 10 eV impact at 1000 K results in chemical yields approaching 0.1 %. 

7.4 GENERAL DISCUSSION 

Here we will use new presentations of the experimentai data to further our 

understanding of the chemical erosion of pyrolytic graphite by low-energy protium and 

deuterium ions. 



In figures 31 (H? impact) and 32 @+ impact) we look at the methane, heavy 

hydrocarbon, and total chernicd erosion yields as a function of ion energy on the sarne 

scale for each of the selected isotherms. We also inchde for cornparison the total chernical 

erosion yields predicted by the RG-R model described in section 3.2.2 for the ion fluxes 

used in the present experiment (1018 ~@)+/m's). At 300 K, we note that the heavy 

hydrocarbon contribution is si@~cant for ali energies between 10 and 200 eV, ranging 

from - 30% of the total yield for D' impact near 50 eV to almost 70% of the total yield 

for H* impact at  200 eV. We also note that the total yield does not &op very much at 

higher energies, as was expected based on methane results, due to the heavy hydrocarbon 

contribution. The RG-R model agrees fairly well with the present H+ results up to - 100 

eV, but is a factor of - 2 larger than the deutero-methane fields over the same energy 

range. This likely &ses from a larger isotopic effect observed in the data used to fit their 

model than is seen here (see section 7.5). 

For ion impact proceeding at 500 K (fies. 31b and 32b). we note that, within 

experimental error the methane and heavy hydrocarbon yields are vimially coincident and 

relatively independent of energy over the range studied here. The RG-R model predicts 

essentially no increase over the yields at room temperature while experimentally a 

measurable increase is observed. Thus, the ajpement with the H* results is genediy poor 

while the agreement with the D' induced yield is quite good up to - 100 eV. where the 

increase in the yield over room temperature observed expenmentally nearly compensates 

for the higher isotopic effect incorporated in the RG-R model. 

At temperatures close to Tm for energetic impact, 700 K, we note that heavy 

hydrocarbons become more important as the ion energy is reduced. In the case of H+ 

impact (fie. 3 lc), heavy hydrocarbons account for - 35% of the total chernical yield at 200 

eV, and this increases to - 50% at 50 eV and - 70% at 10 eV. For D* impact (fig. 32c), 

the heavy hydrocarbon yield again accounts for - 30% of the total yield at 200 eV and - 
50% for al1 energies S 50 eV. The slight ciifference between the isotopes for energies 

below 50 eV falls within experimental errors. Similar hydrocarbon ratios have been noted 

previolisly [16,18,19,22] and have prompted investigators to conclude that the 



contribution h m  heavy hydrocarbons becomes more important as the ion energy is 

reduced. The present experimental results for ion impact benveen 10 and 200 eV indicate 

that, while this may be m e  near Tm, heavy hydrocarbons can make signifcant 

contributions (up to 50% or greater) to the total yield at other temperatures regardless of 

ion energy. The RG-R model. aithough consistently higher, agrees fairly well with present 

experirnent. data at 700 K except at low energies where it predicts yields more than a 

factor of 2 greater than are observed. 

For impact at 1000 K (figs 31d and 32d), the trends for H*, where the heavy 

hydrocarbon production exceeds that of methane between 10 and 80 eV, and D+, where 

methane dominates for all energies (10 to 200 eV). is puzzling Given the large relative 

errors in this region, though, we may Say that the HHC and methane yields are 

indistinguishable. At this temperature the predictions of the RG-R model are more than an 

order of magnitude too low. 

In general. figures 31 and 32 effectively indicate the consequence of the more 

moderate energy dependence in heavy hydrocarbon production than that of methane 

production. Namely, that although the methane contribution to the total chernical yield 

increases with ion energy near Tm, this is not necessarily m e  at other temperatures. 

Estimating the total chernical yield for a given ion energy and graphite temperature, based 

on the methane yield and the methane fractions determined at Tm, may not be accurate. 

We have suggested, in section 6.1.2. that, based on the low C3Hg yield, the size of 

the hydrocarbon molecule rnay affect iis release rate since momentum m s f e r  to heavier 

hydrocarbon Ligands becornes less efficient In figures 33 (m and 34 (D3 we have plotted 

the yields as a function of ion energy on the same scale based on the number of carbon 

atoms in the molecule. h y  sipificant effects arising from molecular size should become 

apparent in these figures. 

At 300 K (figs. 33a and 34a), we note that the C2- and C3-containhg hydrocarbon 

yields are nearly coincident over the entire energy range. and that for ion energies 

approaching 200 eV the magnitude of their contribution approaches that of methane. For 

this low temperature it is pnncipaliy kinetic ejection frorn the near-surface which 

determines the hydrocarbon yields. as discussed in sections 7.1 and 7.2. One would 



expect, based on energy transfer considerations, this ejection to depend on the size and 

mass of the ejected group, with the lighter methyl radical king favoured, and this is the 

case over most of the energy range. The coïncidence of the two heavier hydrocarbon 

curves likely reflects that the increased cross-section for the ejection of Cz-containhg 

hydrocarbons is offset by the increased number of carbon atoms in the C3-containing 

molecules, 

At higher temperatures, we note that the C2-containing hydmcarbon yields are 

consistently higher than those due to C3tonraining hydrocarbons by a nearly constant 

factor of - 1.5 regardless of the energy and isotope, but this factor faiIs within the range of 

experimental emor. We do observe, however, that for impact at 700 K (figs. 33c and 3 4 ~ ) .  

the methane yield, which is comparable to the heavier hydrocarbon yields at low energies, 

is measurably higher at 200 eV. Since the latter energy corresponds to the greatest 

implantation depth this may offer some support for chernical yields favouring smailer 

molecules at higher energies. One cannot discount the possibility, however, that either the 

thermal release of molecules (k.) is dependent on the radical and favours methyl, and/or 

that darnage deposition (oE) leads to a higher relative concentration of methyl Ligands on 

the surface than would result simply from hydrogenation. Having no information on the 

relative surface concentrations of the various radicais we cannot venfy this. 

We do know that C3H6 and C3D6 are arnong the more dominant heavy 

hydrocarbon products (figs 19 to 24) regardless of the impact energy and, since their mass 

and size are not much different from the rninor products C3Hs and C3D8, respectively, it is 

unlikely that molecular size (at least for molecules containing 3 or fewer carbon atoms) is 

the deciding factor in hydrocarbon production. Based on the low C2H2 yields observed in 

the present experiments it is possible that the carbon-carbon bond structure in the near 

surface determines the spectrum of hydrocarbons emitted. 

In figures 35 (H? and 36 @3 we have plotted the hydrocarbon yields as a 

function of energy for the selected isotherms based on the type of carbon-carbon bonds in 

the molecule. Here the methane yields are shown for cornparison. The C3H6 molecule, 

which contains single and double carbon-carbon bonds, has k e n  counted arnong the 

doubly bonded carbon molecules. n ie  yields indicated are molecular, that is they are not 



multiplied by the number of carbon atoms in the molecules. if amorphization of the 

implantation zone, r e s u l ~ g  in approximately equal concentrations of singly and doubly 

bonded carbon atoms [16]. determines the type of hydrocarbon produced then we would 

expect to see some sort of transition in the molecular yields in the neighbourhood of 100 

eV in figures 35 and 36. There is Little or no evidence of such a transition in either of the 

figures. 

AU together figures 33 to 36 offer no conclusive evidence that the erosion of 

various hydrocarbon species from pyrolytic graphite is reiated solely to their size or their 

carbon-carbon bond structure. It seems more likely that the mechanism(s) which 

determines the various concentrations of radicals attached as Ligands to the graphitic 

network (i.e. the same mechanism which determines the constant ratio of sp3 carbon 

centers which contain attached methyl groups). which has not k e n  identifie& plays a 

more important role. There is some evidence that GE, the cross-section for darnage 

deposition. affects these relative concentrations at higher impact energies and/or that the 

prefactor for thermal release, k., is different for each radical group. 

Having exarnined the various hydrocarbon yields due to H' and D' on a somewhat 

separate basis we undertake, in section 7.5. a comparison where these yields are plotted 

together in order to highlight any isotopic effects in the chernical erosion of pyrolytic 

graphite. 

7.5 ISOTOPIC EFFECTS IN THE CHEMICAL EROSION OF PYROLYTIC GRAPHITE 

As discussed in section 2, there has been some discrepancy in the expenmental 

results regarding the magnitude of the isotopic effect on chernical erosion for low-energy 

hydrogen ion impact. Roth and Bohdansky [22], observed a room temperature total yield 

for D' impact that was more rhan five times that due to H' impact for energies below - 
100 eV. On the other hand, sniffer probe experirnents in TEXTOR [42] and plasma 

experiments in PISCES [45] have measured isotopic effects closer to a factor of 2. 

In the present experirnents we have a unique opportunity to determine the isotopic 

effect on the chernical erosion yield of pyrolytic graphite over a range of impact energies 

and specirnen temperatures. This comparison is undertaken here and will be divided into 



discussions on the isotopic effect observed in the methane, heavy hydrocarbon, and total 

chernical erosion yields. 

7.5.1 Isotopic Effects in the Methane Yield of Pyrolytic Graphite 

In figure 37, the methane yields for H' and DC impact are plotted as a function of 

graphite temperature for impact energies of 10. 15, and 25 eV. For 10 eV impact, we 

observe îhat the methane yield for D' impact is siightly greater than a factor of 2 at room 

temperature, but for temperatures greater than. Say 350 K, this isotopic ciifference is less 

than a factor of - 1.7 and, within experimental error the isotopic effect rnay be considered 

small. For 10 eV impact we presurne that the kinetic ejecrion of methyl groups attached to 

the graphite surface as ligands is the principal source of methane production at low 

temperatures. If we consider the simple case of an elastic head-on collision then the 

arnount of energy nansferred from the impacting species (ml) to the stationary target 

species (m?) is equal to ~ ~ [ 4 m ~ m ~ ( r n ~ + r n ~ ) ' ] .  Thus a deuterium ion would transfer 36% of 

it's energy to a deuterated methyl group while a protium ion would aansfer 23.4% of it's 

energy to a CH3 radical. Although we have not considered inelastic iosses and scattering, 

this simple approach indicates that the isotopic increase in energy transfernd would be a 

factor of - 1.5/collision. The reader should be aware that uncertainties involved in the 

splitting and subsequent interaction of each of the atoms in the rnolecular ion (H3* and 

D??, upon saiking the graphite surface. rnay affect this energy m s f e r .  Ir seems 

reasonable, however, that based solely on a kinetic low-energy interaction, the rnethane 

yield due to D' impact should not exceed that due to H' impact by more than a factor of 2. 

At higher temperatures, we expect the isotopic effect to be even smaller, for low-energy 

impact (< 25 eV). since the thermaily induced release of rnethane is independent of the 

impacting isotope. 

In figure 37b. the methane yields are plotted for H+ and D+ impact at 15 eV. Here 

we note that the deutero-methane yields are unifoxmiy higher than the methane yields due 

to H' impact again by a factor of 1.3 - 1.4 which falls within experimental error. In figure 

37c, for 25 eV impact, we note that the methane yield at room temperature is - 1.5 tirnes 

greater for D' than for W. This factor gets smaller at higher temperatures where the 



therrnai release of methane is independent of the irnpacting species smoothing over Ianetic 

isotopic effects. Given uncerrainties in the data. figure 37 seerns to indicate that the 

methane yield due to low-energy impact (< 25 eV) exhibits linle or no isotopic effect, Save 

perhaps for 10 eV impact at room-temperature. 

In figure 38, we compare the two isotopic methane yields in the intermediate ion 

energy range of 50 to 200 eV. In this case we rnay expect that darnage deposition. which 

is isotope dependent, will play a more significant role in the methane production. In figure 

38a for 50 eV impact, we note that the methane yield due to D' impact is still oniy 1.2 - 

1.5 times that due to H+ impact between 300 and 800 K. Only at higher temperatures do 

we observe a signifi~cant isotopic factor of - 3.5 near 1000 K. One explanation may be 

that the D' ions deposit significantly more damage than the H+ ions and that this rnay delay 

the impact of the thermal process (kH) which reduces the concentration of attached methyl 

groups in the near surface Iayer. Altematively higher temperatures may be required to 

thermdy desorb the deutero-methane but, since Tm is about the same for both species, this 

is unlikely. 

In figure 38b, for 100 eV impact, the deutero-methane yield is unifonniy higher 

than that induced by H' impact by a factor of - 1.4, Save perhaps near 1000 K where the 

c w e s  approach. Similarly in figure 38c, for 200 e V  impact, the deutero-methane yield is a 

factor of 1.7 to 1.9 higher up to a temperature of - 800 K where it begins to get srnalier. 

Although some of these isotopic differences fall outside experimentai errors they are stiU 

not large. It is likely that the damage deposition, descnbed by e, and the hydrogen 

absaaction, described by kD, are isotope dependent Ieading to enhanced methane yields for 

DI impact. but the experimental evidence indicates that this effect is s d l .  

The energy dependence of the methane yield. due to H+ and D' impact, is shown as 

a function of energy for the selected temperatures in figure 39. Taken as a whole this 

figure reaffms that, though the trends in the isotopic effect on methane production make 

physical sense, the magnitude of this effect is still small (generally c a factor of 2). For 

instance, the fact that kinetic ejection pnncipaliy determines the methane yield at room 

temperature (fig. 39a) and not damage deposition is reflected in the absence of a 



significant rise in the isotopic factor above 50 eV. And for impact at higher temperatures 

(700 K fig. 39c ). where we do expect damage deposition to have a? effrct, we do see an 

increase in the isotopic factor above - 40 eV. Within experimentd errors, however. this 

evidence is hardy conclusive. 

In general, we may Say that, within experimental error. the isotopic enhancement in 

the methane yield of pyrolytic graphite, if it exists. is small. 

7.5.2 Isotopic Effects in Heavy Hydmcarbon Erosion YieIds 

Here we will examine the heavy hydrocarbon erosion yields for iT and D+ impact 

as fumions of temperature on the same scde (figs. 40 and 41) and energy ( fig 42). 

In figure 40, the heavy hydrocarbon (HHC) yields are plotted for low-energy E-I? 

and D' impact (5 25 eV). For 10 eV impact. we note that HHC yield due to D' impact 

exceeds that due to H+ by a factor of 1.5 to 1.7, up to temperatures of 600 K. The curves 

cross near 650 K so that the HHC yield for H+ impact is actually higher than that for D+ up 

to 1000 K where this inverse isotopic effect approaches a factor of - 3. S till, however the 

isotopic effect in the HHC yields is negligible within errors. In figure 40 b and c. the HHC 

yields exhibit similar behaviour. We cm offer no viable explanation as to why the H+ 

induced hydrocarbon yield should exceed that due to D' for any energy and temperature 

and must conclude that, c o n s i d e ~ g  experimental error, there is no isotopic effect in the 

heavy hydrocarbon production at low impact energies. 

In figure 41, sirnilar isotopic cornparisons are made in the HHC yield over the 

energy range of 50 to 200 eV. Here again there is no clear evidence of an isotopic effect in 

the heavy hydrocarbon yield of pyrolytic graphite at any temperature in the range of 300 

to 1000 K. 

We can offer several possibilities for a lack of an isotopic effect in the heavy 

hydrocarbon production due to H*/D' impact in the energy range of 10 to 200 eV. We 

have already indicated that the experimental evidence suggests that darnage deposition 

may enhance methyl formation more than HHC radicals. So we would expect that any 

isotopic enhancement in the HHC yield resulting fiom the increased darnage deposition 

due to D* impact over H+ impact would be modest. We funher note that the energy 



transfer to the heavier hydrocarbons wiu be poor and so isotopic effecrs in this process 

may also be negligible. The themial reiease of the hydrocarbon groups is a chemical 

process and should be independent of the irnpacting isotope. Only the abstraction process, 

which rnay be isotope dependent for higher impact energies, could lead to a sigdîcant 

isotopic enhancement in the HHC yield and this is evidently not the case. 

In figure 42 we show the energy dependence in the HHC yields due to and D' 

impact for the sake of completeness. The evidence offered in figures 40 to 42 seems to 

indicate that there is no isotopic effect in the heavy hydrocarbon erosion yield over the 

energy range of 10 to 200 eV and the temperature range of 300 to 1000 K. 

7.5.3 Isotopic Effect on Total Chernical Erosion Yield 

Here we collect the data presented in sections 7.5.1 and 7.5.2 to look at the 

isotopic effect on the total chernical erosion yield of pyrolytic graphite at low energies. 

Li figure 43 we look at the total chernical erosion yield as a function of 

temperature for H+ and D' impact at 10, 15, and 25 eV. For 10 eV impact, we observe an 

isotopic effect of a factor of 1.6 - 2 up to Tm (- 600 K). Again, this apparent isotopic 

enhancement generally falls within the error bars and above 700 K there is no apparent 

isotopic effect on the total chemical yield. This indicates that, while at low temperatmes 

kinetic effects (energy tramfer) rnight lead to a slight isotopic effect, at temperatures 

where the thermal release of hydrocarbons dominates there is no discernible isotopic 

effect. For 15 and 25 eV impact we note similar behaviour again, but the isotopic effect at 

lower temperatures is even smaller and well within experimentai error. Figure 43 indicates 

that, for low-energy ion impact (I 25 eV), we rnay see a siight isotopic effect (< a factor 

of 2) at low temperatures where energy transfer is important, but not at higher 

temperatures where thermal release of hydrocarbons dominates. 

In figure 44 we examine the temperature dependence of the total chernical yield for 

W/D+ energies of 50, 100 and 200 eV. For 50 eV impact the two curves are coincident up 

to 500 K whereafter the yield due to D* impact exceeds that due to H' by a factor of - 
1.5, but the error bars indicate that the two cuves are still similar. At 100 eV, we observe 

a measurable isotopic effect only in the region of Tm and sirnilar behaviour is exhibited for 



ion impact proceeding at 200 eV. In generai. figure 44 seems to indicate that for ion 

energies between 50 and 200 eV, if there is any isotopic effect at ail it is in the region of 

Tm. This likely uidicates that the isotopic enhancement in damage deposition, and possibly 

absaaction, oniy appears when t h e d  release of the additional hydrocarbon Ligands is 

highest 

In figure 45, the total chernical yield is plotted as a function of S/D' energy for 

the four selected temperatures. Taken as a whole this figure indicates only two regions 

where the measurtd isotopic effect lies outside of experimental error; 10 eV impact at 

room temperature, and higher energy (> 100 eV) impact near Tm. nius we confïrm that 

the energy aansfer effect which is evident in the kinetic ejection of hydrocarbons is only 

weakly dependent on the irnpinging isotope. Furthemore, we see that the isotopic 

enhancement in darnage deposition for D' impact over H* , at energies > - 40 eV is only 

evident where t h e d  reIease of hydrocarbons is most effective. That is, although the 

additional damage resulting h m  D' impact leads to a higher concentration of near surface 

hydrocarbon ligands, there is Little isotopic advantage in their kinetic ejecrion at these 

energies, and so the thermal release at temperatures around 700 K is higher. 

Given the data presented in figure 37 to 45, we conclude that isotopic effect on the 

chernical erosion is s m d  and generaily less than a factor of - 1.7. In many cases, within 

experirnenral error, there is no sipficant isotopic effect in the chernical erosion of 

pyrolytic graphite. We note that our isotopic effect, for higher energy impact near Tm, of - 
1.7 agrees w e l  with previously detemined values in PISCES [45] and TEXTOR [42], 

but is ~ i ~ c a n t l y  lower than that observed by Roth and Bohdansky [22]. 

7.6 A COMPARISON OF THE PRESENT METHANE AND TOTAL CHEMICAL 

YIELDS WITH PREVIOUSLY PUBUSHED RESULTS 

In this section we compare the methane and total chernical erosion yields 

deterrnined in the present experirnents with previously published erosion data for the low- 

energy impact regime of 10 - 200 eV. We note that previously pubiished data in this 

energy range are rather scarce. 



In figures 46 to 48 we present data for the methane and total yield of graphite, as a 

function of energy. due to H+ impact at 300 K. 500 K, and T,', when the latter quantity 

represents the characteristic temperature at which the maximum yield occurs, for impact 

energies of 100 eV or pa te r .  

For H+ impact at 300 K (fig. 46). the TEXTOR Sniffer Probe experiment [42] 

shows very good agreement with the present results for both the methane and total 

chernical erosion yields. Ion-bearn results [64] also agree weli with the present methane 

yield data. Other ion-beam [22] and PISCES ~ s u l t s  [45] show reasonable agreement for 

the total yield. Considering the contributions of physical sputtering the total yields 

measured in PISCES [45] and by Roth and Bohdansky [22] are a factor of 1.5 to 2 times 

smaiier than those obsemed in the present experiments. The higher fluxes used in both 

previous experiments rnay account for some of the discrepancy. Also. uncenainties in 

determinhg the ion flux and enerw in plasma experiments may accounr for some of the 

merence between the PISCES yields and those measured here [7]. Redeposition, 

however is not a consideration with the PISCES data 1451. 

For FI+ impact at 500 K (fig. 47). there is good agreement between the present 

methane yields and those determined in previous ion-beam [11,49] and TEXTOR 1421 

experiments for energies above 100 eV. Below this energy. the previous results are 

generally a factor of - 1.5 lower than the methane yields detemined in the present 

experiments. Given experimental errors. however, this still represents reasonable 

agreement. The methane yield data from another ion-beam experiment [64] are lower by a 

factor of - 2.5 which Likely falls outside the range of experimental error. For the total 

chemicd yields at 500 K (fig. 47b). only two previous data points exist and these are 

lower than the present results by a factor of 2 - 3. Again, some of this difference rnay be 

attributable to a flux which was - 4 orders of magnitude higher in the TEXTOR and 

PISCES experirnents and the inherent difficulties in measuring the ion flux and energy. 

For H' impact proceeding at T,' (fig. 48). there is excellent agreement between the 

present methane data and previously published results [11,42.49], except perhaps at 200 

eV where the previous results are about a factor of 2 higher [49]. Other ion-beam data at 

100 eV 1641 are also higher by a sirnilar factor. Again the TEXTOR [42] and PISCES (451 



results for the total chemical yield at Tm are smaller by a factor of 2 - 2.5 than those 

rneasured in the present experiments (fig. 48b), but ion-bearn data 118,641 agree very well. 

Similar data are presented for D' impact in figures 49 to 5 1. For impact proceeding 

at room temperature (fig. 49). there is excellent agreement between the present data and 

methane yields observed in a previous ion-beam experiment [2 11 and in TEXTOR [42]. 

The methane yields determined by Roth and Bohdansky [22] am, however, higher by up to 

a factor of - 3 or more than the present experimentaliy determined yields. For the total 

yield (fig. 49b), sorne of the previous data includes contributions due to physical 

sputtering. These contributions are not enough to account for the differences between the 

present results and those of Roth and Bohdansky 1221, below - 100 eV. There is good 

agreement between the present data and the total chemical yields observed in TEXTOR 

[42] and PISCES [45] below - 100 eV, but the PISCES yields at higher energies may be 

almost entkly due to physical sputtenng, and so the total yields are si@xcantly lower 

than the present values. 

For D' impact at 500 K (fig. 50), the agreement between the present methane 

yield data and those determined in TEXTOR [42] is good, although the available data are 

limited. Again, for the total chernical yield (fig. 50b) the TEXTOR data at 60 eV agrees 

quite well with the present data. 

At T', (fig. 5 l), the methane yields measured in TEXTOR [42] and a previous ion- 

beam experiment [21] agree weil with the values determined in the present experiments. 

Once again, however, the lesults of Roth and Bohdansky [22] are higher by a factor of 2 - 

2.5. For the total chemical yield, the present results, though consistently higher, agree 

quite weU (within a factor of 2) with yields measured in TEXTOR [42] and PISCES [45]. 

The ion-beam results of Roth and Bohdansky [22] are higher again by a factor of 1.7 - 3. 

In figure 52 the methane yields due to 50 eV D' impact are shown as a function of 

temperature for several experiments. We note that the yields of Roth and Bohdansky [22] 

are unifomily higher but that there is reasonable agreement between the present results 

and previous ion-beam [21] and sniffer-probe [42] data, especiaiiy for temperatures below 

Tm. For the ail of the previously published data the value of Tm is consistently higher than 



that observed in the present experiments by about 100 K. It is likely that this is a 

consequence of the smaller ion flux employed in the present experiments. We observe 

further that for temperatures approaching 1000 K the present results agree well with 

previous ion-beam data [21], but are lower than the methane yields observed in TEXTOR 

[42] by a factor of - 2.5. It is also possible that this effect is related to the ion flux 

density." 

In general, we can rnake the following observations. For the methane yields there 

is good agreement (within a factor of 2) between the present experimentally determined 

yieids and those obtained in TEXTOR [42] and in ion-beam experiments [ 1 1,2 1,491. The 

ion-beam results of Roth and Bohdansky, however, are genedly too high by a factor 

which approaches 3 or more. For the total chernical yield the agreement between the 

present results and the ion-bearn results of Roth and Bohdansky [22] is fairly poor with 

the latter results k i n g  significantly higher. It is possible that energetic neutrals created by 

charge exchange have led to a synergistic enhancement of the D' impact induced yields in 

their expenments. The total chernical yields observed in TEXTOR agree quite weU with 

the present results, while the values measured in PISCES are generally lower. It rnay be 

that the simcantly higher fluxes of impacting species and diff~cuities in deteminhg the 

particle flux and energy may account for some of these differences. 



8. FTI'IING OF THE MQDEL FOR METHANE EROSION DUE TO LOW-ENERGY 

HYDROGEN ION IMPACT TO THE EXPERIMENTAL RESULTS 

In this section, we fit the revised mode1 for methane erosion developed in section 4 

to the present experirnental data obtained for both H+ and D* impact and discuss the 

essential feanires. In general. the best fit to each data set was determined using an iterative 

procedure whereby the fke  parameters were varied and the model predictions evaluated 

against a set of criteria. For a more thorough discussion of this fitting process and the 

model predictions which result fkom more rigorous regession fitting the reader is refemd 

to Appendix A. 

8.1 Results and Energy Dependence of Fitting Parameten 

The best fits for the adjustable parameters were determined for each isotope at 

each of the six selected energies, and the results are presented, dong with the 

expenmentally determined methane yields. in figures 53 and 54 for CH4, and figures 55 

and 56 for CD4. In general, the agreement between the model predictions and the 

experimental results is very good except for low-energy (S 25 eV) impact at high 

temperatures (> 800K). For exarnple, for 10 eV H'/D+ impact at 1000 K. the model 

underestimates the methane yield by up to a factor of 10 or more. The reason for this 

disagreement is not immediately evident and some of the discrepancy rnay be attributed to 

experimental error. Specifically. smali errors in the correction for the waiI conmbution to 

the measured methane signal rnay lead to large errors in the methane yield at high 

temperatures. Altematively, another low-energy process rnay be occuning which has not 

yet ken  identified. Over the rest of the energy and temperature range the agreement may 

be considered excellent. 

Of course. given the set of energy-dependent adjustable parameters such a good fit 

is likely. The best-fit values for the adjustable parameters dong with Y, and Tm are 

presented in Table 6 below. A value of Eo normally distributed about 25 kJ/mol with a 

width of 14 kJ/mol resulted in the best fit for all energies. Thus the activation energy for 

abstraction was not dependent on ion energy. 



In figure 57, the energy dependence of the adjustable fit parameters. for each 

isotope of hydrogen, is illusmted dong with a curve fit It should be emphasired t h t  

these curve fits are not based on any theory, but rather represent simple mathematical fits 

to the data. As such. extrapolation of these c w e s  outside of the stated energy range (10 - 

200 eV) cannot be justified. The equations resulting from these fits are given below. 

Table 6. Revised Mode1 Fitang Parameters and predicted Y, and Tm 

a > l .944~1 O-" LI [-8.SJO+J.7@2 In U-û.9IS?(ln LI ) ' .+0~689(ln u )' 

D 1.1 lax 104.3 U ( - 2 7 . ~ 7 + i 2 5 1 n ~ - 2 . 3 3 5 ( l n ~  ) '+O. i536( ln~) ' ]  ai = 

H 5 . 6 3 6 U ( - ~ ~ . ~ ï + ~ 6 . ~ i ~ n ~ ~ . 9 8 7 ( ~ n ~ ~ 2 + ~ . 3 ~ 3 f ~ n ~ ) ' )  
G E  = 

~ 1 . 9 3 1 n ~ - 7 . 6 7 ( l n ~ ) ' + 0 . 5 a ~ 9 ( 1 n ~  )' 1 a = 1.457~10" (114-"+ 

t,H = 7.701~10" - 7 . 9 8 8 ~ 1 0 ~ ~ ~  + 2 . 3 ~ 8 ~  / O 4  U' - 7 . 4 2 9 ~ 1 0 ~ 1 1 ~  

k: = 1.001~10" - 2 5 3 8 x 1 0 ~  U + 6.104xlod U" 1 . 9 8 x l 0 ~  LI' 

Where U is the hydrogen ion energy and the superscript indicates the hydrogen isotope. It 

is important to note that, despite using the adjustable tems to determine the best fit, these 

enerey dependent parameters are not randornly distributed with respect to energy. Instead. 



they each show a general energy dependence which is consistent with the process they 

describe. 

In figure 57a, Oi, the cross-section for kinetic ejection of methyl groups rises as the 

energy increases from 10 to - 50 eV after which it faiis. This behaviour is a consequence 

of the experimentaiiy determined methane yields at room-temperature, and contimis that, 

within our revised mode1 system, finetic ejection of surface rnethyl groups is principaily 

responsible for the yield observed at room-temperature . For ion energies below 50 eV, 

removal of the methyl radical becomes more difF~cult and the c w e  appears to be 

approaching a threshold below 10 eV, while higher energy ions do not effectively remove 

methyl groups at the immediate (geometrical) surface. Of course, these higher energy ions 

lead to the formation of rnethyl groups away from the imrnediate surface, via energy 

deposition and subsequent hydrogenation. However, it is likely that the fraction of the ion 

flux with enough energy to remove these deeper methyl groups is low, leading to the 

reduction in oi. We note further the isotopic effect on Gi which is about a factor of 1.5 to 

2 over most of the energy range. This is a retlection of the ion energy m s f e r  efficiency 

which is only moderately increased for the heavier deuterium ions. 

The energy dependence of o ~ ,  the cross-section for energy deposition in the form 

of broken C=C bonds, is shown in figure 57b. The shape of this cume resembles that for 

physical sputtering of carbon up to 200 eV [6] (with a threshold below 10 eV) which 

makes sense since they descnbe similar processes which rely on the breaking of carbon- 

carbon bonds. Once these bonds are broken they provide sites for hydrogenation and 

methyl formation which leads to enhanced erosion, under the activated release of these 

groups, at higher temperatures. Between 10 and - 30 eV there is no rneasurable isotopic 

effect on o~. It is likely that, at these low energies, carbon-carbon bond reamgement 

occurs via electronic excitation, not kinetic energy transfer, and so we would not expect 

an isotopic effect on for low-energy impact. This would help explain why we c m  see 

no isotopic effect in the methane yields at 700 K for low-energy impact below 30 eV. For 

energies greater than 30 eV there is a smail isotopic effect ranging benveen 1.2 and 1.5 in 

favour of deutenum, indicating that the heavier ions are more effective at transfemng their 



energy to break carbon-carbon bonds in the implantation zone, leading to enhanced 

themial release. 

In figure 57c the energy dependence of kD, the prefactor for hydrogen abstraction, 

is shown. This fit parameter is quite level between 10 and 50 eV and then becornes a 

steadily increasing hinction of energy over the rest of the range smdied implying that the 

ions with energy in excess of 50 eV may kineticaliy enhance the abstraction process. 

Funhermore, in contrast to ai, this process does not approach an energy threshold, but 

instead approaches a constant value at low energies. We observe that. for impact energies 

above - 50 eV, there is an isotopic shift in kD which is about a factor of 1.8 for ion 

energies > 90 eV. This may indicate that the abstraction process is kineticaliy enhanced 

and that at least some of the attached hydrogen is king removed energetically. This, 

coupled with darnage deposition, helps explain why we see a measurable isotopic effect 

for higher energy impact near Tm. 

The reader should be reminded, that the fraction of carbon in the sp3 hybndization 

state with methyl groups attached. f, has been taken to be an unknown constant which was 

irnplicitly incorporated into ai and kD during the fitting process. Furthemore, if this 

constant depends on the ion energy, this information will also be buned in the fit values, 

and rnay account for some of the enegy dependence observed in figure 57 a and c. 

In section 2, we noted that Garcia-Rosales and Roth 1211 did not observe a 

~ i ~ c a n t  reduction in the methane yield, below 600 K, for graphite doped with 15% 

boron (USB15) over pyrolytic graphite. For higher graphite temperatures there were 

significant advantages to the doped graphite in terms of a reduced methane yield. The 

processes incorporated in the revised mode1 offer a reasonable explanation as to why this 

is so. We have inferred that the methane yield at low temperatures depends directly on 

kinetic ejection of methyl groups. There is Little reason to suspect that dopants would 

reduce this contribution other than by the extent to which they fili lattice positions (i.e. 

15% in the present example). At higher temperatures, however, where the thermal release 

of methane can be enhanced by damage deposition and abstraction. the effect of the 

dopants cm be much greater if they chemicaiiy suppress this release, presumably by 



reducing k,, kD, or increasing kH. This may account for the diffe~nt  effects of dopants in 

different temperature regimes. 

Given that the agreement of the model predictions with experimentdy determineci 

methane yields is good, and that the behaviour of the fit parameters as a function of energy 

makes physical sense. it is likely that most of the physical and chemical mechanisrns 

involved in the erosion of pyrolytic graphite by energetic hydmgen ions have ben  

identifie& A possible exception rnay be the existence of a mechanism which rnight be 

significant at high temperatures (z 800 K) for ion impact at energies I 25 eV. 

8.2 Energy Dependence of the Methane Yield 

Using the model described in section 4 and the parameter fits as a function of 

energy descnbed in 8.1 the methane yield as a function of energy was determined and 

plotted for the four selected isotherms in figure 58. At room-temperature the agreement is 

excellent and this is a consequence of the selection of 4, a free fitting parameter. which 

determines the yield here. In the intermediate temperature ranges of 500 and 700 K we 

again note very good agreement between the model predictions and the experimental 

results which suggests that the model has incorporated the correct physical and chemical 

processes. At 1000 K. we observe that the agreement is acceptable only for energies > 50 

eV for H+ and > 100 eV for D' . Experimenral errors due to smaii signals and the 

background correction discussed in 5.2.2 rnay play a role here, but it is also possible that 

some process(es) associated with low-energy impact at high temperature is rnissing from 

the model, as noted above. 

8.3 Rux Dependence of the Methane Yield 

The flux used in aU of the model calculations was the same as that used in the 

erosion experirnents themselves, - 1018 ~'/m's. The only flux dependence built into the 

model comes in the cross-sectional ternis, in which the flux appears explicitly and so it is 

possible to check the flux dependence predicted by the rnodel by varying this number. This 

was done at fluxes of 1017 and 10" H+/rn2s and the values of Y, and Tm as predicted by 



the model at 10 and 200 eV are presented in Table 7 below dong with the values at 1018 

H+/m2s: 

Table 7: Fiux dependence predicted by the Revised Model 

As the ion flux is reduced, the maximum methane yield goes up and the 

temperature at which this occurs goes down. Such trends have k e n  observed in previous 

experirnents [Il]. n i e  absolute level of these shifts predicted by the model, however. is far 

too large. For example, for 200 eV impact, one would expect Y, to be reduced by about 

10% as the fiux was increased by an order of magnitude [I l ] .  The model, however, 

predicts a reduction by a factor of - 4. Similarly. the predicted shift in Tm is also too large 

at 200 eV. So, although Y, and Tm shift in the nght direction when the ion flux is varied in 

the model, it cannot be said that the present methane yield model accurately predicts the 

dependence of this yield on flux. 

It is quite possible that many or al1 of the parameters used in the model (fitted for a 

flux of 1018 H+,D+/~'s) depend on the ion flux, or that the effective flux density (nominal 

flux density divided by the effective surface area), which is dependent on ion energy, 

should be used in the model, as discussed in section 4.2.3. Since no experimental methane 

yield data were obtained as a function of ion flux, the extension of the model to include 

other fluxes was not considered. 

b 

8.4 Surnrnary of Methane Yield Model and Possible Improvements 

For the ion flux encountered in the present erosion expenments, the methane yield 

model predictions agree very well with the experimentally determineci methane yields 

except for low-energy impact at high temperature. This suggests that the principal 

Energy (eV) @ =  l d 7 f i Z s  @ = 1 ds P/m2s  9 = Id W / m 2 s  



processes associated with energetic ions. narnely kinetic ejection of methyl groups and 

energy deposition. which we have incorporated into the atom mode1 of Küppers et al. 

dong with other modifications, describe the hydrogen ion/graphite interaction weU. The 

isotopic effect observed in the experirnentai measurements c m  be effectively reproduced 

in this revised model using the parameters which are expected to be dependent on ion 

mass. The flux dependence of the methane yield, however, is not weli describeci by the 

revised model. 

In principle, this rriodel could be extended to include heavier hydrocarbons simply 

by c o n s i d e ~ g  a different group anached as the Ligand to an sp3 carbon center. This would 

involve refitting the adjustable parameters to the erosion data for the specific hydrocarbon, 

since the group mass, bond strength, and the fraction of carbons in the sp3 hybridization 

state which contain the group. would al1 be different. It is also possible that even the 

pararneters determined experimentally by Küppers et al. (OH. kr. b. Ex, EH) would have 

to be changed. Such an extensive application was not undertaken here. 

Apart fkom an accurate accounting of the true flux dependence there are a couple 

of possible irnprovements to the rnodel that are immediately evident 

The approach of Wimann and Küppers [63], whereby the graphite specimen is 

divided mathematicdy into discrete layen would be favourable for energetic ion erosion 

modelling. This presents some challenges. however, since. given an ion energy and flux, 

one must now consider the flux of atoms (thermalized ions) and the flux of ions to each 

layer independently. The ion flux to each layer would have to be associated with a mean 

energy, so that ai, GE, and kD could be estimated. which means that these would be free 

adjustable parameters for each layer. Clearly. the solution set would become very large if 

sorne assumption on the energy dependence of these pararneters is not made. 

Another improvement would be to explicitly include all of the relevant carbon 

hybridization state concentrations in the differential equations. For example, the 

hydmgenation of 2 sp2 centen to an sp3 and an spxH configuration, clearly depends on the 

square of the concentration of carbon atoms in the sp2 hybridization state. In order to 

keep the equations Linear such considerations were not made in the present model. 



Furthermore, Küppers hdicated that the inclusion of such t e m s  did not have a ciramatic 

effect on the preùictions of his mode1 [86]. 



9. CONCLUSIONS 

A cornprehensive study of the chernicd erosion of pyrolytic graphite due to Iow- 

energy and D' impact has k e n  performed. Experimental measurements were made of 

the methane and heavier hydrocarbon erosion yields due to protium and deuteriurn impact 

in the energy range of 10 to 200 e V / W  or D') and pyrolytic graphite temperatures in the 

range of 300 to 1000 K. for fluxes of 1018 (H or ~)/m's. The extension of the incident 

particle energy range d o m  to 10 eV represents a major contribution since impact energies 

are expected to be in the 10's of eV range for gaseous divertors in next-generation 

tokamaks. Furthemore, the use of both protium and deuterium as impacting species has 

allowed for a systematic snidy of the isotopic effect on chernical erosion of pyrolytic 

graphite. A mode1 descnbing the low-energy chemical erosion of pyrolytic graphite has 

also been presen ted. 

As the incident H' or D' energy is reduced the methane yield as a function of 

graphite temperature broadens below Tm such that sign*cant yields are observed even for 

impact at room temperature. Such behaviour has k e n  noted previously [21,223. This 

room temperature yield evidently depends on kinetic ejection of near surface rnethyl 

radicds and is not enerm independent below 100 eV, but instead peaks for impact 

energies near 50 eV. For the incident H+ and DD' fluxes employed in the present 

experiments [1018 (H+ or ~+)/m's] the maximum yield (Y,) and the temperature at which 

this occurs (Tm), shift downwards as the impact enerm is reduced below 200 eV. For 

instance, H* impact at 200 eV results in a maximum yield which is about 0.036 CH&I' at 

Tm - 710 K, while for 10 eV impact. Y, - 7.7~10" CH4/H* and Tm - 600 K. The 

downwards shift in Y, with decreasing ion energy has ken  observed in several previous 

experiments [16,21,22.49], but the shift in Tm has only k e n  noted for relatively Low 

incident H+ fluxes ( 6 x 1 0 ' ~  H*/rn2s) [16,49]. 

As the graphite temperature increases above 300 K. thermally activated chemical 

processes becorne important and lead to an enhancement in the methane yield regardless 

of the incident particle energy. As weii. for impact energies in excess of - 40 eV, damage 

deposition resulting in broken carbon-carbon bonds further enhances the methane yields at 



higher temperatures. The present methane yields at room temperature (YRT) and Tm (Yrn) 

show reasonably good agreement with previously published values. especidy when one 

considers the differences in the incident particle fluxes. 

The heav y h ydrocarbon (HHC) y ields generaiiy exhibi t behaviour similar to that of 

methane except that they are less dependent on incident particle energy. In general. we see 

a reduction in the maximum heavy hydrocarbon yield as the ion energy is reduced below 

200 eV, but it is not clear whether this is accompanied by a shifi in Tm. Such a shift was 

noted for D' impact, but not for H+. It is not clear. based on the present experimental 

evidence, that the HHC production is related to molecular size or carbon-carbon bond 

structure. Instead, it seerns more Wrely that either damage deposition leads to preferential 

formation of certain ligand groups, or that the thermal release prefactor. k,, is different for 

each ligand group. 

The total chemical erosion yields of pyrolytic graphite exhibit a gross behaviour 

which is very much like that due to methane in that the temperature dependence broadens 

and Y,. and Tm shift downwards with decreasing ion energy. The contribution of the 

heavy hydrocarbons. however. tends to have a moderating effect on many of the trends 

observed for methane production. For D+ impact a maximum yield of - 0.089 CD' was 

observed for 200 eV impact at Tm - 700 K and this was reduced to 0.023 C/D' at 10 eV 

(Tm - 600 K). The experimentally determined chemical yields agree reasonably weU with 

previousl y published results. For plasma-facing graphite surfaces in reactors, where we 

desire low erosion yields. we conclude that it is more important to c o n ~ o l  graphite 

temperature (near 300 K or 1000 K) than it is to reduce ion energy, although there is stiU 

an advantage to lower energy impact. From an e n g i n e e ~ g  standpoint it rnay also be 

desirable to operate at a temperature of - 500 K where the total chemical yield is nearly 

independent of ion energy over the range of 10 to 200 eV. 

Within experirnental enors, the isotopic effect on the total chemical erosion yield is 

less than a factor of 2. with yields due to D+ impact king higher for the most part. The 

only regimes where the isotopic effect approaches a factor of 2 are for 10 eV impact at 

room temperature and higher eriergy (2 100 eV) impact near Tm. For a i l  other 



temperatures and energies the isotopic effect was c a factor of 1.7. These values agree 

reasonably weii with the factor of - 2 observed in TEXTOR [42] and PISCES 1451, but 

are signincantly lower than the factor of - 5 determined by Roth and Bohdansky [22]. 

Based on energy transfer and damage deposition considerations we do not expect an 

isotopic enhancement of greater than a factor of 2 for D+ impact over H+. 

A methane erosion yield model has k e n  developed using the principal reactions 

outlined by Küppers et al. [54-631. with some modifications and additional tems to 

account for kinetic ejection and damage deposition associated with energetic particle 

impact Fitting of this model to the present methane yield data show excellent agreemenf 

except for low energy (1 25 eV) impact at temperatures above - 800 K. We have 

provided a sound physical basis for the behaviour of the free fitting parameters and 

conclude that most of the processes associated with low-energy impact on pyrolytic 

graphite leading to methane production have been incorporated. 

In surnrnary, the major coniributions of this thesis include; i) the extension of the 

incident H' and D' energy range down to 10 eV where no systematic expeknental 

investigations have k e n  conducted, ii) the determination of individual hydrocarbon and 

total chernical erosion yields. iii) the use of both protium and deuterium as hpacting 

species in order to detemine the isotopic effect on the erosion yields. and iv) the 

developrnent of a semi-empirical model for the methane yield of pyrolytic graphite due to 

low-energy hydrogenic impact 

The present experirnental results for methane and total chernical yields, as well as 

the modifieci chernical erosion model provide useful input for fusion reactor design. They 

are important in determinhg component lifetirnes and carbon irnpunty levels. Also. they 

wiU contribute to the modelling of the plasdedge region, where transport and 

redeposition of impurities are major concems. 
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Figure 1: (a) Methane yield of pyro~ytic graphite as a function of 
temperature for D+ impact at 50,150 and 1000 eV 124, and @) the 
methane +Id and total yield of pyrolytic graphite as a function of 
energy for ET+, D+, and He+ impact at room tcmperatur"e (solid 
symbols) and 820 K (open squares) [22]. 
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Figure 2: Methane yield of pyrolytic graphite (solid syrnbols) and 
USB 15 (open symbols) as a function of temperame for D' impact 
at 50,200, and 1000 eV 1211. 



Figure 3: The mode1 of Wittmann and Küppers et ai. [54-631 for 
the erosion of a-C:H nIms due to t h e d  hydrogen atom impact 
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Figure 4: Results of the application of the W&mann and Kippers 
atomic mode1 for chernical emsion 1631 for an ASDEX-U energy 
distribution of ions and neutrais. In a) the equilibriurn fractions of 
sp2 (a), sp3 @) and spx (c) carbon atoms are show as a function of 
depth and temperature. In b) the meùiyl production rates are shown 
for 3 total fluxes as a function of depth and temperature. Note that, 
for a given total flux. the flux as a function of depth varies inversely 
with depth. 
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Figure 5: Results of the RG-R mode1 for erosion [64] under mono- 
energetic ion barn  conditions for impact on carbon. The 
methane yield is shown as a function of temperanue for 100 and 
1000 eV impact and the total yield as a function of energy for 
impact at 300 and 800 K. 
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Figure 6: Results of the RG-R mode1 for erosion [64] under mono- 
energeric ion beam conditions for D' impact on carbon. The 
methane yield is shown as a hinction of temperature for 50 and 
1000 eV impact and the total yield as a function of energy for 
impact at 300 and 800 K. 



Figure 7: The revised mode1 for chernical erosion due to Iow- 
energy ion impact. The thicker arrows represent new or modified 
processes. 
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Figure 8: Conceptual drawing of the experimental facility. 
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Figun 9: Avdable ion current for Specs IQE 12/38 ion source as a 
funcrion of ion energy. Results are shown for protium, deutenum, 
argon and heliurn at the optimal ion source pressure for each gas. 



Figure 10: Ion beam profde for 2 keV Argon beam where the 12- 
pin probe is located 2 cm downsaeam of the gun exit aperture. The 
x and y coordinates are in mm. 



- \ON G U N  APERTURE- 

Figure 1 1 : MacS imion ion trajectory cdculations for deceleration of 
T2+ h m  1.5 keV to 50 eV through Selement electrostaric lem. 
Bias voltages are as indicated while the electrode dimensions and 
lens diameter are described in figure 12. 



Figure 12: Electros tatic deceleration lens design. Dimensions are in 
mm 



Dec eleration: 1 300 eV D2+ to 1 00 eV 02+ 
- .- 

Oec eleration: 1 300 eV 02+ to 32 eV 02+ 

Figure 13: Ion beam profiles for deceledon of 1300 eV &+ ions 
to (a) 100 eV (b) and 32 eV. Applied electrde voltages are 
indicated while the probe bias is the ciifference between 1300 V and 
the hal  molecular ion energy in volts. 
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Figure 14: Raw data signais for 20 eV &+ impact at (a) 300 K and 
@) 600 K. The number labeis indicate the mass monitored by RGA 
in am.u. Each plateau repnsents the maximum values h m  ten 
scans over the mass peak. 
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Figure 15: Raw data signds for 400 eV Dz' impact at (a) 300 K and 
(b) 700 K. The number labels indicate the mas monitored by RGA 
in am.u. Each plateau represents the maximum values h m  ten 
scans over the mass peak 
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Figure 16: Raw methane signais ( d e  = 20 amu.) resuiting h m  
ion bearn incidence at (a) 20 eV &+ and @) 400 eV 4* for 
unhydrogenated pyrolytic graphite at 300 K. The intial steep 
increase is amibuted to methane formation on the vacuum walls, 
while the subsequent slower inmase is due to rnethane orginating 
h m  the specirnen. 
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Figure 17: Methane *Id of pyrolytic graphite as a function of 
temperature for (a) H3' and @) &+ impact at 10, 15, 25, 50, 100 
and 200 eV/ion. Spline curves are drawn to aid the reader. 



Figure 18: Methane yieid of pyrolytic graphite as a function of ion 
energy for (a) H,' and @) &+ impact at 300.500.700 and 1000 K 
Molecuiar ion energy is divided by the number of atoms in the 
rnolea.de to amve at the energy of each atom. Data points are 
extracted h m  the spiine fits in figure 17. New spline curves are 
ârawn to aid the reader. 
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Figure 19: Hydrocarbon specmun as a function of temperature for 
(a) 30 eV H3* and @) 20 eV &+ impact on pyrolytic graphite. 
S p h e  curves are drawn to aid the reader. 



Figure 20: Hydrocarbon specaum as a hction of temperature for 
(a) 45 eV E&+ and (b) 30 eV &+ impact on pyrolytic graphite. 
Spline curves are drawn to aid the reader. 



Figure 21: Hydrocarbon spectrum as a funccion of temperature for 
(a) 75 eV H3' and (b) 50 eV 9' impact on pplytic graphite. 
S p h e  curves are drawn to aid the nader. 
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Figure 22: Hydrocarbon specmun as a function of temperature for 
(a) 150 eV Hg' and @) 100 eV &+ impact on pyrolytic graphite. 
Spline curves are drawn to aid the reader. 



Figure 23: Hydrocarbon specmim as a function of temperature for 
(a) 300 eV H3+ and @) 200 eV &+ impact on pyrolytic graphite. 
Sphe  C u m e s  are drawn to aid the reader. 
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Figure 24: Hydrocarbon s p e c m  as a function of temperature for 
(a) f500 eV B' and (b) 400 eV 4' impact on pyrolytic graphite. 
S p h e  curves are drawn to aid the reader. 



O a) Ha + -, Pyrolytlc Graphite 
4 :  

3 1 1 1 I 1 1 1 1 '  

300 400 500 600 700 800 900 1000 

Temperature (KI 

Temperature (KI 

Figure 25: C~ontaining hydrocarbon yield of pyrolytic graphite as 
a function of temperature for (a) H3+ and (b) &+ impact at 10. 15, 
25, 50, 100 and 200 eV/ion. The molecular yield is mdtiplied by 
the nurnber of carbon atoms in the molecuie (Le. mCzHdH'). 
Data points are extracted h m  sphe fi& in figures 19 to 24. New 
s p h e  curves are drawn to aid the reader. 
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Figure 26: Ct-containing hydrocarbon yieid of pyroIytic graphite as 
a hinction of ion energy for (a) H3+ and @) &+ impact at 300.500, 
700 and 1000 K. The molecular yield is multiplied by the number of 
carbon atoms in the molecule ( i.e. ~xZC~HJH?. Data points are 
extracted h m  spline fits in figures 19 to 24. New sphe cwes  are 
drawn to aid the reader. 
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Figure 27: C3containing hydrocarbon ykld of pyrolytic graphite as 
a function of temperature for (a) H3+ and (b) &' impact at 10, 15, 
25, 50. 100 and 200 eV/ion. The molecular yieid is muitiplied by 
the nurnber of carbon atoms in the molecute ( Le. ~ x Z C ~ H J H ~ .  
Data points are extracîed from spline fits in figures 19 to 24. New 
spline curves are drawn to aid the reader. 
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Figure 28: C3-containing hydrocarbon yield of pp1ytic graphite as 
a function of ion energy for (a) H3' and @) Dg impact at 300,500, 
700 and 1000 K. The molecular yield is mdtiplied by the number of 
carbon atoms in the molecule ( i.e. 3flC3HJil+). Data points art 
extracted h m  spline fits in figures 19 to 24. New spline cuves are 
drawn to aid the reader, 
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Figue 29: Total chernical yieid ( i.e. [Ca + ~ x Z C ~ H ~  + 
3dC3HJ/H+ ) of pyrolytic graphite as a function of temperature 
for (a) H3' and @) &+ impact at 10, 15, 25, 50. 100 and 200 
eV/ion. The &ta points are the s u m  of the spline c w e s  in figures 
17,25 and 27. 
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Figure 30: Total chernical yield of pyrolytic graphite as a function 
of ion energy for (a) H3' and @) &+ impact at 300. 500,700 and 
1OOO K. The data points are the sum of the data points shown in 
figures 18-26 and 28. 
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Figure 31: Methane, heavy hydrocarbon, and total chemical yields 
of pyrolytic graphite as a function of ion energy for Hi* impact at 
(a) 300 K, (b) 500 K, (c) 700 K and (d) 1000 K. The methane and 
total chernical yield curves are extracted h m  figures 17a and 29a, 
nspectively. The heavy hydmcarbon yield is the ciifference between 
the total chemical and methane yields. III addition, the predictions 
of the RG-R modei [64] for the total chemical yield at a flux of IO'* 
H+/m2s are ais0 included. 
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Figure 32: Methane, heavy hydrocarbon, and total chernical yields 
of pyrolytic graphite as a function of ion energy for 4' impact at 
(a) 300 K, (b) 500 K. (c) 700 K and (d) 1000 K. The methane and 
total chemical *Id c w e s  are extracted h m  figures 17b and 29b, 
respectively. The heavy hydrocarbon yield is the ciifference between 
the total chemical and methane yields. In addition, the predictions 
of the RG-R mode1 [64] for the total chernical yield at a flux of 1018 
D'&S are &O included. 
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Figure 33: Methane, Cz- and C3- hydrocarbon yields of pyrolytic 
graphite as a function of ion energy for &* impact at (a) 300 K. (b) 
500 K, (c) 700 K and (d) 1000 K. The methane curves are 
exmted  h m  figure 18a. The C2 and C3 curves are taken h m  
figures 26a and 28a, respectively. 



Figure 34: Methane, C2- and C3- hydrocarbon yields of pyrolytic 
graphite as a function of ion energy for &+ impact at (a) 300 K, @) 
500 K, (c) 700 K and (d) 1000 K. The methane curves are 
extracted h m  figure 1% The CI and C3 Cumes are taken h m  
figures 26b and 28b, respectively. 
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Figure 35: Molecular yieids, defineci by type of carboncarbon 
bond, of pyrolytic graphite as a hinction of ion energy for H3' 
impact at (a) 300 K. (b) 500 K. (c) 700 K and (d) 1000 K The 
methane Cumes are exnacted h m  figure 18a. The data points for 
the singly and doubly bonded carbon atoms are taken h m  the 
spline fits to the spectral data in figures 19a to 24a. The surns are 
Iinear and are not multiplieci by the nurnber of carbon atoms in the 
molecde. C2& and C3& represent the &@y bonded carbon 
molecules while C2& and C3& an counted amOng the doubly 
bonded carbon molecules even though the latter contains one single 
and one double C-C bond, 



Energy 1 (eV) 

Figure 36: Molecular yields, defined by type of carboncarbon 
bond, of pyrolytic graphite as a function of ion energy for D2+ 
impact at (a) 300 K, @) 500 K, (c) 700 K and (d) 1000 K. The 
methane curves are extracteci h m  figure 18b. The data points for 
the singly and doubly bonded carbon atoms are taken h m  the 
spline fi& to the spectral data in figures 19b to 24b. The sums are 
linear and are not multiplied by the nurnber of carbon atoms in the 
rnolecule. C a  and C3Ds reprisent the &@y bonded carbon 
molecules while C2D4 and C3D6 are counted among the doubly 
bonded carbon molecules even though the latter contains one singie 
and one double C-C bond 



Figure 37: lsotopic cornparison of the methane yield of pyrolytic 
graphite as a function of temperature for ion impact at (a) 10, (b) 
15 and (c) 25 eV/ion. The data and curves are taken from figure 17. 



figure 38: Isotopic cornparison of the methane yield of p p l $ c  
graphite as a function of temperature for ion impact at (a) 50, @) 
100 and (c) 200 eV/ïon. nie data and c w e s  are taken fbm figure 
17. 
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F'F 39: Isotopic cornparison of the methane yield of pyrolyeic 
graphite as a function of energy for ion impact at (a) 300 K, @) 500 
K, (c) 700 K and (d) 1000 K The data and curves are taken h m  
figure 18. 



Figure 40: Isotopic cornparison of the heavy hydrocarbon yield of 
pyrolytic graphite as a function of temperature for ion impact at (a) 
10, @) 15 and (c) 25 eV/ion. The &ta and cwes  are taken h m  
figures 25 and 27. 
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Figure 41: Isotopic cornparison of the heavy hydrocarbon yield of 
pyrolytic graphite as a function of temperature for ion impact at (a) 
50, (b) 100 and (c) 200 eV/ion. The data and cuves are taken h m  
figures 25 and 27. 



Figure 42: Isotopic cornparison of the heavy hydrocarbon yield of 
pyÏolytic graphite as a fimction of energy for ion impact at (a) 300 
K, @) 500 K, (c) 700 K and (d) 1000 K. The data and c w e s  are 
taken fkom figures 3 1 for El+ impact and 32 for D+ impact 



Figure 43: Isotopic cornparison of the total chernical yield of 
pyrolytic graphiie as a function of temperature for ion impact at (a) 
10, (b) 15 and (c) 25 eV/on. The data and curves are taken h m  
figure 29. 



Figure 44: Isotopic cornparison of the total chernical *ici of 
pyrolytic graphite as a function of temperature for ion impact at (a) 
50, (b) 100 and (c) 200 eV/ion. The data and curves are taken h m  
figure 29. 



Figure 45: Isotopic cornparison of the total chernid yield of 
pyrolytic graphite as a function of energy for ion impact at (a) 300 
K. @) 500 K, (c) 700 K and (d) 1000 K. The data and c w e s  are 
taken h m  figure 30. 
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Figure 46: The (a) methane yield and @) total yieId of pyrolytic 
graphite, as a function of energy, due to impact at 300 K The 
methane yield data are h m  [42] (0 = 5x10~~  H+/m2s) and [64] 
(0=10~~ Wh%). The total yield data are h m  [22] (0 = 5x10'~ 
W/m2s), [42] (O = 5x10~' H+"m2s) and 1451 (a = 2 x 1 0 ~  H'/m2s). 
The totai yield data h m  122,421 include physical sputtering. In (b) 
the physical sputtering contribution [23) is shown and summed with 
the present results to give the total yield (CH'). 
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Figure 47: The (a) methane yield and (b) total yield of pyrolytic 
graphite, as a function of energy, due to @ impact at 500 K. The 
mthane yield data are h m  [11,49] (O = 3 - 3 0 ~  1 O" H+/m2s), 1641 
(@=1o2O H+/m2s), and 1421 (6 = 5x10~' H%n2s). The total yield 
data are h m  1421 (O = 5x10~' H%n2s) and [45] (4 = 2x10" 
H+/m2s) which includes connibutions h m  physical sputtexing. In 
(b) the physical sputtering contribution 1231 is shown and summed 
with the present results to give the total yield (CH"). 
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Figure 48: The (a) methane yield and @) total yield of pyrolytic 
graphite, as a function of energy, due to H+ impact at T,', the 
temperature of maximum yield for impact energies 2 100 eV (- 700 
K in the present resuits, - 750 K in [ I l ,  18,42,49] and - 820 K in 
[45,64]). The methane yield data are fiom [11,18,49] (a = 3- 
30x10" r/m2s), [64] (0=1020 H*/m2s), and [42] (0 = 5x10~' 
H+/m2s). The total yield data are from [IS] (0=3~10" w/m2s), 
[42] (O = 5x10~' FI+/m2s), 1641 ( @ = 1 0 ~ ~  ~+h?s) ,  and [45] (a = 
2x10~  H+/m2s). The total yield data nom [45,64] include 
contributions ffom physical sputtering. In (b) the physical sputtering 
contribution [23] is show and summed with the present results to 
give the total yield (C+m. 
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Figure 49: The (a) methane yieId and @) total yield of pyrolytic 
graphite, as a function of energy, due to D' impact at 300 K. The 
methane yield data are h m  121,221 (# = 2 . 8 4 ~ 1 0 ' ~  H?/m2s) and 
[42] (a = 5x 10" H+/m2s). The total yield data are from 1421 (0 = 
~ ~ 1 6 '  H+,/m2s), 1221 (a = 5x10'' WMs) and [45] (O = 2 x 1 0 ~  
II'/m2s). The total yield data h m  122,451 include contributions 
h m  physical sputtering. In (b) the physical sputtering contribution 
1231 is shown and summed wiih the present results to give the total 
yield (CD+). 
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Figure 50: The (a) methane yield and (b) total yieid of pyrolytic 
graphite, as a fimction of energy, due to D' impact at 500 K. The 
rnethane and total yield data are fiam [42] (a = 5x10~' H+/m2s). In 
(b) the physical sputtering contribution [23] is shown and sumrned 
with the Dresent resuits to ~ v e  the total vield CD?. 
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Figure 5 1: The (a) methane yield and (b) total yieki of pyrolytic 
graphite, as a function of energy, due to D' impact at T,', the 
temperature of maximum yield for impact energies 2 100 eV (- 700 
K in the present results, - 760 K in 1421 and - 820 K in 
[21,22,45]). The methane yieId data are h m  refs. [21,22] (O = 
2.8-5x10'~ EF/m2s). The total yield data are h m  [42] (a = 5x10~' 
EI+/m2s), 1221 (O = 5x 10" W/m2s) and [45] (0 = 2x 10" w/m2s). 
The totd yield data from [22,45] indude contributions h m  
physical sputtenng. In (b) the physical sputtering contribution 1231 
is show and surnmed with the present resdts to give the total yidd 
(cm* 
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Figure 52: The methane yield of pyrolytic graphite as a function of 
temperature for 50 eV D+ impact The present results are compared 
to data taken 6rom [21,22] (O = 2.8-5x10'~ H%ds) and [42] (E - 
60 eV, 0 = 5 x 1 0 ~ ~  r/m2s. 
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Figure 53: The revised mode1 predictions for the methane yieid of 
pyro1ytic graphite due to H+ impact at (a) 10, (b) 15 and (c) 25 eV. 
Data h m  the present experiments (figure 17a) is shown for 
commison. 
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Figure 54: The revised mode1 predictions for the methane yield of 
pyrolytic graphite due to H+ impact at (a) 50, (b) 100 and (c) 200 
eV. Data h m  the prescnt experirnents (figure 17a) is shown for 
cornparison. 
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Figure 55: The revised mode1 pndictions for the methane yield of 
pyrolytic graphite as a function of temperature due to D' impact at 
(a) 10, @) 15 and (c) 25 eV. Data h m  the present experiments 
(figure 17b) is shown for cornparison. 
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Figure 56: The revised mode1 predictions for the methane yield of 
pyrolytic graphite as a function of temperature due to D+ impact at 
(a) 50, @) 100 and (c) 200 eV. Data h m  the present experiments 
(figure 17b) is shown for cornparison. 
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Figure 57: Energy dependence of the revised mode1 fitting 
parameters for lowcnergy H+ and D+ impact 
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Figure 58: The revis& mode1 predictions for the methane yieid of 
pyrolytic graphite as a function of ion energy for H+ and D' impact 
at (a) 300 K, (b) 500 K, (c) 700 K and (d) 1000 K. Data form the 
present experiments (figure 18) are shown for cornparison. 



APPENDDC A 

MODEL FI?TING 

INTRODUCTION 

In this appendix we will examine the sensitivity of the model predictions to the free 

pararneters, and discuss the critena used to arrive at the model fi& described in section 8. 

The attempt here is to provide more hsight into the effects of the individuai processes 

incorporated into the model on the predicted yields and the consaaints employed in 

h v i n g  at the derived parameter values. 

We wilI frst  discuss the three terms which directly contribute to the methane yield 

in terms of their importance and region of influence. We then investigate the effects of 

varying the £ke parameters on such important quantities as the yield at room temperature 

(YRT), the maximum yield (Y,), the yield at 1000 K (Ylooo), and Tm. A discussion of the 

critena and technique employed in the present fitting of the model will ensue dong with a 

presentation of more rigorous regression curves resulting fkom a least squares fit and a 

logarithmic least squares fit. In addition we wiu present and discuss the best fit curves 

which result from allowing almost al1 of the pararneters, even those detemiined by 

Küppers et al., to be free fitting parameters. And finaily, we will summarize our findings 

and present some conclusions. 

A. 1 Contributing terms 

In the revised mode1 there are three terrns which conaibute directiy to the release 

of methyl groups; the atom-induced thermal release, the kinetic ejection of rnethyl groups 

attached to sp3 carbon centers neighboured by a radical spx carbon configuration, and the 

kinetic ejection of methyl groups attached to sp3 carbon centers neighboured by another 

sp3 carbon center. The contributions of each of these terms to the methane yield are shown 

in fig. A.la and the relative contributions of each term as a percentage of the methane 

yield are shown in fig. A. lb, as a function of temperature for 10 eV H+ impact 

It is clear fiom figure A.l that the contribution from kinetic ejection of methyl 

groups neighboured by a radical sp" carbon configuration is insignificant. The other kinetic 



ejection term leads to a methane contribution which is essentially constant between 300 

and 550 K after which the thermal reduction in the concentration of sp3 carbon centers 

leads to a reduction in this contribution. The atom-induced themial release of methyl leads 

to a methane contribution which is increasing with temperature to a peak near 650 K after 

which the contribution from this term decreases. Frorn plots of the methane yield fractions 

in fig. A.lb, it is clear that kinetic ejection dominates the methane yield at room 

temperature, but the fraction of the methane yield due to the thermai contribution steadily 

increases with temperature so that this term dominates for temperatures above - 500 K. 

We conclude then that the methane yield at room temperature is controlled by the kinetic 

ejection parameter q , but thermal processes (abstraction and thexmai release) dorninate 

for higher temperatures. 

A.2 Model sensitivity to free fitting parameters 

In this section we will Vary the free fitting parameters (a, a, k ~ ,  ED), one at a time 

for 10 eV H* impact, and discuss their effect on the methane yield as a function of 

temperature as predicted by the model. We examine only the case of 10 eV H+ impact here 

since the sarne general observations wiil apply for aü of the other cases. 

A.2.1 Model sensitivity to o, 

In figure A.2 we show the model predictions for 10 eV impact for three 

different values of the kinetic ejection parameter, a,, the value determined in section 8 (fig. 

A.2b), 5 0 8  of that value (fig. A.2a) and 150% of that value (fig. A.2c). We note that the 

value of has little discernible affect on the methane yield for temperatures above Tm and 

that the value of Tm is only weekly dependent on a . As expected. based on figure A. 1, 

has the greatest effect for lower temperatures, and this is especially true at room- 

temperature where the methane yield is almost completely determined by this parameter. 

Increasing the value of a by 50% increases the absolute methane yield by nearly 50% at 

room-temperature (48.7%), but this effect weakens with increasing temperature so that 

the maximum yield is increased by only 7.5% and the yield at 1000 K is unaffected. 



The abiüty of the parameter to pin the methane yield at room-temperature is the 

main reason why the model gives such good agreement with the experimental results at 

this temperature. 

A.2.2 Model sensitivity to CE 

In figure A.3 the model predictions are shown for 10 eV H+ impact for three 

values of the damage deposition parameter. GE, the value determined in section 8 (fig. 

A.3b) and 50% and 150% of this value (fig. A.3a and A.3c, respectively). Here we note 

that, in contrast to ai, the darnage parameter has the greatest effect for higher graphite 

temperatures. Decreasing the value of GE by 50% has no effect on YRT, but reduces Y, by 

9.5% and Yim by 49.8%. Furthemore, there is a reduction in Tm by - 20 K. From a 

fitting perspective this is the only free parameter which can change the slope of the 

temperature profde above Tm. For 10 eV impact, where we desire a smaller slope in order 

to obtain better agreement however, this requires a significant hcrease in the value of GE 

which results in a value of Tm which is much too large. This is discussed further in section 

A.3. 

A.2.3 Model sensitivity to kD 

in figure A.4 the model predictions for 10 eV H' impact are shown for three 

values of k ~ .  the abstraction prefactor. Again, these values represent 50% (fig. A.4a), 

100% (fig. A.4b) and 150% (fig. A.4c) of the value determined in section 8. Here we 

observe that kD has the greatest effect on the methane yield for graphite temperatures near 

Tm where the thermal contribution to the release of methane is at its highest. For an 

increase in k~ of 5095, YRT increases by 1.1%. Y, increases by 33.9%. Ylm is unaffected 

and Tm is reduced by - 10 K. So. when fitting the model to experimental data, the 

abstraction prefactor is most effective at determining the value of Y, and, to a lesser 

degree, Tm. 



A.2.4 Mode1 sensitivity to ED 

Figure A S  shows the mode1 predictions for 10 eV H* impact for three values of 

the abstraction activation energy, ED. Since this parameter appears in an exponential term 

it has more of an effect on the methane yield and therefore srnalier variations of 80% (fig. 

ASa), 100% (fig. ASb) and 120% (fig. A.5c) of the value detemiined in section 8 have 

ken  used. The effect of varying this activation energy is nearly inverse to that of varying 

k ~ .  except that it shows more of an influence on the methane yield over the temperature 

range of 350 to 700 K. For example, if ED is reduced by 20% this increases the values of 

YRT and Y, by 14.8% and 107%. respectively, while reducing Tm by - 30 K. Variations of 

this pararneter by 20%, however, have no effect on the yield at 1000 K. 

A.2.5 Sumrnary of mode1 sensitivities 

The effects of varying the free fitting parameters on the quantities of YRT, Ym, 

Y lm, and Tm are summarized in Table A. 1 below. 

Table A. 1 Sensitivity of model predictions to parameter variations 

Pararne ter % change in 

YRT 

We conclude that, of the free fitting parameters, the kinetic ejection pararneter. a;. is 

almost solely responsible for the model prediction at room-temperature. while the damage 

deposition parameter. determines the methane yield predicted by the model at higher 

4 8 . 7  -48.9 +7S -7.5 nil d -10 nil 

% change in 

Y, 

CE (mJ) 

ko (fl) 

% change in 

y1000 

ni1 

+1.1 
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T m  W 

ni1 

-1.2 

+6.0 

+34 

-9.5 

-37 

+49S 

ni1 
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nii 

+IO 

-10 

-20 

+10 



temperatures ( > - 700 K). In the intermediate range, it is largely the thermal abstraction 

process, described by k~ and ED, that determines the model predictions. 

A.3 Fitting the mode1 to the experirnenral results 

The model fits presented in section 8 are based on a set of analytic critena 

developed to ensure better agreement in certain temperature regimes where we have more 

confidence in the experimentaily detemined methane yields. A iist of these critena, in 

order of importance, is presented here. 

Rank - criterion 

1. n ie  predicted maximum yield could not be more 

than 10% off that determined expenmentaily. 

2. Tm could not be more than 40 K off that deterrnined 

expenmentally. 

3. Where possible, a smooîh msit ion is preferable to 

one with kinks. 

These criteria do not represent a rigorous regression fitting criterion based on the 

minimization of some quantity. Instead. a certain arnount of judgment has ken  exercised 

in arriving at the present fits. For the balance of this discussion such fits wili be referred to 

as the nominal cuve fits. 

In the interest of completeness we present here model fits amived at in a more 

rigorous manner, ernploying strict regression criteria. These mode1 fits are based on i) the 

least squares method, rnin(L(Y, - yFd)'), and ü) the logarithrnic least squares method, 

min{ L(l - Y& Y~)'). Using these criteria, the free fitting parameters oi , GE , ko and 

ED were varied to arrive at the optimal fit for 10 eV H+ and 200 eV D' impact and the 

results are presented in figures A.6 and A.7. 

In figure A.6, where the fits for 10 eV H* impact are presented. we observe that 

the nominal fit (fie. A.6a) is very similar to the least squares fit for T > Tm, while it is 

closer to the logarithrnic least squares fit for T < 600 K. This refiects the criteria that Tm, 

as predicted by the model, cannot be more than 10% off that observed experimentaliy. The 



values of the fitting parameters and their effect on YRT, Ym. Ytmo and Tm for the t h e  fits 

are presented in table A.2 below. 

Table A.2 Parameters and model predictions for 3 fit critena and 10 eV H* impact 

1 Curve Fit 1 Fi tting Parameters I Model Predictions I 

Least sqr. 

We note that the least squares fitting cntenon does not lead to parameter values which are 

very different from those determined in section 8. The logarithmic Ieast squares fi& 

h g .  kast sqr. 

however, results in a value of GE which is - an order of magnitude higher than the nominal 

value. This leads to better agreement with the experirnentai data at higher temperatures (> 

800 K) at the expense of an overestimate of the maximum yield and the temperature at 

3.1 

which it occurs. Since we have the most confidence in the experimentally determined 

values of Y. and Tm, where the methane yields are largest. this logarithrnic fit is not 

acceptable. 

In figure A.7 we present the curve fits which emerge fiom the three fit cnteria as 

applied to the case of 200 e V  D' impact. We observe that there is little to choose between 

2.8 

the three cuves Save for the sharper kink present at about 380 K for the l e s t  squares 

cuve fir See Table A.3 for a sumrnary of the fitting parameters and model predictions for 

the three fit criteria. 

1.4 

The smaller value of ai required by the least squares cntenon results in the sharper 

kink at low temperature as predicted by the model. We note that the value of ED is 

independent of the ciiteria used for both impact energies. This is a consequence of the 

9.9 

sensitivity of the model predictions to this parameter. 

7.2 

6.5 

25 

25 

.O019 

.O017 

.O081 

,0098 

7 . 8 ~ 1 0 ~  650 

5.4x104 720 



Table A.3 Parameters and model pRdictions for 3 fit critena and 200 eV D' impact 

1 Curve Fit l Fimng Parameters l Mode1 Predic tions I 

We conclude that for low-energy impact, where there is poor agreement between 

the nominal fit and the experimentally dekrmined methane yields at high temperatures ( > 

750 K), better agreement can be obrained for T > 800 K if the logarithmic least squares fit 

criterion is employed, but this results in values of Y, and Tm which are too high. For 200 

eV D+ impact, however, the f i t ~ p  critena do not produce very different results, 

suggesting that the experimentai results are weil modelled by the nominal fit at this energy. 

k t  sqr. 

A.4 Optimal model fits 

Here we relax the constraints imposed on the reaction pararneters G. k., and kH 

as detexmined by Küppers et al, and on the Gaussian dismbutions empioyed for Ex, EH, 

and Eo in section 8 to see how much the fit can be improved. This was done since it is 

possible that the energy of the incident ions could affect some of the previously 

determined parameters based on sub-eV H.D results, as weil as the energy distributions 

employed If so, we should h d  that the c u v e  fits c m  be dramaticaliy irnproved. 'Ihis 

investigation is undenaken for both 10 eV and 200 eV D+ impact and the results are 

presented in figure A.8 and A.9, respectively. 

In figure A.8 the optimal least squares and logarithmic least squares fits for 10 eV 

H* impact are shown. Here we have ailowed ai l  of the parameters employed in the model 

to be fke fitang parameters, except the activation energies E, and EH which should not 

depend on incident ion energy. The values of the pararneters and important model 

predictions are presented for the two fits in table A.4. From this table it is clear that 

optirnization does not lead to any significant changes in either the model parameter values 

2.1 7.1 4.5 25 .O015 .O60 .O038 730 



or the model predictions. In fact, the model predictions for the optimal lest squares and 

the optimal logarithmic least squares fits hardly differ at all from those developed in 

section A.3 where only four free parameters were used. This gives us some confidence 

that the parameters detemiined by Küppers et al. ( OH, kr7 b) do not differ significandy 

for energe tic impacr 

Table A.4 Optimal curve fits for 10 eV H+ impact 

LSF 

4.4 

9.8 

1 .O 

3.0 

1.4 

7.3 

25 

14 

37 

50 

.O0 18 

-008 1 

7 . 6 ~  1 O-' 

640 

LLSF 

4.5 

7.0 

1 .O 

2.6 

9.8 

6.0 

25 

15 

40 

50 

.O0 16 

.O097 

5 . 4 ~  1 o4 
720 

The optimal least squares and optimal logarithmic least squares fits for 200 eV D' impact 

(see fig. A.9 and Table AS) again show that optimization does not lead to any signifcant 

changes in either the mode1 parameter values or the model predictions. Even for kx, which 

is increased by a factor of 2 or more for the optimal fi&, the changes in the model 

predictions are minunal. We conclude again that the parameters detemllned by Küppers et 

ai. ( QH, kx, b). for atomic impact, do not differ significandy for energetic impact 



Table A S  Optimal curve fi& for 200 eV D' impact 

Pararne ter LSF LLSF NOMINAL 

QH (m') x 10"O 4.4 4.5 4.5 

k, (8) 1013 2.0 2.3 i .O 

k~ (s-I) 1oi3 1 .O 1 .O 1 .O 

Q (m2) x IO-'-' 1.3 5.3 5.0 

(m') x 1 0-l6 7.2 7.8 7.0 

ko (s") x IO-' 4.6 4.1 4.5 

ED (kJ/mol) 25 25 25 

WD (Wmol) 14 14 14 

Wx Od/mol) 53 40 40 

W-H (kT/md) 50 50 50 

YRT (cH4/H) -0021 .O036 -0032 

Ym (CHJB.I) .O60 .O58 .O6 1 

Yi000 ( C W )  -0038 .O036 .O038 

T m  6) 730 740 730 

AS Summary 

We conclude that of the three terms which Iead directly to the release of a methyl 

group only two are important. The fmt. kinetic ejection of a methyl group attached to a 

sp3 carbon center neighboured by another carbon atom in the sp3 hybridization state, is a 

constant between room temperature and - 550 K which controls the erosion behaviour at 

low temperatures. The second, atom-induced t h e d  release of methyl, increases steadily 

between 300 and 650 K and dominates the gross erosion behaviour for temperatures 

above - 500 K. 

The four k e  fitting parameters o,, GE, kD, and Ed affect the mode1 in different 

ways and in different temperature regimes. The kinetic ejection parameter, q, affects the 

methane yields at low temperatures. At room-temperature the yield is nearly directly 



proportional to this parameter. The damage deposition parameter, GE, dominates for 

temperatures approaching 1000 K where the predicted yield is again nearly directly 

proportional to this parameter. The abstraction prefactor, k ~ ,  tends to control the model 

predictions in the intermediate temperature range. The predicted vaiue of Y, increases and 

Tm decreases for an increase in k ~ .  AU of the model predictions are quite sensitive to 

changes in ED, the activation energy for abstraction, and it was found that this parameter 

should be kept always at 25 lü/mol for the best agreement between the model predictions 

and the experimentally determined methane yields. 

We have presented the criteria used to arrive at the nominal mode1 fits, using the 

four fÏee fitting parameten, discussed in section 8. In addition, we have presented the 

curves which result fiorn a more rigorous application of least squares and logarithrnic least 

squares regression fitting. We found that for low-energy impact (10 eV H 3  there are 

differences between the three curves, but these differences are much smailer for more 

energetic impact (200 eV D9. We further presented the optimal curves which c m  be 

generated by using the least squares and logarithrnic least squares fit criteria and ailowing 

ail of the parameters to be free, except for the activation energies for the atom-induced 

themial release of hydrogen and methyl. It was found that the improvements in these fits 

were marginal compared to those obtained using only the four free fitting parameters. This 

gives us confidence that the parameters determined by Küppers et al. for atornic impact 

(aH, k., b) are not functions of ion energy. and that the acavation energy distributions 

employed in the revised model are also relatively independent of ion energy. 



Tempemture (K) 

Figure A. 1: me contributions of the themial release and two kinetic 
ejection processes to methane production as a function of 
temperature for 10 eV iI+ impact. In (a) the absolute contributions 
are shown while, in (b), the relative contributions are shown. 
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Figure A.2: The effects of a variation in ai on methane yieid 
predictions. The nominal case is shown in (b), while the a +50% 
variation is shown in (a) and a -50% variation is shown in (c). Data 
shown are for 10 eV irn~act 
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Figure A.3: The effects of a variation in GE on methane yidd 
predictions. The nominal case is shown in @), while the a +50% 
variation is s h o w  in (a) and a -50% variation is shown in (c). Data 
s h o w  are for 10 eV impact 



b) ko - nominai fit 
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Figure A.4: The effects of a variation in kD on methane yield 
predictions. The nominal case is shown in (b), while the a +50% 
variation is shown in (a) and a -50% variation is shown in (c). Data 
shown are for 10 eV H+ impact. 



b) Eo - nominal fit 
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Figure AS: The e k t s  of a variation in Eo on methane yield 
predictions. The nominal case is shown in (b), while the a +204 
variation is shown in (a) and a -20% variation is s h o w  in (c). Data 
shown are for 10 eV H+ impact 
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Figure A.6: Mode1 pnrdictions, for the methane yield as a function 
of temperature due to 10 eV H+ impact, resulting h m  regression 
fitring using @) lest squares and (c) logarithmic least squares 
criteria. The nominal fit (a) is shown for com~arison. 
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Temperature (K) 

Figure A.7: Modei predictions, for the methane yield as a function 
of temperature due to 200 eV D' impact, resulting h m  regression 
fitting using @) lest squares and (c) logarithmic least squares 
criteria The nominal fit (a) is shown for com~arison. 
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Figure A.8: Optunized mode1 predictions, for the methane yield as a 
function of temperature due to 10 eV H+ impact, resuiting from 
applying (a) lest squares and (b) logarithmic least squares 
regression criteria and ushg aU of the mode1 parameters (except Ex 
and EH) as fk fitting paramters. The c w e s  h m  fig. B.6 b and c, 
where oniy four free pammeters were used, are shown for 
cornparison. 



a) Leaa Squares OptImaI fIt 
104 1 1 1 1 I 1 I 1 

Temperature (K) 

- 
4 
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Figure A.9: Optimized model predictions, for the methane yield as a 
function of temperature due to 200 eV D+ impact, resulting h m  
applying (a) least squares and @) logarithmic lest squares 
regression criteria and using aii of the model parameters (except E. 
and EN) as hx f i t ~ g  pamters.  The curves h m  fig. B.7 b and c, 
where ody four fke parameters were used, are shown for 
comparison. 
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